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Abstract

With the advancement of technologies, the evolution of nanoscience is occurring at a rapid pace. The
demand for nanomaterials in various industries has increased. However, they may pose an increased
risk upon exposure to living organisms, demanding toxicological studies. Although risk assessment of
nanomaterials is a challenge due to their varieties in sizes and variability in properties, different meth-
odologies of toxicity screenings have been used successfully to evaluate the potential risks. Although
nanotechnology has contributed to technology development and well-being, information in these fields
is still incomplete. Fortunately, those areas are under continuous research, and there are increasing ex-
perimental efforts in determining the environmental effects on humans exposed to nanoparticles. Since
the field of nanotechnology is continuously expanding, we need medium- to high throughput nanotox-
icity screenings to determine any potential risks caused by nanomaterials. Zebrafish, a well-established
model for mammalian research, have advantages when used in these toxicity screenings. This review
describes various kinds of toxicities induced in zebrafish embryos by different kinds of nanoparticles.
A significant number of experimental data from toxicological studies are also presented that determine
nanomaterials' effects, which can be modulated or further mitigated to create a positive impact on living
organisms.
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Rationale and Purpose

The purpose of this review to detail risk as-
sessments of natural and engineered nano-
materials using zebrafish as a model. We high-
light the findings and summarize knowledge
that has recently been gained of the toxicity of
nanomaterials using zebrafish as in vivo model.

Introduction

The planet has been dealing with a big prob-
lem with dangerous chemicals in the atmos-
phere for many decades. Furthermore, such poi-
sonous substances result in a significant deple-
tion of our natural resources. The only way to
get out of such a horrible situation is to conduct
rapid screening and characterization of natu-
rally or artificially occurring substances in na-
ture. Cell lines were crucial in the screening of
drugs, but cell lines can only screen cell-auton-
omous phenotypes. The discovery of several
model organisms (e.g., Caenorhabditis ele-
gans, Drosophila melanogaster, Xenopus
laevis, the laboratory mouse) have contributed
to the advancement of testing for toxicological
determination. Among all the model organisms,
the zebrafish (Danio rerio) model has become
an excellent system for studying toxicological
sciences. This model system is a tropical teleost
fish from the family Cyprinidae, originating
from the Ganges River system, Burma, the Ma-
lakka peninsula, and Sumatra. Besides that, the
zebrafish grows in a short period of around
three months at 26°C aquatic temperature.
(Braunbeck and Lammer, 2006). The zebrafish
can adapt to environmental factors like temper-
ature and pH (Sousa Borges et al., 2020). This
model organism also carries some unique fea-
tures like transparent embryos, rapid develop-
ment, elevated fecundity rate (200-300 eggs),
accessibility of gene manipulation, low ex-
penditure. In toxicity-based assays, zebrafish'
transparent feature facilitates the easy monitor-
ing of toxic effects of substances such as tera-
togenicity, lethality, and reproductive toxicity
(Bai and Tang, 2020). The adult zebrafish' size
is approximately 3-5 cm; it facilitates their
maintenance in a small space with low expendi-
ture. Apart from the advantage of low-cost hus-
bandry, the species' minute size helps perform
the experiments with low quantities of dosing
solutions (drugs, chemicals, pollutants) that ul-
timately lower the experiment expense (Hill et
al., 2005). The screening of zebrafish genetic
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map shows 400 different genes and >2000 mi-
crosatellite markers in zebrafish (Chakraborty
et al., 2016). Most interestingly, ~70% of gene
expression in the zebrafish model is similar to
that of humans (Howe et al., n.d.). Such higher
genomic similarity helps in the validation of
genotoxicity and developmental toxicity stud-
ies using this model system. Along with the ge-
nomic similarities, this model system shares
similar organ systems with humans (Haque and
Ward, 2018a). The functioning of organ sys-
tems like the nervous, cardiovascular, and di-
gestive systems is similar to humans (Hsu et al.,
2007). Additionally, the cell line assays do not
support the pharmacodynamics and pharmaco-
kinetic characterizations of drugs or substances
(Jeevanandam et al., 2019). While major phar-
macodynamics and pharmacokinetic character-
izations of the substances involve metabolism,
distribution, excretion, absorption, and toxicity
assessment, zebrafish provides accessibility for
the determination of all these parameters as an
in vivo model. Henceforth, this vertebrate
model organism makes way for pharmacologi-
cal sciences to conduct the testing compounds'
preclinical trials. Overall, zebrafish is a verte-
brate system that facilitates the advantage of
high throughput screening along with a cost-ef-
fective experimentation setup.

In the recent scientific period, nanotechnol-
ogy has contributed to the growth and progress
of the worldwide economy. Nanotechnology
has generated a cumulative impact on industries
associated with electronics, chemistry, and
medicine. Such an enormous demand for the
field of nanotechnology has turned it out to a
multibillion-dollar business sector. Nanotech-
nology comprises the designing, development,
and application of materials at the measurement
scale of a nanometer (nm). Therefore, as per
ISO (International Organization for Standardi-
zation), the size of the nanomaterials (NMs)
ranges from 10 nm to 100 nm and larger parti-
cles up to 1000 to 2000 nm (“ISO - ISO/TS
19590:2017 - Nanotechnologies Size
distribution and concentration of inorganic
nanoparticles in aqueous media via single-
particle inductively coupled plasma mass
spectrometry,” n.d.). Nowadays, nanomaterials
play a key role in the human health and biomed-
ical research fields. Some nanomaterials are uti-
lized for drug delivery to treat lethal diseases
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like cancer. Nanomaterials (NMs)/nanoparti-
cles (NPs) may possess piezo-electric, photolu-
minescence, optical, and electrochemical prop-
erties (Das et al.,, 2013; Haque and Ward,
2018a). Apart from drug delivery NPs are also
used for medical purposes like tissue engineer-
ing, bioimaging, and other therapeutic applica-
tions like photoablation (Das et al., 2013;
Haque and Ward, 2018a; McNamara and
Tofail, 2015). The NMs / NPs involved in such
wide-ranging applications are further character-
ized as organic and inorganic NPs (“organic-
and-inorganic-nanoparticles,” n.d.).

Further, organic NPs are classified as den-
drimers, layered biopolymers, liposomes,
whereas inorganic nanoparticles are classified
into materials such as carbon nanotubes, meso-
porous silica, gold shell, iron oxide shell, quan-
tum dots (Silva et al., 2019). Scientists have dis-
covered various characteristic features of all the
classified NMs and their vital role in the better-
ment and advancement of nature and society.

However, the environmental emancipation of
nanomaterials may lead to potential risks. For
instance, the therapeutic application of NMs en-
courages the non-toxic properties of the materi-
als used, or else the toxicity raised by NMs may
further give rise to other health risks. As dis-
cussed earlier, we know that NPS assists in drug
delivery mechanisms. To escape undesirable
circumstances, it is also essential to monitor out
the toxic effects of the NPs. Apart from result-
ing in toxic effects in humans, the environmen-
tal exposure of NPs can affect and cause an un-
wanted loss in nature. It is important to focus on
the assessment based on the biocompatibility of
NPs and the cytotoxic effects responsible for it.
Along with the ecotoxicological concern, the
zebrafish model with human homology can be
utilized for the evaluation of the starting point
of the risk assessments for human health. This
review focus on the role of zebrafish as a model
for the biocompatibility and toxicological
screening of the inorganic nanoparticles (Figure

).
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Figure 1. Schematic representation of the main procedure steps during zebrafish embryo nanotoxicity assessment, including
initial preparation, exposure period, and end point analysis [Figure adapted from (Dumitrescu et al., 2019)].

In toxicology, the median toxic dose (TDso) of
a drug or toxin is the dose at which toxicity oc-
curs in 50% of cases, which is useful in half of
the population. The type of toxicity should be
specific for this value to have meaning for a
practical purpose. Zebrafish embryo is emerg-
ing as an essential tool for behavioral analysis
as well as toxicity testing. In this review, we
have shown how toxicity testing (TCso) is effec-
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tive in zebrafish from the perspective of nano-
materials. Several biochemical assays and fish
embryo toxicity (FET) tests were performed in
zebrafish embryos after treatment with different
doses of particular nanoparticles. In addition to
that, a strong positive correlation between the
toxic amounts (TCs¢) calculated in zebrafish
embryos and lethal doses (LDso) in rodents at-
tained from another database has been observed
(Basnet et al., 2017). When taken together, all
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these findings reveal the usefulness of zebrafish
embryos as an in-vivo model for behavioral and
toxicity testing of nanomaterials and other re-
lated compounds. Toxicity profiling of nano-
particles using the zebrafish model system is a
broad scientific field. Therefore, the remainder
of this review will be focusing on the toxicity
assessments of some significant metal and car-
bon-based nanomaterials on the zebrafish
model.
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Summary of relevant literature:

Standardization of zebrafish for nanotox-
icology assessments

In terms of toxicity-based assessments, the
Organization for Economic Cooperation and
Development (OECD) has developed guide-
lines related to utilizing the zebrafish and other
fish species. Several guidelines for Fish Em-
bryo Toxicity (FET) testing (Figure 2),
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Figure 2. Scheme of the fish embryo toxicity test procedure (from left to right): collection of the eggs, pre-exposure of the
eggs immediately after fertilization in crystallization dishes, selection of fertilized eggs with an inverted microscope or binoc-
ular and distribution of the fertilized eggs into prepared 24-well microliter plates [Figure adapted from (Lammer et al., 2009)]

Fish: Juvenile Growth Test, and the adult-
based Fish: Acute Toxicity Test (Busquet et al.,
2014; OECD GUIDELINE FOR TESTING OF
CHEMICALS 2 Draft revised version, 2018).
The guidelines embrace FET testing for per-
forming the toxicity test about EPA (Environ-
mental Protection Agency) and OECD for the
chemical substances, and about the FDA (Food
and Drug Administration) and ICH (Interna-
tional Conference on Harmonization) concern-
ing the pharmaceutical products (OECD/OCDE
2, n.d.). FET shows a strong and reproducible
methodology, and it has been validated by in-
dependent laboratory testing (Busquet et al.,
2014). The scientific communities and the re-
searchers are advised to follow the standardized
guidelines while treating or exposing the
zebrafish model for the toxicity testing of harm-
ful chemicals or substances. To decrease the ex-
perimental tests' impact on live animals, the Eu-
ropean Community provided some suggestions
(Brundo and Salvaggio, 2018; Embry et al.,
2010; Pecoraro et al., 2018). According to
them, an alternative approach for acute toxicity
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testing is the zebrafish embryo toxicity test
(ZFET) since both of them provide the same
specificity and sensitivity for the discovery.
Whereas ZFET assessment may not be a prom-
inent one for evaluating developmental malfor-
mations occurring after the 96 hpf (hours post-
fertilization). For instance, depending on the
normal situation, ZFET does not support the
evaluation of skeletal abnormalities, and it is so
because the process of calcification in zebrafish
begins on the seventh day of development. For
the evaluation of toxicity triggered due to
methylxanthine drugs, a recent investigation
using the FET test was performed in the
zebrafish model system. The results of the in-
vestigation indicated a robust correlation be-
tween the TCso (threshold concentration) meas-
urements of teratogenicity, morphological de-
fects, and mortality in embryonic zebrafish and
the published LDs (lethal dose) values of mam-
mals. Screening and investigation of a larger
amounts of nanoparticles can be performed us-
ing the fish embryonic and larval assays. Dif-
ferent types of assays and their results obtained
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from the toxicity evaluation in the zebrafish
model have been mention in Table S1 of this
review. Following the standardized guidelines,
the zebrafish has become a significant model
for assessing toxicity caused by the nanoparti-
cles. Also, following the updated guidelines, all
the experiments related to nanotoxicity must be
performed in the zebrafish.

Advantages of the Zebrafish model over
other biological model organisms

Zebrafish are durable and relatively easy to
maintain since they are naturally found in ponds
and rice fields. Their learning environment can
be replicated in a laboratory setting (Berman et
al., 2003). According to one example, a stand-
ard aquarium can hold up to 900 adult
zebrafish, which corresponds to 75-150 mice on
a standard mouse shelf. Overall, zebrafish hus-
bandry is inexpensive, meets space manage-
ment requirements, and promotes cost-effective
science (Heilesen, 2017). Because of the em-
bryos' small size, they are ideal for large-scale
drug testing. In 24, 96 well plates, newly dis-
covered drugs may be diluted to various con-
centrations. The embryos can be led into the
wells’ plates using ELISA trays. Via the plasma
membrane, embryos absorb test samples from
the ambient water medium, and toxicity results
are provided within a set time frame (Heilesen,
2017; Horzmann and Freeman, 2016). The
first-generation antipsychotics, aripiprazole,
clozapine, olanzapine, risperidone, and ziprasi-
done, were tested in Danio rerio embryos. Pa-
rameters such as tail and body malformations,
edema, and heartbeat rate were considered be-
cause the heartbeat rate is the most popular and
serves as a foundation for risk assessment as-
says (Caballero and Candiracci, 2018).

Anatomically and genetically, humans and
zebrafish have a lot in common. Despite mor-
phological differences, zebrafish have the same
vital organs as humans, except for the lungs,
placenta, and mammary gland (Heilesen,
2017). Organs have the same cell types, and
their genes have the same identity and func-
tions. Human genes that fit zebrafish account
for 71% of all human genes, and diseased hu-
man genes account for 80% of zebrafish homol-
ogy. The brain neurochemistry is highly con-
served in vertebrates, and the zebrafish has all
of the central neuro mediators systems, such as
receptors, transporters, and enzymes (Heilesen,
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2017; Horzmann and Freeman, 2016). Accord-
ing to an experiment, when cannabinoids were
exposed to the larva at various concentrations,
the (LC50) was determined. The movement
was targeted using automatic video on day 5 of
the behavioral analysis (visual-motor response
test). Biphasic response to the dark challenge
was observed in embryos after acute exposure.
Chronic exposure caused deformities in the tail
and body, as well as pericardial edema. Canna-
binoids had behavioral effects in zebrafish sim-
ilar to those published in mammalian papers
(Akhtar et al., 2013). Their promising produc-
tivity and distinct function enhance zebrafish's
uniqueness. The embryo's high fluidity rate,
rapid embryonal growth, and transparency ena-
ble outside observers to observe the cell cycle
and development stages. On a single breeding
cycle, providing the ideal temperature, pH, con-
ductivity, and food supplement to a single pair
will result in 300 to 600 fertilized eggs (Ali et
al., 2011; Berman et al.,, 2003; Carpio and
Estrada, 2006; Heilesen, 2017). Since zebrafish
are sexually active all year, their reproducibility
makes them an excellent research model. Re-
searchers should plan experiments on a contin-
uous mode because phenotypic shreds of evi-
dence like external fertilization and growth can
be visualized/ looked at under an ordinary light
microscope, which does not happen in mice,
and there are fewer ethical problems with
zebrafish embryos.

Nanotoxicity assessments using the
zebrafish model

Metal and metal oxide nanoparticle-based
toxicity profiling in the zebrafish model

As shown in Table S1, numerous investiga-
tions reported organ toxicities induced in
zebrafish due to nanoparticles. Several metals
such as gold, silver, copper, aluminum, plati-
num serve NPs production, which is further uti-
lized in several industrial and scientific fields.
Despite such a wide range of applications, stud-
ies using the zebrafish model have shown the
toxic effects produced by the metal NPs. Sev-
eral metal nanoparticles and their toxic effects
observed in zebrafish are shown in Table S2.
Whereas some essential metal oxides such as
Copper oxide, Titanium dioxide, Zinc oxide,
and Magnesium oxide also serve the same pur-
pose. Studies related to metal oxides also came
up with toxic results. Table S3 focuses on the
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toxicity induced in zebrafish when they are
treated with numerous sizes and concentrations
of metal oxide nanoparticles. Scientific re-
search has been performed to analyze their cy-
totoxic effects and the betterment of numerous
beneficial applications of metal-based NPs.

Silver (Ag) NPs

Silver nanoparticles (Ag NPs) are expansively
used and studied due to their extensive applica-
tions as biosensors, therapeutic agents, antimi-
crobial agents, cosmetics, clothing, drug deliv-
ery systems, medical imaging, and many others
(Ahamed et al., 2010; Jin and Ye, 2007). The
toxicity assessments focusing on experiments
based on chronic and acute exposure of Ag NPs
in zebrafish are still in the investigation phase.
Numerous studies on the zebrafish model ex-
plore the mechanism of toxicity that emerged
due to Ag NPs. Like other NPs, the toxicity of
Ag NPs also depends on several critical factors.
Among all the factors, one of the questionable
and interesting factors is the size-dependent
toxicity raised by Ag NPs. A study showed that
via random Brownian motion, the AgNPs in
size range of 30 -72 nm diameters got dissemi-
nated into chorionic pores of the embryonic
zebrafish, and ultimately, it resulted in a potent
toxic effect (Lee et al., 2012). Another study
also explained the size-dependent toxicity of
Ag NPs in adult zebrafish when exposed to in-
creasing concentrations (8, 45, 70 pg/l) of Ag
NPs with an average diameter of 25 nm
(Brundo and Salvaggio, 2018; Pecoraro et al.,
2017). The authors analyzed the biomarkers of
oxidative damage, gene expression in the gut,
liver, and gill tissues of zebrafish exposed to Ag
NPs. Additionally, the ICP-MS analysis
showed the bioaccumulation of Ag NPs. Le-
sions of secondary lamellae of the gills were re-
ported in the histological analysis with several
toxicity degrees, which included subepithelial
edema, lamellar fusion, hyperplasia, and telan-
giectasia in some cases. Although lesion was
not observed in the liver but most importantly
of the metallothioneins, 1(MTs 1) were highly
expressed in zebrafish treated with Ag NPs.
This study explains that as compared to the con-
centrations of Ag NPs, the size and state of ag-
gregation are highly linked with the Ag NP tox-
icity. Alternatively, Bar-Ilan et al. treated em-
bryonic zebrafish with Ag NPs in size range of
(3, 10, 50, and 200 nm), and the observations
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showed that after 120 hpf (120 hours post-ferti-
lization), there was size-independent 100%
mortality (Bar-Ilan et al., 2009). Another study
also showed the size-dependent toxicity prop-
erty of Ag NPs; in this study, the uptake of 4
nm Ag NPs was relatively more efficient than
10 nm Ag NPs (Xin et al., 2015). The study
showed superior accumulation of Ag NPs in the
head of the zebrafish compared to the trunk por-
tion. The charge characteristics and surface
properties have also affected the intensity of
toxicity. An investigation illustrated that ~ 12
nm Ag NPs functionalized with peptides of var-
ious charges were exposed to positively and
negatively charged Ag NPs (Lee et al., 2013).
The experiment resulted in deformity and a
higher mortality rate in embryos treated with
negatively charged peptide-coated Ag NPs. An-
other study explained the toxicity produced by
PVP (polyvinylpyrrolidone) - surface coated
Ag NP where the evaluation of larval zebrafish
was done based on swimming behavior and re-
sponses to different lightning conditions 24
hours post-exposure period (Powers et al.,
2011). The experiment reported larger-sized Ag
NP - PVP (50 NM) leads to hyperactivity,
whereas decreased locomotor activity was led
by small Ag NP - PVP (10 nm). Another inves-
tigation by Liu et al. showed toxicities caused
due to Ag NPs surface coated with PVP and so-
dium citrate and found that sodium citrate
coated Ag NPs caused higher toxicity than PVP
- coated ones (Liu et al., 2019). The evaluation
of oxidative stress plays an important role in de-
termining toxicity given rise by any nano-
materials or nanoparticles. Several studies and
experiments based on the oxidative stress led by
NPs have been performed in the zebrafish
model system. For instance, the assessment of
apoptosis and oxidative stress in the zebrafish
liver led to the conclusion that Ag NPs can also
lead to hepatotoxic behavior (Choi et al., 2010).
The experiment reported that the up-regulation
of p53-related pro-apoptotic genes such as p21,
Bax, and Noxa led to apoptotic changes along
with disrupted hepatic cell cords in the
zebrafish exposed to Ag NPs. On the contrary,
another experiment showed fragile endoplas-
mic reticulum stress in embryonic zebrafish led
by Ag NPs along with all endoplasmic stress re-
sponses in vitro in the liver cells of zebrafish
(Choi et al., 2010). The DNA repair process and
the cell cycle arrest were led by the activation

Andover House, Andover, MA USA
License: CC BY-NC-SA 4.0



of p53 target genes, whereas apoptosis was et al., 2012). An investigation by Verma et al.

stimulated due to prolonged activation of p53. (Figure 3 (a)) demonstrated the biosynthesis of
Various methods have been developed for the Ag NPs via culture supernatant of two gram-
reduction of the toxicity produced by Ag NP. positive (B. thuringiensis and S. aureus) and
Studies had shown that reduced oxidative stress two gram-negative (E. coli and Salmonella
had been obtained when the embryonic or adult typhimurium) bacterial strains (Verma et al.,
zebrafish were treated with sulfidation and cys- 2018a).

teine-coated Ag NP (Devi et al., 2015; George
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Figure 3. (a) Morphological and cellular changes in zebrafish embryo treated with different biosynthesized silver nanopar-
ticles. Embryos were treated with 50 and 250 mg/ml concentration of nanoparticles for 12, 24, and 72 h. Images were taken
with bright field microscope. Arrow indicates morphological abnormalities like pericardial edema and swelled gastrointestinal
lumen in head and trunk region, respectively [Figure adapted from (Verma et al., 2018a)]. (b) Bright field images of morpho-
logical analysis of zebrafish embryos exposed to different concentration of green synthesized AuNP [Figure adapted from
(Kumari et al., 2019)]
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In addition, the results demonstrated that Ag
NPs led to abnormalities like pericardial edema
and swelled gastrointestinal lumen in the head
and trunk region. Several studies and experi-
ments explain the unwanted consequences led
by Ag NPs, and therefore further research may
clear out the understanding of several parame-
ters or factors affecting the toxicity rate of Ag
NPs.

Gold (Au) NPs

Due to the unique optical properties and
chemical stability, the nanoscale application of
Au NPs has gained higher demand in biomedi-
cal sciences (Chakraborty et al., 2016). Au NPs
are widely utilized in cellular labeling and im-
aging, drug delivery, and diagnostic of diseases
such as cancer, diabetes, and Alzheimer's
(Chakraborty et al., 2016; Li and Chen, 2011).
In a brief review, Yeh et al. showed the essen-
tial features of Au NPs, such as the large sur-
face-to-volume ratio, size, and shape-related
optoelectronic properties, lower toxicity, and
excellent biocompatibility (Yeh et al., 2012).
The same authors stated that the Au NPs pos-
sess the properties like redox activity which is
used in electrochemical sensing and electronic
devices, fluorescence quenching used in sensor
fabrication and material science, surface plas-
mon resonance (SPR) in Colorimetric sensing
and photothermal therapy, surface-enhanced
Raman scattering used for imaging and sensing.
Despite such extensive useful properties and
applications, the Au NPs may be responsible
for causing potential damage to living organ-
isms. However, in the same place, studies have
shown that Au NPs may also be responsible for
triggering cytotoxicity in humans (Gerber et al.,
2013; Goodman et al., 2004). The toxicity of
Au NPs shown in zebrafish depends on several
factors such as surface coating, particle shape,
and surface charge (Bai and Tang, 2020). Se-
vere problems like genome alterations and cel-
lular dysfunctions were observed when adult
zebrafish were treated with food comprising Au
NPs (12 and 50 nm) (Geffroy et al., 2012). A
study demonstrated the toxicity and biodistribu-
tion study of modified Au NPs (Sangabathuni
et al.,, 2017). The adult zebrafish were treated
with three diverse-shaped Au NPs (rod, sphere,
and star), and the observation stated that there
was amplified uptake and clearance rod-shaped
Au NPs. Another study showed that accumula-
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tion of 14 nm Au NPs within adult zebrafish tis-
sues leads to augmented oxidative stress result-
ing in unwanted genome modification in as-
sorted tissues. Also, Au NPs possess higher tox-
icity compared to when compared with ionic
Au (Dedeh et al., 2015). Another critical deter-
minant for the toxicity profiling of Au NP is its
surface charge functionalization. An experi-
ment showed the study of lethality and devel-
opmental toxicity caused by positively and neg-
atively charged Au NPs in embryonic zebrafish
(Tanguay et al., 2011). Moreover, the result
showed that positively charged Au NPs led to
mortality, whereas negatively charged Au NPs
caused malformations in zebrafish embryos.
Another author also showed similar results
when zebrafish embryos were treated with Au
NPs coated with three different charges, i.e.,
positive, negative, and neutral (Truong et al.,
2012). Also, the experiment showed toxic ef-
fects like hypo - locomotor activity and high le-
thality, while neutrally coated Au NPs showed
no effects. An assessment demonstrated minor
malformations but significant mortality in
zebrafish when they were treated with posi-
tively charged N, N, N- triethylammoniumeth-
anol (TMAT) (Haque and Ward, 2018a). The
same study also showed that the treatment of
zebrafish with negatively charged 2-mercap-
toethanatesulfonate (MES) did not cause signif-
icant mortality within the exposure period of
five days. But no adverse effects were observed
when zebrafish were treated with the Au NPs
functionalized with a higher concentration (up
to 250 ppm) of Neutral 2,2 mercaptoethoxyeth-
oxyethanol (MEEE) and 2,2-mercaptoethoxy-
ethanol (MEE). Kim et al. further investigated
the developmental toxicity resulted from posi-
tively charged Au NPs (1.3 nm), which were
functionalized with TMAT (Kim et al., 2013).
The experiment showed toxicity effects like ab-
normalities in the development of eyes and be-
havioral changes and altered pigmentations.
Browning et al. showed dose-dependent toxic
effects of Au NPs in embryonic zebrafish
(Browning et al., 2009). The results stated that
with an increase in the concentration of Au
NPs, the accumulation of Au NPs was also in-
creasing. The Au NPs had accumulated in the
embryos via chorionic space, but the effects of
Au NPs were not proportionally associated with
the concentration. Apart from various proper-
ties like surface charge, surface coating, and
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particle shape or size, the biocompatibility of
Au NPs also depends on its synthesis process.
Interestingly, the green synthesis of nanoparti-
cles has gained the scientific community's at-
tention and has thrown a major impact on the
field of nanotechnology. Extraction of some
metal and metal oxide nanoparticles from vari-
ous plant extracts have been described in Table
S4. A recent study by S. Kumari et al. reveals
the successful synthesis and characterization of
Au NPs with the help of Andrographis penicu-
lata and its cytotoxic effects on embryonic
zebrafish (Kumari et al., 2019). The study
demonstrated the morphological and develop-
mental changes caused by Au NPs at the LCso
value of 116 pg/ml (Figure 3 (b)). Internaliza-
tion and accumulation of green synthesized Au
NPs in the chorion of embryos led to morpho-
logical changes such as malfunctioned eyes,
edema, and bending of the tail. Additionally,
observations such as alteration in hatching rate
and the mortality rate were also made. Overall,
studies related to Au NPs using the zebrafish
model system explain the various parameters
on which the biocompatibility and toxicity de-
pend upon. Henceforth, further studies are re-
quired to explore the benefits and disad-
vantages of Au NPs.

Copper (Cu) and copper oxide (CuO)

The copper (Cu) NPs are indulged in several
applications, including petroleum lubricants,
catalysts, some consumer products of the phar-
maceutical industry, gel propellants, sintering
active agents, and also as active combustion
agents (Adeleye et al., 2016; Dankovich and
Smith, 2014; Lee et al., 2016). Metallic copper
nanoparticles possess unique properties such as
high stability against aggregation, hydrophilic
character, and biocompatibility (Tamilvanan et
al., 2014). Besides the wide range of applica-
tions and unique features, numerous studies us-
ing the zebrafish model have disclosed the tox-
icity produced by Cu NPs (Figure 4) (Bai and
Tang, 2020).

In a study by Kovriznych et al., it was found
that the mortality rate in zebrafish increases
with an LCso value of 3 mg/L when they are ex-
posed to Cu NP (Kovriznych et al., 2013). Also,
another investigation reported that the treat-
ment of zebrafish with Cu NPs (48- hour LCs
value of 1.5 mg/L) leads to acute toxicity since
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abnormal gill morphologies along with differ-
ent gene expression patterns were observed
(Griffitt et al., 2007). Most importantly, the tox-
icity of Cu NPs also becomes questionable
since it is hardly conventional that the toxicity
is produced by the Cu*" ions released by Cu NPs
or due to the molecular roles of Cu NP. An as-
sessment of acute toxicity of spherical Cu NPs
(50 nm) was performed in zebrafish, and it was
discovered that the Cu*" ions are the main factor
giving rise to toxicity (Song et al., 2015). Also,
two different research groups performed a com-
parative study of Cu NPs with soluble Cu?*"ions
in zebrafish (Griffitt et al., 2007; Hua et al.,
2014a). Both studies revealed that instead of
Cu’" ions, the particle form of Cu (Cu NPs) was
responsible for the toxicity. The dose or the
concentration-dependent factor also plays a key
role in the toxicity of Cu NPs. Studies of tox-
icity caused by Cu NPs in zebrafish came up
with the result that higher concentrations of Cu
NPs led to death at the gastrula stage. In addi-
tion, it was also found that Cu®" ions and Cu
NPs show similar effects on embryonic
zebrafish (Bai et al., 2010).

A similar result was obtained when another
research group found concentration-dependent
- ROS generation the embryonic zebrafish were
exposed to Cu NPs (Denluck et al., 2018). An
investigation showed that Cu NPs inhibited the
specification and configuration of three layers
of the swim bladder. It was also observed that
the Wnt signaling in embryos was down-regu-
lated; interestingly, the inhibiting effects of Cu
NPs on zebrafish swim bladder development
were found to be neutralized by Wnt agonist 6 -
bromoindirubin - 3'- oxime (J. P. Xu et al.,
2017). Additionally, a significant reduction in
the rheotaxis behavior and moderate reduction
of lateral line neuromasts were observed in
zebrafish when they were exposed to Cu NPs
(McNeil et al., 2014). Thus, several studies us-
ing the zebrafish model validates the toxic ef-
fects produced by Cu NPs, and thereafter-
proper utilization of Cu NPs may aid in evading
its considerable damage.

The oxide form of Cu NPs that is the copper
oxide (CuQO) NPs is widely utilized for applica-
tions like photocatalysts, antimicrobial agents,
gas sensors, high - temperature superconduc-
tors, energy transfer fluids, batteries, and agri-
cultural biocides (Batley et al., 2011; Hou et al.,
2017; Kim et al., 2012; Llorens et al., 2012).
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Control
21

Figure 4. (a) Transmission electron microscopy micrographs of the aggregate of 25 nm, 50 nm, 100 nm copper nanoparticles
(CuNPs), and 400 nm sub-micron sized particle (SMPs) [Figure adapted from (Hua et al., 2014a). (b) Cu2+ and CuNPs
induced non-inflated swimbladder in zebrafish embryos [Figure adapted from (J. P. Xu et al., 2017)]. (4) Size of swimbladder
was reduced significantly in Cu2+ and CuNPs treated embryos. (B) H&E staining of sagittal sections of embryos from different
treatment groups at the swimbladder location. sb, swimbladder, orange dotted lines cycled; dg, digestive gut, white dotted
lines cycled. ***, ** and * indicate P < 0.001, 0.01, and 0.05, respectively.

The vast utilization of CuO NPs may cause
potential risks to the environment and human
health. Numerous studies came up with note-
worthy observations of toxicity in zebrafish
caused by CuO NPs. Abnormal phenotypic be-
havior such as delayed epiboly and smaller eyes
and heads were observed in zebrafish when ex-
posed to CuO NPs (J. Xu et al., 2017). An in-
vestigation has explained that the zebrafish
neuronal differentiation and liver maturation
are affected by CuO NPs (Sun et al., 2016). The
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experiment results reported that unwanted cir-
cumstances like neurotoxicity and hepatotoxi-
city were observed in embryonic and larval
zebrafish when exposed to high doses of CuO
NPs for a shorter period. Hepatic hypoplasia
was the indicator for hepatotoxicity, whereas
delayed retinal differentiation coupled with
abridged locomotor ability indicated the neuro-
toxicity. Another investigation demonstrated
the effects of CuO NPs on the vasculogenesis
of transgenic zebrafish Tg (nacre/flil: EGFP)
(Chang et al., 2015). The results reported that
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the expression of vascular endothelial growth
factor was reduced, and apoptosis was initiated,
which resulted in inhibition of vasculogenesis
caused by CuO NPs. Studies have also proved
that CuO NPs are responsible for acute expo-
sure effects in developing zebrafish embryos,
leading to oxidative stress, subsequently apop-
tosis, and developmental abnormalities
(Ganesan et al., 2016). Kumari and Panda et al.
performed the toxicity assessment of green syn-
thesized CuO NPs in zebrafish embryos
(Kumari et al., 2017). The CuO NPs were syn-
thesized from the floral extract of Calotropis gi-
gentea. The treatment of zebrafish with CuO
NPs ranging from lower to higher concentra-
tions resulted in several phenomenons like ab-
normal yolk sac, pericardial edema, and higher
concentration bending of the notochord. The
experimental report indicated that the green
synthesized CuO NPs show more biocompati-
bility than commercially synthesized CuO NPs.
Therefore, further research and studies may
lead to discovering novel techniques for the
synthesis of CuO NPs with reduced or no toxic
effects on the living system.

Titanium dioxide (TiOy)

The admirable optical, magnetic, and electri-
cal properties are the reason behind the sudden
increase in titanium dioxide production (TiO,)
(Subhapriya and Gomathipriya, 2018). Besides,
TiO; NPs are valuable transition metal oxide
material that has attracted the researchers for
their unique qualities including non-toxic, fine
resistance to chemical erosion, simple control,
and most importantly low cost (Srinivasan et
al., 2019). In our daily life, the TiO, NPs have
various applications, such as components of
shampoos, toothpaste, soap, and pigments in
sunscreen (Noman et al., 2019). Studies have
demonstrated that when exposing zebrafish to a
low dose (1 mg/L) of TiO, NPs, then no major
developmental malformation is observed (Y. J.
Wang et al., 2014). Whereas harmful effects
like embryonic malformation and death were
observed when zebrafish were treated with high
doses of TiO, NPs (Chakraborty et al., 2009).
Another study also showed that the treatment of
zebrafish with higher concentrations of TiO»
NPs led to the accumulation of NPs in the heart,
gills, brain, and liver of the zebrafish (J. Chen
etal., 2011). Depending on the respective expo-
sure period and concentration range, both the
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bulk TiO; and TiO, NPs have shown toxic ef-
fects in zebrafish. For instance, embryonic
zebrafish showed morphological and anatomi-
cal changes when treated with lower concentra-
tions (50 pg mL—1) and higher concentrations
(250 pg mL—1) of bulk TiO, and TiO, NPs
(Verma et al., 2018b). Furthermore, the experi-
ment resulted in numerous abnormalities such
as deformation chorion and yolk sac in 48 hpf
(48 hours post-fertilization), deformed tail, no-
tochord, and heart development 96 hpf. Several
studies have also revealed some vital toxicity
effects of TiO, NPs in zebrafish, including neu-
rotoxicity, behavioral toxicity, reproductive
toxicity, and genotoxicity. Looking into the
neurotoxicity behavior becomes important
since the TiO» NPs are found to play a major
role in it. The impact on neurogenesis and neu-
ronal differentiation was observed when em-
bryonic zebrafish were treated with a lower
concentration of TiO> NPs (Y. J. Wang et al.,
2014). On the other hand, significant effects on
swimming parameters, average and maximum
velocity were observed when larval zebrafish
were exposed to TiO> NPs (T. H. Chen et al.,
2011). Studies have shown that TiO, NPs can
target the brain of the fish via gaining entry
through the blood-brain-barrier which may fur-
ther lead to the inhibition of Na+, K+ - ATPase
activity (Chakraborty et al., 2009; Ramsden et
al., 2009). Investigations came up with results
showing the relation between TiO, NPs and
neurodegenerative diseases like Parkinson's
disease. To study the neurotoxicity caused by
TiO, NPs, several researchers selected PC12
cell lines and embryonic zebrafish. Moreover,
the results reported that the accumulation of
TiO,2 NPs in the brain resulted in the generation
of ROS and cell death of the hypothalamus.
Most importantly, TiO, NPs may lead to the for-
mation of Lewy bodies in the brain since the ex-
posure of TiO, NPs can activate some Lewy
bodies related gene expression, which involves
activation of pinkl, parkin, alpha-syn, and
uchll. The exposure of TiO, NPs may be a fun-
damental risk factor for the development of
Parkinson's disease, and it is indicated by the in
vivo and in vitro loss of dopaminergic neurons
(Hu et al., 2017). Moreover, the results of a
comparative study between the bulk TiO, and
TiO, NPs on the zebrafish brain discovered that
TiO, NPs were more toxic than bulk TiO, due
to enhanced lipid oxidation and degradation
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(Palaniappan and Pramod, 2011). Assessment
of reproductive toxicity explained that the TiO;
NPs may interfere with the synthesis of vitello-
genin and /or might directly act on the primary
follicles (Wang et al., 2011). In addition, after
the 13 weeks of TiO, NPs exposure, it was dis-
covered that the cumulative number of
zebrafish eggs was reduced. Another study also
showed a similar effect when the lower rate of
embryo production was observed after the
zebrafish were exposed to 1.0 mg/L of TiO»
NPs and bulk TiO, (Ramsden et al., 2013). In-
vestigations have also revealed the effects of
TiO; NPs on zebrafish testis. The experiment
reported that autophagy and necrosis at higher
doses were provoked by TiO2NPs; additionally
the study also showed that the spermatogenic
cells and testicular morphology of zebrafish
were also affected by TiO2NPs (Kotil et al.,
2017). The genotoxicity was also observed in a
study when zebrafish were treated with TiO,
NPs for 14 and 21 days, and the DNA damage
was observed in the experiment (Rocco et al.,
2015). Another experiment showed the effect of
TiO2NPs in the gene expression pattern of em-
bryonic zebrafish. The experimental results
showed the genes involved in the kinase activ-
ity, immune response, circadian rhythm, and
vesicular transport were down-regulated
(Jovanovic¢ et al., 2011). So, the toxicity gener-
ation by TiO, NPs should be measured and kept
into concern, and thereafter it should be exe-
cuted in the respective fields.

Zinc Oxide (ZnO)

The zinc oxide (ZnO) NPs are frequently uti-
lized in electrical appliances, ceramics, sun-
screens, cosmetics, and photonics, and it is so
because of its unique properties such as high
isoelectric point, photocatalytic efficiency, an-
timicrobial property, biocompatibility, and
transparency (Mirzaei and Darroudi, 2017).
Most importantly, the 1D ZnO nanostructures
hit upon the remarkable potentials for nanoelec-
tronics and sensing applications; the feature of
high surface to volume (S/V) shown by 1D ZnO
nanostructures plays a significant role behind it
(Mishra and Adelung, 2018). Also, the same
authors have reported that the nanostructures of
ZnO0. The ZnO nanostructures show some inim-
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itable piezoelectric properties due to their non-
centrosymmetric crystal structure with Zn*" and
O” polar surfaces. Thereby ZnO nanostructures
attract smart technologies such as piezophoto-
catalysis, piezophototronics, and piezotronics.
Despite such high throughput applications, the
ZnO NPs are also found to show toxic proper-
ties when exposed to zebrafish. For instance,
the higher concentrations (>0.1 mg/L) of ZnO
NPs (20 nm) led to the delayed development
and also inhibited the hatching of embryonic
zebrafish (Kteeba et al., 2017; Zhu et al., 2008).
Comparative studies related to the toxicity in-
stigated by bulk and nanosized ZnO NPs were
performed in various experiments. Moreover,
the experiments concluded that equivalent toxic
levels were shown when embryonic and larval
zebrafish were treated with bulk and nano-sized
ZnO NPs (Xiong et al., 2011; Zhu et al., 2008).
The same studies revealed that ZnO NPs were
found to exert dose-dependent toxicity. The
ZnO NPs are known for the generation of ROS
and oxidative stress. Studies have shown that
zebrafish' gill and liver were the main target or-
gan that was damaged by the effects of oxida-
tive stress triggered by ZnO NPs (Xiong et al.,
2011). The same research also demonstrated the
elevation of malondialdehyde content in the
gills and livers of zebrafish. Verma et al. per-
formed an investigation on in vivo cytotoxicity-
based assessment of industrially synthesized
ZnO NPs, and the embryonic zebrafish were ex-
posed to bulk ZnO and ZnO NPs (Verma et al.,
2017). The results reported that the develop-
ment of embryos was affected by bulk ZnO and
ZnO NPs since ROS generation (Figure 5) in
conjunction with deformities in the eye, tail,
and yolk was visualized in both cases. Another
assessment showed toxicity produced in embry-
onic zebrafish treated with differently shaped
ZnO NPs, such as nanosticks, nanospheres, and
cuboidal submicron particles (Hua et al,
2014b). Concerning the hatching retardation
and mortality endpoints, it was found that stick-
shaped ZnO NPs were more toxic. Along with
developmental toxicity and oxidative stress,
ZnO NPs are also known to cause DNA damage
(Zhao et al., 2013). ZnO NPs lead to the down-
regulation of genes such as Bcl-2, Nqol, and
Gstp2, related to oxidative damage, ROS pro-
duction, and DNA damage.
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Figure 5. Mechanism of cytotoxicity of metal nanoparticles (NPs). ROS reactive oxygen species regulation, apoptosis, and
necrosis. In view of these reports, the in vivo toxicity can be described as an effect of dysregulated expression of ROS produc-
tion, leading to greater apoptosis and other cell death—related phenomena (Patel et al., 2019; Verma et al., 2019).

Again, the surface coating properties also ap-
pear to be an important parameter for studying
the toxicity caused due to ZnO NPs. For in-
stance, Girigoswami et al. studied the toxic ef-
fects of ZnO NPs, ZnO NPs coated with chi-
tosan (ZnO - CTS), and ZnO NPs coated with
polyethylene glycol (ZnO - PEG) on the
zebrafish embryos (Girigoswami et al., 2015).
The results reported that reduced deposition of
ZnO - CTS, and ZnO - PEG NPs were found
atop the zebrafish eggs. Moreover, the study
also showed a higher survival rate of zebrafish
embryos treated with ZnO - CTS. Another
study showed higher biocompatibility of poly-
mer-coated ZnO NPs as compared to spherical
ZnO, and the hatching was immensely affected
by the leaf-shaped ZnO NPs (Ong et al., 2014).
Whereas investigations have reported that the
release of Zn>" ions was primarily responsible
for the toxicity of ZnO NPs (Boran and Ulutas,
2016; Brun et al., 2014). Henceforth, additional
studies are required to bring out the detailed
mechanism of toxicity given rise by the ZnO
NPs.

Toxicity profiling of Carbon-based
nanoparticle using the zebrafish model

Followed by numerous metal-based nano-
materials, carbon-based nanomaterials are fre-
quently utilized in consumer products (Brand et
al., 2020). Due to the several applications in
therapeutics, cell and tissue labeling, drug de-
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livery system, and tissue scaffold reinforce-
ments, carbon-based nanomaterials have gained
a mounting interest in the field of biomedical
research (Cha et al., 2013). As compared to
other NPs, the carbon-based NPs are more
promising since it has shown lower toxicity
(Rani et al., 2018). Over the past few years, the
zebrafish model system has been utilized for
several toxicity assessments related to carbon-
based nanoparticles such as carbon nanotubes
and fullerenes.

Carbon nanotubes (CNTSs)

In 1991, Sumio lijima synthesized the nano-
sized hollow cylindrical form of carbon, popu-
larly known as carbon nanotubes (CNTs)
(Iijima, 1991; Meyyappan, 2005). In the present
scenario of nanotechnology, the CNTs belong
to the most commercially relevant classes of na-
nomaterials. The CNTs belong to the most
commercially relevant nanomaterials classes
due to the broadest range of applications, from
composites to energy storage, health care, con-
sumer electronics, and many others (Ema et al.,
2016). A seamless cylinder is formed using the
rolled sheet(s) of graphite, which further forms
CNTs. Further classifications of CNTs are done
into two major classes known as single-walled
CNTs (SWCNTs) and multi-walled CNTs
(MWCNTs). As the name suggests in both
types, a single sheet of graphite is utilized to
form the cylinder of SWCNTs, whereas, in
MWCNTSs, numerous sheets are rolled for the
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formation of a concentric tube (Monteiro-
Riviere et al., 2007). The CNTs possess unique
chemical and physical characteristics, due to
which they have gained the attraction of several
biomedical applications (Cha et al., 2013). Such
unique characteristics are accountable for their
utilization in chemotherapeutic agents' deliv-
ery, including doxorubicin and paclitaxel, small
interfering RNAs, antibodies, and genes (He et
al., 2013; Liu et al., 2009). In contrast, the in-
vestigations have demonstrated the toxic effects
produced by various forms of CNTs. To avoid
such toxic effects, the toxicity evaluation of
CNTs is also an obligatory step that must be
performed before their extensive commercial
utilization. For instance, in a study, CNTs were
found to Also, four hpf (blastula stage) embry-
onic zebrafish were exposed to SWCNTs

Control

*

(Cheng et al., 2007). It was found that the mi-
croscale SWCNTs agglomerates have adhered
to the outer layer of the chorion. The SWCNTs
were responsible for the delayed hatching of
embryos, whereas other factors involving cellu-
lar development, hatching success, survival
rate, or morphological, molecular development
of embryos were not affected by SWCNTs. An-
other research group reported that CNTs were
responsible for alterations in the zebrafish brain
and gonads (Li et al., 2015). Liu et al. per-
formed a comparative toxicity-based study of
Multi-Walled Carbon Nanotubes (MWNTSs),
Graphene Oxide (GO), and Reduced Graphene
Oxide (RGO) on zebrafish embryos (Figure 6)
(Liu et al., 2014).

50 mg/L 100 mg/L

L

Figure 6. Effect of exposure to different concentrations (control, 1, 5, 10, 50, and 100 mg/L) of (a) MWCNT5, (b) GO, and
(c) RGO for 24 h on the surface of the chorion of zebrafish embryos [Figure adapted from (Liu et al., 2014)].

After the exposure to the aforementioned na-
nomaterials', the heart rates of 48 hpf embry-
onic zebrafish and 96 hpf larval zebrafish were
recorded. Besides, significant effects in the
heart were observed in embryos treated with
MWCNTs and GO, although RGO did not
show any such effect.

Additionally, embryos treated with RGO
were responsible for a dose-dependent decrease
in the hatching rate. On the contrary, no effect
on the hatching was observed in embryos
treated with GO and MWCNTs. Similar results
were shown in another experiment by different
authors when two hpf zebrafish embryos were
exposed to MWCNTs for 96 h. Moreover, the
experiment reported that the larva's body length
and the heartbeats were decreased at 96 hpf,

whereas no mortality or morphological abnor-
mality was observed after exposure to
MWCNTs. At present, extreme amounts of
CNTs are not present in the environment.
Therefore, along with focusing on high concen-
tration exposure of CNTs, scientific studies
must also emphasize its neurological and
chronics effects. In case a situation such as re-
duced acetylcholinesterase (AchE) activity and
a sixfold increase in brain levels of dopamine
and serotonin were observed in the zebrafish
exposed to 10 pL dose of 30 mg/kg suspension
of SWCNTs (da Rocha et al., 2019). An inves-
tigation reported that exposure of adult
zebrafish to MWCNTs had not shown genotox-
icity, but it was responsible for unwanted cir-
cumstances such as reversible inflammation in
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the gills (Filho et al., 2014). Another study by
Girardi et al. demonstrated that higher concen-
trations (1ppm) of SWCNTs functionalized by
polyethylene glycol led to toxic effects such as
delayed hatching, decreased total larval length,
and increased mortality in zebrafish (Girardi et
al.,2017). Again, it was not responsible for gen-
otoxicity, and no evidence validated the uptake
of nanotubes by tissues. Pristine CNTs have
shown higher biocompatibility, and even higher
concentrations (200 pg/mL) of SWCNTs,
MWCNTs, or carboxylated MW pristine CNTs
have shown only a slight effect on embryo via-
bility and development (Wang et al., 2016).
Further studies using the zebrafish model sys-
tem can expose the toxicity triggered due to car-
bon nanotubes along with the factors influenc-
ing it.

Fullerenes

Fullerenes (Ceo) are the carbon-based nano-
material widely known as Buckminster fuller-
enes or Bucky Balls and are composed of car-
bon atoms (Dizaj et al.,, 2015; Fako and
Furgeson, 2009). These are the allotropes of
carbon that were first discovered in 1985 and
the present scenario; it is widely utilized in cos-
metics, treatments for cloths, food supplements,
electronics, fuel cells, and building materials
(Kroto et al., 1985; Loutfy et al., 2002). Fuller-
enes also take a role in various biomedical ap-
plications like quenching of reactive oxygen
species, drug and gene delivery, and bioimag-
ing (Montellano et al., 2011; Partha and
Conyers, 2009). Although the mass production
of these compounds that are counted in ton
quantities every year, they get stuck in the de-
velopmental stage (Robichaud et al., 2005).
Henceforth, the rapid screening of these com-
pounds can make a way to complete the devel-
opmental stage and get an adequate grip regard-
ing their commercial utilization. The screening
for toxicity may further assist in the reliable ap-
plications of carbon-based compounds like full-
erenes. A study by Tegos et al. showed the an-
timicrobial property of fullerene against several
bacteria such as Streptococcus spp., E. coli, and
Salmonella (Tegos et al., 2005).

Assessments using the zebrafish model sys-
tem also came up with conflicting results,
which reported the toxic effects triggered due to
fullerene. In an investigation by Usenko et al.,
24 hpf embryonic zebrafish were incubated
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with fullerene Cso at 100-500 ppb, fullerenol
Cs0o(OH)24 at 0.1-5 ppm, fullerene Coat 20-500
ppb (Figure 7) (Usenko et al., 2007).

The results described high mortality caused
by five ppm Cso(OH).4, and malformation of the
caudal fin, pericardial malformation, and 100%
mortality rate was observed in the ones treated
with Cgoat 100-500 ppb and Cyo at 20-500 ppb.
Even though C60 showed developmental tox-
icity, Ce¢o(OH)24, and Cyo, the toxic effects of
C60(OH)24 were less than Csp and C7. An ex-
tensive study by the same author showed the ef-
fects of light activation and antioxidants on de-
velopmental toxicity in zebrafish, directed by
Ceo (Usenko et al., 2008). The results indicated
reduced developmental toxicity in the dark in
comparison with the light condition. The co-ex-
posure to the GSH synthesis inhibitor, buthi-
onine sulfoximine (BSO), or diethylmaleate
(DEM) were responsible for the elevated mor-
tality rate.

In contrast, decreased mortality and pericar-
dial edema were observed subsequently to co-
exposure to Ceo and antioxidants, N- acetylcys-
teine (NAC), or ascorbic acid. Additionally, af-
ter the embryonic zebrafish were exposed to Ceo
at 200 ppb, the significant stress response genes
were found to be upregulated. Moreover, the
study concluded that the Cg might have acted
as a pro-oxidant and have provoked toxicity
through oxidative stress. Along with the light
condition, several other factors influence fuller-
ene's toxicity, and the charge properties are also
one of them. Studies have suggested that apop-
totic cell death can be avoided by the water-sol-
uble fullerenes (Beuerle et al., 2007).

In an investigation of water-soluble fuller-
enes, zebrafish embryos were treated with pos-
itively-charged fullerenes and negatively-
charged fullerenes of similar structures
(Beuerle et al., 2007). The investigation also re-
ported augmented toxicity induced by the posi-
tively charged fullerenes compared to nega-
tively charged fullerenes. Whereas many con-
siderable results, such as excellent biocompati-
bility accompanied by homogeneous distribu-
tion in larval zebrafish and little toxicity, were
shown by the multi-shell fullerene structures
known as nano-onions (D’Amora et al., 2016).
Upcoming studies may lead to gain more de-
scribed information concerning the toxicity and
the biocompatibility of fullerenes.
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Figure 7. Concentration-responses observed for embryonic zebrafish exposed to (a) C60, (b) C70, and (c) C60(OH)24 from
24 to 96 hpf; evaluated daily until 6 dpf. Values represent the % showing the effect by day 6 (cumulative % effect): mortality,
pericardial edema, yolk sac edema, and fin malformations. Representative images of the caudal fins for (d) control and (e)
200 ppb C60-exposed animals are given. Representative images of the pectoral fin for (f) control and (g) 3500 ppb C60(OH)24-
exposed animals. Representative images of (h) 1% dimethyl sulfoxide (DMSO) control head at 6 dpf and (i) 200 ppb C60-
exposed head at 6 dpf; arrows designate pericardial edema (PE) and yolk sac edema (YSE). Significance was determined
using Fisher s exact test (*p < 0.05) compared to 1% DMSO control (N = 24) [Figure adapted from Usenko et al., 2007)].

Zebrafish model for toxicity screening of
Quantum dots (QDs)

Semiconductor crystals known as quantum
dots (QDs) have emerged to be an essential na-
nomaterial from the past few decades. The di-
ameter of QDs ranges from 2-10 nm, and it
comprises around 200-10,000 atoms that result
in the formation of a significant class of fluo-
rescent labels which is further utilized for bio-
sensing, biomedical, and other biological appli-
cations (Libralato et al., 2017).

The excellent fluorescence properties pos-
sessed by QDs are due to their very small size
and their exclusive photophysical and photo-
chemical properties. Apart from that, QDs also
show several other admirable properties: tuna-
ble emission spectra, high brightness, and spe-
cific, elevated bioactivity when coated and
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linked to functional groups. The two most fre-
quently utilized QDs used for biological appli-
cations are cadmium selenide (CdSe) and cad-
mium telluride (CdTe). CdSe and CdTe are the
nanocrystals with extremely bright fluorescent
properties, which are considered powerful la-
beling agents for diverse in vivo applications
(Haque and Ward, 2018a).

However, the awareness related to the health
risks and the potential toxicity given rise by the
exposure of these NPs is very little known, and
most importantly, these NPs are exposed to the
environment at a very large scale. Several ex-
periments with the zebrafish model came up
with results that reported endurable and modest
toxicity when higher concentrations of CdSe
QDs were directly injected in embryonic
zebrafish (Rieger et al., 2005; Zhang et al.,
2012b). On the contrary, an investigation by
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Tang et al. described the adverse toxic effects
induced due to CdTe QDs in Zebrafish liver
(ZFL) cells at an equal Cd*" concentration
(Tang et al., 2013). Nevertheless, the results
showing the effects of free Cd*" did not lead to
adequate explanations regarding the toxicities
of QDs in organisms. However, another study
led to a range of behavioral and developmental

<===u.._ Release of metal ion and special properties
R of QDs e

(B)

Figure 8. (A) The basic structure and fluorescence image of qua

disturbances when after zebrafish embryos
were exposed to Cd Te QDs were exposed to
embryonic zebrafish (Zhang et al., 2012a). An-
other form of QDs and the most commonly used
ones are the graphene quantum dots (GQDs).

Necrosis

Apoptosis
Autophagy
« Pyroptosis
5& ‘ﬁ
Lysosome
rupture

5

transduction

ntum dots (QDs). (a.) A typical QD is composed of core and

shells. It also can be designed with addition of variable outer layer, like peptides, antibodies, oligonucleotides and so on for
satisfying biocompatibility. (b.) Fluorescence image of QDs. In general, the fluorescence of QDs is dependent on the size. The
larger QDs of the same material exhibit a smaller energy bandgap and thus a photoluminescence emission in the red, whereas
smaller QDs fluoresce in the blue. (B) The mechanisms of QDs-induced cytotoxicity. ER: endoplasmic reticulum stress;
mtROS: mitochondrial reactive oxygen species. [Figure adapted from Wang and Tang, 2018)].

The lower toxicity and higher biocompatibil-
ity of GQDs is attractive for cellular imaging
and drug delivery (X. Wang et al., 2014). It was
found that at a concentration lower than 2
mg/ml, the GQDs were readily excreted from
the adult zebrafish without any significant ef-
fect on its growth. Additionally, the GQDs were
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found to be accumulated in the digestive sys-
tem, although the muscle, blood, and additional
tissue showed no obvious photoluminescence
signal. Further studies may reveal the toxicity
mechanism of quantum dots and verify their bi-
ocompatibility, which may help in the appropri-
ate utilization and applications of QDs.
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Toxicological endpoints in the Danio rerio
model

The Zebrafish Vertebrae Danio rerio model
has emerged as the most promising model for
high-throughput development toxicity testing.
With a three-dimensional perspective, the
Zebrafish model has the potential to shed light
on the development of toxicity pathways, rec-
ognizing the foundation of human health risk
assessment (Nishimura et al., 2016). Changes in
normal phenotypes indicate abnormalities in
their normal physiology, so zebrafish's behav-
ioral aspect is considered an essential parameter
in toxicological testing. Both larvae and adults
share behavioral responses. Toxicological end-
points such as angular development, tail mal-
formations, body heartbeat rate, pigmentation
are taken into account when a toxicity assay is
completed. When exposed to a light source
around 24-30 hpf, photo motor response and
virtual motor responses (VMR) are two pio-
neers of high throughput analysis that cause re-
flex (via hindbrain pathway) increasing activity
level. The larva's movement's duration deflects
after exposure to chemicals, and the velocity of
movement falls under (VMR) (Horzmann and
Freeman, 2018). Toxicological assays take five
days to complete, with toxicological endpoints
being monitored on a regular basis. To put hall-
marks on the tests, different staining procedures
were used. The Zebrafish model's strength is
put to good use on a large scale for the progres-
sion of science and society's betterment.

Toxicity analysis of supramolecular com-
plexes in Zebrafish model

Supramolecular chemistry has attracted a con-
sidered amount of attention from chemists, ma-
terial scientists, and biologists, looking to ex-
ploit non-covalent interactions, including hy-
drogen-bonding interaction, electrostatic inter-
action, hydrophobic interaction, hydrophilic in-
teraction, m—n stacking interaction, and van-der
Waals force, in the spontaneous assembly of su-
pramolecular molecules from building blocks.
Interactions between enzymes and substrates
have inspired Host-guest interactions studied in
supramolecular chemistry. Furthermore, most
of these cells' interactions are based on non-va-
lent bonds between two or more molecules.
Embryogenity and teratogenicity are among the
most performed toxicity assays of developmen-
tal toxicity. Many model organisms have been

Prnano.com, https://doi.org/10.33218/001¢.21978
The official Journal of CLINAM — ISSN:2639-9431 (online)

767

validated for toxicity profiling. These models
are alienated between validated models whole-
embryo culture test (WEC), embryonic stem
cell test (EST), and miro mass test (MM), and
those that are not presently authenticated (alt-
hough have proven scientific validity) as in the
case of zebrafish, frog embryo teratogenesis as-
say (FETAX), in silico models for predicting
embryotoxicity, in vitro cellular models dissim-
ilar from the EST method, and methods using
fragments of embryos. So far, only three in vitro
methods (MM, EST, and WEC) have been le-
galized by an international agency (ECVAM)
to be utilized for testing the embryotoxicity po-
tential of chemicals. Simultaneously, other
models, such as FETAX and zebrafish, have
also demonstrated their cogency on behalf of
this determination. Methods established on the
employment of embryos permit the specific
malformation anticipated after exposure to the
chemical to be determined. However, methods
based on cellular systems are more appropriate
to govern the mechanism underlying adverse
observed effect and still display a wide field for
improving their prediction capability (Pamies et
al., 2011). Because of the many advantages in-
herent to the zebrafish model, it is an increas-
ingly popular vertebrate model for assessing
nutraceuticals' safety and toxicity (Bian and
Pei, 2016). The property of drug nanoparticles
to penetrate or permeate various biological bar-
riers has been known to afford them greater
therapeutic efficacy. However, this same prop-
erty provides the nano-carriers access to the pri-
mary cell machinery and hence an opportunity
to hamper the normal biological functioning.
Also unforeseen are the toxicity challenges
which may be presented by the cellular accu-
mulation and long-term retention of these fasci-
nating therapeutic systems. This concern re-
garding the toxicological potential of drug na-
noparticles has increasingly surfaced over the
last few years through worldwide research ded-
icated to this field of research. Along with the
cellular cytotoxicity assays, a focus has also
been placed on assays that can identify the ab-
normalities arising due to the interaction of na-
noparticles with cellular DNA, either directly or
indirectly via oxidative and inflammatory reac-
tions (Patravale et al., 2012).

Toxicity is also an important consideration
while working with NPs used for manufactur-
ing and other applications since those can result
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in environmental exposure. Nevertheless, it is
one of the major aspects to be kept in mind for
a pharmaceutical industry due to its reliability
with the patients' health and condition where
safety is the utmost concern. Several different
platforms are available to assess toxicity, rang-
ing from in vitro cell culture assays to basic
model organisms. Cell lines and simpler organ-
isms are useful for cellular level toxicity and
genotoxicity studies, whereas higher verte-
brates are essential to detect complex physio-
logical interactions. However, rodent models
are high cost, have relatively slow and inacces-
sible embryo development, require substantial
amounts of material for testing due to their rel-
atively larger size, and are accompanied by eth-
ical concerns about their size. Apart from ro-
dents, other primate models have similar ethical
issues, instead of an even greater extent. There-
fore, small, low-cost, but sophisticated models
are very attractive for evaluating in vivo nano-
toxicity. In this context, the zebrafish serves as
a compelling, efficient, and cost-effective alter-
native. Cell lines, culture methods, cytotoxicity
assay (MTT test), toxicity and anti-angiogenic
assays with transgenic zebrafish, acute toxicity
testing, skin sensitization tests, repeated dose
toxicity testing, mutagenicity testing, chronic
oral toxicity testing, carcinogenicity testing,
toxicokinetics, neurotoxicity, developmental
toxicity, genetic toxicity of testing, are usually
under the criteria of pharmacological screening.
Another important agenda is the analysis of tox-
ins. Acute toxicity testing is carried out to de-
termine the effect of a single dose on a particu-
lar animal species (Ducharme et al., 2015).
Generally, it is recommended that acute toxicity
testing should be carried out with two different
animal species. In acute toxicological testing,
the investigational product is administered at
different dose levels, and the effect is observed
for two weeks.

Challenges of zebrafish as an animal
model

While its unique properties and notable fea-
tures, such as rapid development and short gen-
eration time, make it a very appealing model or-
ganism that can be easily cultured in a labora-
tory setting, it has many disadvantages com-
pared to mammalian models (Meyers, 2018).
Though advantageous for use as a model, the
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zebrafish's small size also poses some difficul-
ties, such as embryo embedding and sectioning
and the types of recording equipment to be used
for testing and evaluation (Padilla and
MacPhail, 2011). As a result, the larvae's size is
a significant constraint when dealing with them.
Non-clinical toxicological studies rely on lower
effectiveness as a result of this limitation. Fur-
thermore, harmful exposures, dose analysis,
chemical delivery, and absorption, among other
things, could not be thoroughly investigated
due to the limited scale. Because of the draw-
backs mentioned above, the methods for calcu-
lating plasma levels and ADME (excretion)
data of embryos have not progressed much and
are still in the early stages (Grech et al., 2019;
Villacrez et al., 2018). The genome sequencing
of this model organism has already been per-
formed, and it was discovered that compared to
the human reference genome, 70% of human
genes have at least one zebrafish orthologue
(Howe et al., 2013). When it came to mutation,
the zebrafish fell short of the benefits offered by
mouse model organisms. The gene of interest in
mouse models can be easily mutated and in-
serted through homologous recombination.
However, the Sleeping Beauty transposon
method has made it easier to introduce trans-
genic sequences into zebrafish genomes, mak-
ing it easier to use fluorescent proteins, Cre-re-
combinases, cell-death proteins, and other pro-
teins to develop new approaches (Davidson,
2003; Kawakami, 2007; Kwan et al., 2007).

There are also limitations and questions about
the traceability of toxic potencies and affected
tissues. The in-water procedure, in which
chemicals are solubilized in water and then ad-
ministered to zebrafish embryos, is commonly
used for dosing zebrafish embryos. This has
two drawbacks (Cassar et al., 2020). For start-
ers, since the embryos are fully submerged in
the solution, zebrafish in-water dosing can ex-
pose them to different chemicals than mamma-
lian routes. Also, the administration routes
change from fishes to mammalians, and hence-
forth we cannot realistically transpose data col-
lected in zebrafish in other models, including
humans. Second, insoluble or poorly soluble
chemicals do not reach the embryos by in-water
dosing and must be injected directly into the
fish to expose them to such chemicals ade-
quately. This must be achieved in order to
screen zebrafish embryos at high throughput.
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Concerning these limitations, this model organ-
ism may not be routinely used to assess geno-
toxicity, biodistribution, pharmacokinetics and
pharmacodynamics, transcriptional profiling.

Studies correlating the toxicological
response of NP/NM in zebrafish and rodents

Zebrafish (Danio rerio) has been an estab-
lished vertebrate model for studying different
developmental toxicities and disease model
systems and is being increasingly used for both
pre-clinical studies and toxicological applica-
tions due to a range of favorable traits.
Zebrafish require relatively inexpensive hous-
ing, making them very cost-effective, smaller in
size, lowering housing requirements and the
amount of agent required for testing. Moreover,
they exhibit a high fecundity rate, with a single
female producing around 300 eggs, further un-
derpinning their competence as a model. The
zebrafish and human genomics share approxi-
mately 70% similarity. In addition to that, good
conservation of major developmental and phys-
iological processes, with key organ systems,
such as digestive, nervous, and cardiovascular
systems, is also maintained, similar to humans.
This, in turn, largely underpins the extensive
equivalence in response to pharmacological
agents between the two species, with many
zebrafish models mimicking human diseases
both genetically and phenotypically (Haque and
Ward, 2018b).

Rodents and rabbit toxicity testing has been
standardized for assessing acute toxicity by the
US government since the 1950s. However, ex-
cessive expenditure and time consumption led
to a backlog in chemical testing. In addition, up
to a thousand new chemicals are introduced to
the market yearly. Therefore, the need for new
screening methods to keep pace with the devel-
opment of new chemicals and protect both hu-
man and environmental health came up.
Zebrafish have emerged as a viable vertebrate
organism for chemical risk testing with over
1940 papers published since the initial paper
exploring the effect of zinc sulfate during dif-
ferent stages of zebrafish development in 1965.
They are a cost-effective model and show high
homology to mammalian species.

Along with the mentioned advantages, they
also provide a whole animal model advantage
over cell lines allowing for metabolism and sys-
temic interactions to mimic the human body's
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processes. Because of its small size, zebrafish
embryos or larvae have been used successfully
in high throughput toxicity screening. The em-
bryos are preferred as testing models to adult
fish because it is anticipated that early life
stages feel less pain and distress than adult
ones. Thus, zebrafish early life stages have been
proposed as an effective model for toxicity pro-
filing, and test guidelines have been developed
and validated using zebrafish embryos as model
organisms (Figure 9).

The appropriate selection of zebrafish devel-
opmental stage and the most suitable zebrafish
line is crucial (Figure 9b). In addition, the route
of administration of nanomedicines, such as in-
cubation in media or intravenous injection,
strongly influences experimental results.
Zebrafish husbandry and maintenance dictates
many factors, such as water conductivity, pH,
feeding, and fish density. They should be con-
sidered and controlled to guarantee consistent
experimental conditions. The complementary
application of classical in vitro systems and the
zebrafish model (Figure 9c) offers the possibil-
ity to screen the effects of varying nanomedi-
cine formulations and physicochemical proper-
ties under complex biological conditions. This
facilitates the selection of promising lead for-
mulations for subsequent rodent in vivo studies.
The comparison of the classical 2-D in vitro
system (Figure 9d, bottom left), the more so-
phisticated 3-D one (Figure 9d, top left), and the
zebrafish model (Figure 9d, middle right) offer
the possibility to assess nanomedicine interac-
tions with biological environments under com-
plex biological conditions.

In the drug discovery pipeline, safety pharma-
cology is a significant issue. The availability of
an optimized preclinical, in vivo screening plat-
form increases the chance to identify poten-
tially successful nanomedicine formulations
prior to translation into rodent in vivo studies.
Unfortunately, so far only a few studies have
assessed the reproducibility of rodent and rabbit
toxicity with zebrafish embryo testing (Du-
charme et al., 2015).

The zebrafish has been proposed as a model
that can bridge the gap in this field between cell
assays that are cost-effective but low in data
content. In rodent assays, efficiency is less,
whereas data content is high.

Zebrafish has been widely established as an
alternative vertebrate model to investigate NM-
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mediated inflammation and oxidative stress.
Along with these, other invertebrate models
like Drosophila melanogaster, Caenorhabditis
elegans are also being used routinely as substi-
tutions to rodents for the study of disease path-
ogenesis, chemical toxicity, and screening new

drug candidates for efficacy and toxicity. How-
ever, invertebrates vary in many aspects of their
physiology and anatomy compared with hu-
mans, thus limiting their ability to accurately
model many aspects of human diseases
(Johnston et al., 2018).
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Conclusion

This review focuses on the several types of metal and metal oxide nanoparticles widely used in drug
delivery approaches, such as fluorescent materials, bio-sensing devices, and catalysts in numerous
chemical reaction processes. Among metal nanomaterials, gold, silver, copper, and aluminum, are pre-
dominantly used in environmental, pharmaceutical, and industrial applications. A variety of shapes and
structures, from nanomembranes, nanofibers to nano scaffolds, can be fabricated from organic materi-
als. Due to these several kinds of applications in therapeutics, tissue scaffolds, implantation technolo-
gies, nanomaterials have emerged to play a leading role in the biomedical field. For example, carbon-
based nanomaterials, carbon nanotubes have gained mounting importance in biomedical scaffolds and
implants. Other types of nanomaterials, such as carbon nanotubes, quantum dot-based nanomaterials,
and fullerene molecules discussed in this study, are used in chemical reactions and pharmaceutical ap-
plications. Carbon nanotubes can be used as composite materials, implants, and drug delivery systems,
while fullerene molecules can be used as lubricants. Overall, this review examines the advent of nano-
materials in today's environment from all angles and provides a compilation of data on their toxicity
profiles focusing on zebrafish.

In light of the above studies, zebrafish has proved to be a promising and successful model organism
for various toxicity screening and profiling studies. It is routinely used as an embryonic and larval
model to perform in vitro experiments and developmental toxicity studies. Zebrafish may be used to
regulate the toxicity of samples in early screening assays, often in a high-throughput manner. The
Zebrafish embryo toxicity model is at the leading edge of toxicological research due to the short time
required for analysis, short life cycle, high fertilization rate, transparent nature of embryos, and genetic
data similarity. Their toxicity studies range from evaluating the toxicity of bioactive compounds or
crude extracts from plants to determining the optimal process. Most of the studied extracts were polar,
such as ethanol, methanol, and organic solvents, which were used to detect toxicity and bioactivity.

Compared to the other vertebrates, zebrafish have biological advantages, including high fecundity,
external fertilization, optical transparency, and rapid development. In addition to that, zebrafish possess
a highly developed immune system that is remarkably similar to that of humans. Therefore, it is antic-
ipated that most signaling pathways and molecules involved in the immune response of mammals would
also occur and act correspondingly in fish (Varela et al., 2017). Subsequently, the presence in fish of
innate and adaptive immunity elements assists research in infectious processes, being susceptible to
infectious by gram-negative and gram-positive bacteria, protozoa, viruses, fungi, and mycobacterium.
Advancements in unique cloning, mutagenesis, and transgenesis techniques allowed identifying a sig-
nificant number of mutants (Bailone et al., 2020).
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