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Abstract: Nanomedicine is a new approach to fight against cancer by the development of anticancer
nanoparticles (NPs) that are of high sensitivity, specificity, and targeting ability to detect cancer cells,
such as the ability of Silica NPs in targeting epithelial cancer cells. However, these anticancer NPs
require preclinical testing, and zebrafish is a useful animal model for preclinical studies of anticancer
NPs. This model affords a large sample size, optical imaging, and easy genetic manipulation that aid
in nanomedicine studies. This review summarizes the numerous advantages of the zebrafish animal
model for such investigation, various techniques for inducing cancer in zebrafish, and discusses
the methods to assess cancer development in the model and to test for the toxicity of the anticancer
drugs and NPs. In addition, it summarizes the recent studies that used zebrafish as a model to test
the efficacy of several different anticancer NPs in treating cancer.
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1. Introduction

Nanoparticles (NPs) are defined as particles with a diameter between 1 and 100 nm or
as fibers spanning the range of 1 to 100 nm according to the American Society of Testing
and Materials (ASTM), International Organization for Standardization (ISO), and National
Institute of Occupational Safety and Health (NIOSH) [1]. The NPs’ synthesis, analysis,
and applications have grown exponentially over the last decade, making it an active area
of powerful innovation [2]. The recent advances in industry and science allowed for the
synthesis of nanoscale particles with several different properties known as multifunctional
NPs that include carbon nanotubes (CNT), nano polymers, metal and metal oxides NPs,
crystalline materials, and fullerenes [3,4]. Therefore, nanoparticles are one of the promising
and favorable materials to be applied for many applications such as in treating cancers for
targeted therapy with minimal damage to surrounding tissues. This is because of their
special properties, their small size, and their high surface area to volume ratio that enhance
surface interaction and cellular uptake [5].

NPs had a wide range of several different applications in many fields. For instance, in
manufacturing, the particles are utilized as chemically inert additives, as fillers, pigments,
or even anti-caking, but increasingly to make functional surfaces/membranes that pos-
sess catalytic, UV protection, anti-microbial, filtration, and other various properties [6].
Moreover, NPs can be utilized in medicine, a new discipline known as nanomedicine, that
stands at the intersection of medicine, chemistry, and physics and focuses on biomedical
purposes [7]. The applications include the utilization of NPs as biosensors for drugs,
pathogens, nucleic acids, metabolites, proteins, and cancer cells by taking advantage of
their electrochemical, photoluminescence, piezoelectric and optical properties [6,8]. In
addition, those particles could be applied in drug delivery, bioimaging, tissue engineering,
photoablation, and other therapeutic usages that could be facilitated by the accessibility of
these small molecules through the body, conjugating with specific targeting modalities and
in carrying functional load [4,8,9].
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The current efficiency of anti-cancer drugs and quality of life in cancer patients during
treatment has been improved due to the introduction of nanotechnology for cancer ther-
apy [10]. There are over 25 approved nanomedicines by the Food and Drug Administration
(FDA) and/or European Medicines Agency (EMA) and over 45 other NPs technologies,
not FDA or EMA approved but are currently evaluated in ongoing trials that have been
evolved over the past years [11]. The goal is to deliver the anti-cancer drugs that are loaded/
encapsulated inside the particles to increase the drug concentration at the targeted sites and
at the same time reduces the off-target toxic effects [12]. Although the nano-therapies that
are currently in use in the clinics, such as Vyxeos to treat myeloid leukemia and Onivyde to
cure pancreatic cancer are capable to provide therapeutic efficacy similar to conventional
cancer therapy, there is limited knowledge about the long-term toxicity caused by those
particles, which suggests that nanomedicine discipline is still in its infancy [13].

Therefore, preclinical studies are necessary to improve the reproducibility of nano-
materials synthesis, assessment of the NPs‘ biological effects, therapeutic efficacy, and
toxicity evaluation [14]. Over the past two decades, the zebrafish animal model became
one of the popular models for studying human disease, especially for cancers [12] due
to the ease in generating human tumors in this animal [15] and the late development of
the adaptive immune system in the zebrafish, which is usually developed at 28 days post
fertilization (dpf) [16]. Also, assessing NPs using this animal model is simpler than other
animal models, because the fish embryos are optically transparent, and their tissues can be
imaged in detail [17].

Despite all the advantages of this model, zebrafish has some limitations. For instance,
there is a low number of the validated reagents and versatile tools that are suitable for
use in zebrafish in contrast to the traditional mammalian models. This has limited the
researchers from studying the details of the molecular and cellular mechanisms involved in
cancer development. Moreover, zebrafish embryos need to be incubated at 28 ◦C, and this
incubation temperature might not be suitable for the mammalian tumor cells’ metabolism,
which requires 37 ◦C. Also, some nanoparticles such as water-insoluble NPs, could be toxic
for the animal model leading to different types of toxicities and low survival rates [18].

The NPs are introduced into the zebrafish model through several different methods,
mainly through exposing the animal directly to the particles found in the fish water [19,20]
or through injecting the animal with the particles [21]. This review describes how to utilize
zebrafish to study cancer nanomedicine. Also, this review shows the methods to assess
cancer growth, anti-cancer drug efficacy, and the toxicities associated with the cancer
treatments, as well as it provides an overview of studies using this model to study the
efficacy and the toxicity of several NPs in treating cancers.

2. Zebrafish Cancer Models

Zebrafish (Danio rerio) is a common and prominent animal model in medical and
biological research over the years. Zebrafish is a tropical freshwater fish of the Cyprinidae
family under the Actinopterygii class and it mainly inhibits the Ganga river in the Indian
subcontinent [22]. The first time the fish has been used as a research model was in the
1970s by George Streisinger because of its simplicity compared to the mouse model as well
as its ease to be genetically manipulated. However, the use of zebrafish as an animal model
increased in the 1990s as two scientists have used the model to develop two large mutant
lines [23].

The zebrafish animal model has a lot of well-known characteristics and advantages
that make it a good model for biological research and to study of human diseases [24].
The greatest advantages of this model are, the model is cost-efficient, rapid development,
embryonic accessibility, optically transparent, genetic manipulability [25] and most im-
portantly the physiological and genetic similarities with the humans including similar
digestive tract [26], vascular system [27], brain [28] and immune system [29]. Also, about
70% of the human genes have functional similarities with zebrafish [30]. Furthermore,
adult zebrafish are small in size allowing them to be cultivated in small freshwater tanks,
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thus less space required [30,31]. Also, researchers could use zebrafish at any development
stage to conduct their experiments whether it’s in a larval stage (3 to 29 dpf) or the adult
stage (90 dpf—2 years) [32].

Moreover, the zebrafish model has a lot of benefits for the clinical applications of
nanoscale drug delivery systems, particularly, its optical transparency [33]. The trans-
parency of the zebrafish embryo allows the researchers to dynamically observe inside the
fish body such as organ or tumor development, vessel growth, and dispersion of nano-
materials [34]. The zebrafish embryos stay transparent until 60 h post-fertilization (hpf),
at which stage the pigmentation process starts. To keep their transparency beyond that,
the embryos are treated with 1-phenyl 2-thiourea (PTU), which inhibits the pigmentation
process [35,36], or alternatively, the transgenetic models such as Casper can be used that
lacks pigments on their skin [35]. In addition, due to the fast development of zebrafish
embryos compared to other animal models, the screening time is less and the period for
significant changes in the model morphology and behavior is shortened [37–39].

As zebrafish provides a great model for molecular studies for many human diseases,
cancers are one of the most studied disorders using this model due to the simplicity of
the model to be designed, through genetic engineering, xenoplantation, and chemical
exposures [40–43]. For instance, overexpression of Myc gene would cause T-cell leukemia
in zebrafish, exposing the fish to dimethylbenzanthracene would provoke intestinal can-
cer [44] and transplantation of human cancer cells such as the B16-F10 melanoma cells
would develop melanoma in the model [45]. In addition, there are different approaches
used to generate genetic, xenograft, and chemical models of zebrafish to investigate the
alternations in molecular pathways and gene functions in cancer progression as well as to
study novel anticarcinogenic drugs [46,47].

2.1. Xenograft Models

Xenografted zebrafish embryos are one of the approaches for modeling cancer through
transplanting human cancer cells into the animal model (Figure 1). The transplantation of
cancer cells is possible at around 2 dpf when the zebrafish adaptive immune response is
not yet established. Therefore, using 2 dpf embryos could allow the spread, metastasis, and
survival of cancer cells without the need for a prior immunosuppressive treatment [16].
Several types of primary tumor cells or cancer cell lines have been transplanted to generate
several different cancer xenograft zebrafish models such as, melanoma [48], leukemia [49],
colorectal [50], kidney [51], breast [52], ovarian [53], prostate [54], pancreatic [55], oral [56]
and lung [57] cancers’ models.

2.2. Genetic Models

Transgenic and mutant zebrafish models are major and powerful utilizing models for
diseases and cancer research as these models are generated by different techniques, mainly
through forward or reverse genetic approaches [24,58]. Forward genetic such as using
ethylnitrosourea and reverse genetic by CRISPRs and TAL-like effector nuclease [58]. Also,
high conservation of oncogenes such as NRASQ61K and BRAFV600E in zebrafish cancer
models and the microinjection of human tissue-specific promoters lead to the development
of tumors with phenotypes analogous to human cancers [40].

The reverse genetic approaches through the specific knockdown or knockout genes of
interest had given a rapid explanation of the functions of those genes. Furthermore, for
two decades the only vertebrate model in which reverse genetics techniques have been
done is the mouse model. These techniques’ protocols were based on the homologous
recombination in the embryonic stem cells in vitro [59,60]. However, there are attempts
to create embryonic stem cell lines of the zebrafish model but still, no protocol has been
yet established for zebrafish for an embryonic stem cell-based knockout by homologous
recombination [60].
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Figure 1. Xenotransplantation assay in zebrafish embryos. Human cancer cells stained with red- or 
green- fluorescent dye and injected alone or in combination using a glass micropipette or a glass 
capillary needle in the yolk sac of zebrafish embryos at 2 dpf. The xenografted embryos are then 
maintained at a specific temperature between 28 to 37 °C. After 2 to 7 days post-injection (dpi), the 
number of tumor cells increases, and cancer cells disseminate at distance sites such as head and tail. 
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tant zebrafish model line could spontaneously develop the malignant peripheral nerve 
sheath tumors at eight and half months and 16.5 months with an incident of 28% [69]. 

Figure 1. Xenotransplantation assay in zebrafish embryos. Human cancer cells stained with red- or
green- fluorescent dye and injected alone or in combination using a glass micropipette or a glass
capillary needle in the yolk sac of zebrafish embryos at 2 dpf. The xenografted embryos are then
maintained at a specific temperature between 28 to 37 ◦C. After 2 to 7 days post-injection (dpi), the
number of tumor cells increases, and cancer cells disseminate at distance sites such as head and tail.

Furthermore, another reverse genetic approach is the microinjection of the antisense
morpholino oligonucleotides into the zebrafish embryos’ blastomeres or yolks in early
stages [61–63]. This injection of a morpholino into a specific target gene would prevent the
targeted gene translation [61–63].

While the forward genetic screening or target-selected mutagenesis followed and ran-
dom mutagenesis are other genetic approaches that are followed by genetic screening and
mapping to look for specific genes’ functions, products, and mutations in the model [24,64].
Different techniques have been used for the target-selected mutagenesis in the zebrafish
embryos’ genome such as the targeting induced local lesions in genomes (TILLING) using
chemical mutagens like the N-ethyl-N-nitrosourea (ENU) [43,65,66]. As a result of those
techniques many stable mutant zebrafish lines with mutations in a ribosomal protein (RP)
or specific tumor suppressor genes such as p53, adenomatous polyposis coli (APC), and
neurofibromatosis type 2 (NF2) genes, have been generated [43,64,65,67–69]. For example,
a mutation in the wild-type p53 DNA-binding domain of the tp53M214K mutant zebrafish
model line could spontaneously develop the malignant peripheral nerve sheath tumors
at eight and half months and 16.5 months with an incident of 28% [69]. Moreover, mi-
croinjection of DNA constructs in early zebrafish embryos’ stage (Figure 2) with various
tissue-specific promoters and systems to accomplish the spatial and temporal control of the
expression of some transgenes such as the GAL4-UAS and Cre-LoxP and Tol2 transposon
and LexPR binary systems had led to the development of several transgenic zebrafish
cancer models [24,70–72].

2.3. Chemical Models

The use of chemical carcinogens was one of the first approaches to induce cancers’
mutations for tumor formation or developmental defects in the zebrafish animal model by
which the animal is exposed to the carcinogenic chemicals that are dissolved or suspended
in the fish’s swimming water thus allowing for long term exposure to those chemicals [58]
(Figure 3). The Zebrafish animal model is the most responsive model to the different
carcinogens as indicated by some studies and this animal model had also shown a greater
diversity of neoplasm mutations and types than other kinds of fish species [73].
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Figure 2. Transgenic cancer zebrafish lines. DNA constructs of cancer gene are microinjected into
the cell of fertilized egg which is an early stage of zebrafish embryos. The adult mutant founder fish
(Red) that have the germ cells, in which the construct was integrated into the genome, is mated with
a wild-type (WT) zebrafish (Gray) at F0 to produce the F1 generation of fish, in which some of the
progenies are heterozygous (Red) for the constructs and these heterozygous fish are then mated with
each other to produce the F2 generation of fish that are homozygous to the construct (Red).

Pharmaceuticals 2021, 14, 625 6 of 18 
 

 

pancreatic and liver carcinomas, while the N-nitrosodimethylamine (NDMA) mainly in-
duces liver cancers [76,77]. Also, some of these chemical carcinogens when applied to mu-
tant fish with a cancer genetic disposition, these carcinogens treatment would increase the 
fish sensitivity to induce tumors compared to the treated wild-type fish [65,78]. And the 
advantage of the chemical carcinogens approach is that specific tumors are easy to study 
as they could be induced effortlessly [58]. 

 
Figure 3. Zebrafish chemical carcinogenesis model. Zebrafish embryos are collected, and healthy 
embryos are arrayed into a multi-well plate. Chemical carcinogens are then added to the multi-well 
plate following dissolving or suspending them in the fish water. After appropriate incubation pe-
riod, embryos are screened for cancer growth. 

3. Tumor Growth and Metastasis Assessment 
Currently, there is a demand for utilizing new techniques for visualizing the spread 

and disruption of the tumor microenvironment, for drug testing and responses to treat-
ments in the animal models [79]. Thus, the zebrafish animal model is one of the optimum 
animal models to study tumors, because tumor engraftment and growth are very rapid 
and could provide readouts within days compared to other models [41,80]. Moreover, 
xenografted zebrafish could absorb small molecular weight compounds directly from the 
surrounding water, making them a good model to test for anti-cancer drugs [81]. 

Several approaches have been developed to quantify and assess the human tumor 
cells’ proliferation that is xenografted in the zebrafish embryos [79]. For instance, with the 
aid of a fluorescent microscope and image analyzer’s software, the fluorescently-labeled 
cancer cells could be quantified in the embryos over a time interval from the day of injec-
tion, which is usually at 48 dpf or 72 dpf until the end-point day (usually around 7dpf) 
[82,83]. Another approach to determine tumor cells proliferation is by enzymatically dis-
sociate the embryos at the endpoint time into a single cell suspension and then the number 
of fluorescent cells is counted in the suspension and this number is divided by the 24h 
cells number to show the fold increase in cell number [48,84] or through a flow cytometry 
after enzymatically digesting the embryos [79]. 

To determine if the cancer cells have been disseminated through the zebrafish em-
bryo’s body, the cells would be labeled by a fluorescent protein or stained by a chemical 
dyestuff [85] and the cancer cells’ metastasis would be imaged inside the embryo body 
within two days after the injection [86] and these fish could then be imaged using confocal 
microscopy and analyzed through software such as Fiji, so the number of the metastatic 
cells is determined [87]. For instance, Augustine and his colleagues have used a green 
fluorescent protein (GFP) expressing cancer cells to detect and quantify migrated cancer 

Figure 3. Zebrafish chemical carcinogenesis model. Zebrafish embryos are collected, and healthy
embryos are arrayed into a multi-well plate. Chemical carcinogens are then added to the multi-well
plate following dissolving or suspending them in the fish water. After appropriate incubation period,
embryos are screened for cancer growth.
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For example, exposing the zebrafish embryos to N-methyl-N-nitro-N-nitrosoguanidine
(MNNG) and dimethylbenzanthracene (DMBA) had shown to induce a large number of
different tumors in the animal, such as hemangiomas, rhabdomyosarcomas, leiomyosar-
coma, chondromas, seminomas, hemangiosarcomas, and most commonly the hepatic
neoplasms [73–75]. Moreover, the N-nitrosodiethyl- amine (DEN) showed to induce pan-
creatic and liver carcinomas, while the N-nitrosodimethylamine (NDMA) mainly induces
liver cancers [76,77]. Also, some of these chemical carcinogens when applied to mutant
fish with a cancer genetic disposition, these carcinogens treatment would increase the
fish sensitivity to induce tumors compared to the treated wild-type fish [65,78]. And the
advantage of the chemical carcinogens approach is that specific tumors are easy to study as
they could be induced effortlessly [58].

3. Tumor Growth and Metastasis Assessment

Currently, there is a demand for utilizing new techniques for visualizing the spread
and disruption of the tumor microenvironment, for drug testing and responses to treat-
ments in the animal models [79]. Thus, the zebrafish animal model is one of the optimum
animal models to study tumors, because tumor engraftment and growth are very rapid
and could provide readouts within days compared to other models [41,80]. Moreover,
xenografted zebrafish could absorb small molecular weight compounds directly from the
surrounding water, making them a good model to test for anti-cancer drugs [81].

Several approaches have been developed to quantify and assess the human tumor cells’
proliferation that is xenografted in the zebrafish embryos [79]. For instance, with the aid of
a fluorescent microscope and image analyzer’s software, the fluorescently-labeled cancer
cells could be quantified in the embryos over a time interval from the day of injection,
which is usually at 48 dpf or 72 dpf until the end-point day (usually around 7dpf) [82,83].
Another approach to determine tumor cells proliferation is by enzymatically dissociate
the embryos at the endpoint time into a single cell suspension and then the number of
fluorescent cells is counted in the suspension and this number is divided by the 24h cells
number to show the fold increase in cell number [48,84] or through a flow cytometry after
enzymatically digesting the embryos [79].

To determine if the cancer cells have been disseminated through the zebrafish em-
bryo’s body, the cells would be labeled by a fluorescent protein or stained by a chemical
dyestuff [85] and the cancer cells’ metastasis would be imaged inside the embryo body
within two days after the injection [86] and these fish could then be imaged using confocal
microscopy and analyzed through software such as Fiji, so the number of the metastatic
cells is determined [87]. For instance, Augustine and his colleagues have used a green
fluorescent protein (GFP) expressing cancer cells to detect and quantify migrated cancer
cells in ovo [88]. Moreover, to evaluate tumor progression, qPCR could be used to detect
a cancer-specific gene or a human housekeeping gene [54,89]. In addition, Gotra et al.,
has studied human cancer dissemination through the xenograft model by a quantitative
bioimaging platform [90]. While Benjamin and Hynes have used a transparent adult
zebrafish with a homozygous mutation in two pigmentation loci, called Casper, that has
been described by White et al. [35]. This mutant zebrafish allowed visualizing the in vivo
metastasis [91].

4. Anti-Cancer Efficacy Assessment

To evaluate rapidly the therapeutic efficacy of some molecular compounds, the ze-
brafish embryos of the wild-type, mutant or transgenic lines would be incubated along
with the compounds in water and the use of microplates could facilitate the compari-
son quantification analysis of the incubated embryos, as this technique is similar to the
cell-based assays [92]. Moreover, the use of fluorescent reporter molecules with several
transgenic lines would aid in a further detailed examination of functional and morpho-
logical changes occurring in the model [93]. And due to the high number of established
cancer xenografted zebrafish models, the researchers could demonstrate the efficacy of
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multiple molecules and compounds to treat cancer, by exposing the xenografted embryos
with the compound or by treating the cancer cells with the compounds before implanting
them into the embryos [94,95]. Adult zebrafish could also be utilized to assess the efficacy
of anti-cancer agents, as the tumors are disseminating through the adult fish from 5 to
10 days after transplantation and the definite appearance of the tumor cells would occur 2
to 3 weeks post the transplantation [35].

To illustrate how the xenograft and transgenic or mutant zebrafish model have given
advantages to the researchers to establish candidate compounds to treat cancers, Ridges
et al. have shown that the Lenaldekar compound was able to eradicate immature T-cells,
which have similar development with the malignant T-cells, without affecting the cell
cycle of other cells type [96] by using a genetically engineered T-cell reporting zebrafish
larvae (lck:EGFP) [97]. Moreover, Pruvot et al. had validated the anti-cancer efficacy of
Oxaphorines and Imatinib with the aid of a xenografted zebrafish model injected with
human leukemia cell lines [49].

4.1. Toxicity Assessment

The outburst of the nanotechnology, chemical engineering, pharmaceutical industry,
and other industries that manufacture consumer and therapeutic products had overtaken
the toxicity assessments of these chemical products [98]. Therefore, there is a large demand
for high-throughput biological model systems to test for the toxicity of the chemicals [99],
many several models are being tested and utilized for this demand over the past two
decades, the zebrafish, which are complex vertebrates, had been determined as a comple-
mentary animal model to the mammals for toxicity assessments [100].

This is due to zebrafish’s highly conserved organ systems and metabolic pathways
that could be used to evaluate several toxicological outcomes and extends the acute toxicity
into much detailed mechanistic studies [101]. As the NPs engineering industry is producing
a wide range of nanomaterials [102], the main purposes and application of the NPs are
in the electronics and medicine fields [103,104]. Therefore, toxicological analysis of those
particles is very significant to validate their usage [105].

The in vivo toxicity analysis has been done traditionally on rat, mouse, frog, and
other animal models, however due to their many difficulties such as their maintenance,
growth, ethical approval, and the scarifications [106,107]. Thus, the alternative model is
the zebrafish animal which is much simpler to be maintained and they possess analogs
organs and tissues with similar function and structures as the human, including the brain,
heart, kidney, and liver that made it easier to determine the toxicity of the particles on
those tissues and organs [108].

4.2. Behavioral and Neurotoxicity

A range of complex behaviors has been used as perceptive parameters to assess the tox-
icity in the zebrafish such as locomotion, spatial recognition, and color preference. [109,110].
The nervous system that supports these parameters and behaviors plus the brain develop-
ment, which predominantly vulnerable to oxidative stress due to its high energy demand,
the cellular content of lipids and proteins, and low levels of antioxidants [7]. In addition,
after 5 days of fertilization, the zebrafish juveniles could swim freely, and their brain
tissues would be already differentiated into the structures of the diencephalon, hindbrain,
telencephalon, midbrain, and ganglia that could also be used to assess the behavioral
toxicity like on the animal memory, motion, and learning. Also, neurotoxicity could be
evaluated by the morphological changes, biomedical indicators, apoptosis, and necrosis of
the zebrafish neurons [111] (Figure 4).
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Figure 4. Toxicity assessments. Wild-type, mutant, transgenic, or xenografted zebrafish embryos are
exposed to the testing vehicle e.g., chemicals, anticancer drugs, or NPs in a multi-well plate. At the
end of the incubation period, toxicity analysis of zebrafish systems can be performed to determine
the therapeutic effects of the tested materials. For example, behavioral and neurotoxicity can be
assessed by studying locomotion, spatial recognition, and color preference as well for zebrafish’s
brain development. Cardiovascular toxicity can be assessed through the change in the heart shape,
rhythm, blood flow velocity and expression of cardiac failure gene markers. While hepatotoxicity
can be determined by the development of hepatic hypoplasia.

Several NPs could trigger free radical activity at their surfaces that create oxidative
stress at the site of particle deposition and translocation [112,113] and neurotoxicity has
been noticed in case if the particles were able to reach the brain which they can also lead to
neurodegeneration [114,115]. Moreover, some particular NPs can affect animal behavior,
for example, silicon dioxide (siO2) NPs were found to cause altered color preferences [116],
cadmium telluride (CdTe) quantum dots could affect the locomotor activity [117], and
titanium dioxide (TiO2) NPs exposure could alter gene expression and enhance neuron
apoptosis and glial cell proliferation [118].

Pang et al. have also tested for the neurotoxicity of a number of drugs, such as Ethanol,
Taxol, Acrylamide and 6-hydroxydopamine (6-OHDA). They have looked for the pharma-
cological effects of those drugs on the motor and dopaminergic neurons and on the optic
nerves. This was done by visualizing several neuronal cell types and through performing
whole mount immunostaining. Also, to sasses the neurotoxicity of those drugs on the
zebrafish, they have used TUNEL staining, in situ hybridization and immunostaining in
order to assess the neuronal proliferation, apoptosis, oxidation as well as the integrity of
the myelin sheath [119].

Furthermore, the zebrafish larvae have been exposed to two different sizes (10 and
50 nm) of the polyvinylpyrrolidone-coated AgNPs (AgNP-PVP) and their swimming
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behavior have been evaluated after 24 h of exposure by determining their responses to
different lighting conditions, the larvae have showed decreased locomotor activity with
the 10 nm AgNP-PVP, whereas the 50 nm AgNP-PVP caused hyperactivity [120]. While de
Oliveria et al. had exposed the animals to 200 mg/kg dextran-coated Fe2O3NPs and tested
them after 24 h, the results showed a reduction in the acetylcholinesterase activity, decrease
in the exploratory performance, a significant increase of ferric iron levels in the brains, and
casp8, casp9, and jun genes induction, these findings are suggesting brain toxicity by the
induction of apoptosis and inhibition of acetylcholinesterase [121].

4.3. Cardiovascular Toxicity

Zebrafish embryos are a suitable model to assess cardiotoxicity of various compounds
such as, NPs, as the embryos hearts resemble the human embryonic heart with one ven-
tricle, one atrium, and valves between the atrioventricular compartments with a regular
heartbeat that starts after 36 hpf [122]. Therefore, the microscope could be used to look
for the heart shape and rhythm such as the heartbeats, blood vessels’ cell activity, and
morphology [111] (Figure 4). To assess zebrafish cardiac function and blood flow hemody-
namics, Benslimane and her colleagues have established high-speed microscopy with a
combination of an analysis software protocol for practical image acquisition for studying
zebrafish’s cardiovascular system. They have provided a detailed calculation of several
cardiac parameters and expected ranges for these cardiac parameters [123,124]. Moreover,
Benslimane et al., have adapted a single-mode mice Doppler echocardiography system
to assess the cardiac function of normal or diseased zebrafish and to measure the flow
velocities of adult zebrafish [125].

Furthermore, Da’as et al., have used fluorescence microscopy imaging to assess the
total and a ventricular number of cardiomyocytes in response to some zebrafish morphants.
They have labeled the cardiomyocytes with GFP as well as labeling cardiac muscle cell
plasma membrane with ZN-8 antibody along with 4′,6-diamidino-2-phenylindole (DAPI)
stain. The zebrafish whole heart is then imaged under fluorescence microscopy by scan-
ning it anteriorly to posteriorly [126]. Also, complicated blood flow patterns during the
development of the zebrafish cardiovascular system could be tracked and analyzed us-
ing Digital particle image velocimetry (DPIV) and computational fluid dynamics (CFD)
modeling [127,128].

The successful establishment of transgenic zebrafish lines had aided in the monitoring,
quantifying, and qualifying cardiovascular damage caused by certain NPs. For instance,
the effects of CuONPs exposure on the vasculogenesis or angiogenesis were determined
using the zebrafish transgenic Tg (nacre/fli1:EGFP) line and it has been found that CuONPs
inhibit vasculogenesis through the reduction of the vascular endothelial growth factor
(VEGF) expression and the initiation of apoptosis [129]. Moreover, the toxic effects on
hematopoiesis by particular NPs were studied. For example, the toxic effects of AgNPs
were assessed through the transcriptional responses of zebrafish embryos at 24 hpf, using
microarray analysis. The AgNPs had downregulated hemoglobin genes as indicated by the
gene ontology analysis and this reduction was further proved using O-dianisidine staining,
whole-mount in situ hybridization, and quantitative reverse transcription-polymerase
chain reaction [130].

4.4. Hepatotoxicity

Zebrafish’s livers in the early developmental stages could respond to chemicals similar
to the human liver, thus it is considered an ideal model to assess hepatotoxicity of the
NPs for instance [111]. Villacis et al. had investigated the acute toxicity of IONPs in adult
zebrafish after exposing the particles to the fish for 96 h, using different endpoints. The
highest concentrations of the particles (37.2 and 74.4 mg/L) had caused oxidative stress in
the liver cells [131].

In addition, high doses of CuONPs can cause hepatic hypoplasia when exposed to
zebrafish embryos and larvae for a short time [132]. ZnONPs had also been shown to cause
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hepatotoxicity in the zebrafish due to oxidative damage, which was determined by the
high levels of malondialdehyde, a biomarker of the oxidative effects [133] (Figure 4).

5. Anti-Cancer NPs Tested on Zebrafish

Developing NPs that can identify, target, and eliminate cancer cells is a great aim in
the field of nanomedicine, however, to test those particles, an ideal animal model should
be selected to determine the efficacy and toxicity of the NPs [134]. Although rodent models
are the widely used preclinical animal model, their high cost, the long time required to
generate cancer models, and due to some visibility issues, such as monitoring tumor cell
migration is challenging in this animal model [135,136]. Therefore zebrafish have been
designated as an alternative model to test those particles, due to the several advantages
that have been stated previously.

Consequently, several NPs have been developed that are conjugates with the targeting
ligands and/or loaded with the chemotherapeutic drugs, to treat cancers through testing
their efficacy on zebrafish [137,138].

5.1. Gold and Platinum NPs

Gold (Au) and platinum (PT) NPs are ideal candidates for cancer therapy, as Au NPs
can generate heat in the presence of infrared radiation [139] and PT NPs could release PT
ions by surface oxidation that provides the anti-cancerous property [140]. To determine
the toxicity effects of these particles on the zebrafish, Asharani et al. found that Pt-NPs
had caused delays in the hatching rate and drop in heart rate, axis curvatures, and touch
response, while the Au-NPs showed no indication of toxicity [141]. Despite the advantages
of Au and Pt-NPs in treating cancers, no previous studies have been done on the zebrafish
cancer model using those NPs (Table 1).

5.2. Dendrimers NPs

Dendrimers are an emerging type of nanoscale, monodisperse polymers that are
applied in a wide range of industries such as in medicine to be used as delivery systems
for gene therapy and targeted drug delivery for tumor cells or as dendritic sensors [142].
Bodewein et al. had exposed the polyamidoamine (PAMAM) dendrimers of generations
G3.0, 3.5, 4.0, 4.5, and 5.0 and polypropylenimine (PPI) dendrimers (G3.0, 4.0 and 5.0) to
the zebrafish embryos for 96 h to assess the toxicity of those particles. The results showed
that the toxicity of cationic PAMAM and PPI dendrimers had increased over time and the
predominant effects were mortality and a reduction in the heartbeats and blood circulation
for the PPI dendrimers. However, for the anionic PAMAM of generation G3.5 and G4.5,
there was no toxicity determined [143]. To test for the efficacy of dendrimers NPs against
cancer cells, Wu et al., had shown that PAMAM-conjugated histidine and cysteine (GH
and GHC) NPs loaded with the chemotherapeutic drug, doxorubicin (DOX) inhibited the
proliferation of the cervical cancer cells, in zebrafish embryos [144] (Table 1).

5.3. Polymersome NPs

Kocere et al. had injected mouse melanoma B16 cells into zebrafish’s neural tube at
3 dpf to generate a melanoma xenograft zebrafish model to test for polymersome NPs (PEG-
PDPA NPs) loaded with doxorubicin on this model. The PEG-PDPA NPs were injected
intravenously at 4 dpf. The particles had been selectively accumulated at the neural tube
cancer region and on some individual cancer cells and tumor-associated macrophages.
And when doxorubicin was released from the particles a reduction in the systemic toxicity
was seen compared to the toxicity of the free drug alone and a reduction in the cancer cell
signal (less fluorescence signal) was seen after seven days of injection of the particles to the
xenografted zebrafish [145] (Table 1).
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5.4. Porphyrin-Based Bridged Silsesquioxane NPs

A new class of NPs known as bridged silsesquioxane NPs (BSNs), is currently ex-
hibiting versatile applications and acts as a strong potential for nanomedicine [146]. Dib
et al. had applied these particles to treat and target breast tumors in vivo, by synthesizing
BNSs from an octasilylated functional porphyrin precursor (PORBSNs). Also, the particles
were conjugated with PEG and mannose (PORBSNs-mannose) to target the breast cancer
cells. Then the particles were intravenously injected into the 4 dpf zebrafish model that
bearing the human breast tumor. After one and half hours the tumor areas were excited
with a two-photon beam-induced focused laser and this results in a strong reduction in the
tumor size and activation of apoptosis pathways [147]. No toxicity has been seen on the
xenografted zebrafish embryos after NPs injection [147] (Table 1).

5.5. Hydroxyapatite NPs

Nadar et al. have evaluated the ability of novel hydroxyapatite (HA) NPs loaded with
a kiteplatin-pyrophosphate compound, which is PtPP ([Pt (dihydrogenpyrophosphate)(cis-
1,4-DACH)]) to reduce the survival of breast cancer cells [148]. The toxicity of the HA NPs
alone has been studied by Xu et al. who showed that these particles could aggregate into
bigger particles around the membrane proteins as well as cause little developmental issues
after exposing them to 2 hpf zebrafish embryos [149]. However, in the Nadar et al. study,
they have injected these particles directly into the blood circulation of the 2 dpf zebrafish
embryos through the duct of Cuvier and no toxicity or phenotypic abnormalities have been
developed. Thus, they have shown a reduction in cancer cell survival after co-injection
breast cancer cells with citrate-functionalized and the PtPP-loaded HA NPs [148] (Table 1).

Table 1. Anticancer NPs and their anticancer efficacy and associated toxicity on zebrafish model.

Anticancer NPs Cancer Type: Outcomes: Toxicity: References

Au and PT NPs No previous studies

• PT-NPs:

- Delays in hatching rate
- Low heart rate, axis curvatures &

touch response

• Au-NPs

- No indication of toxicity

[141]

Dendrimers NPs Cervical Cancer Inhibition of cancer
cells proliferation

• PPI dendrimers:

- Mortality
- Reduction in heartbeats &

blood circulation

[143,144]

Polymersome NPs Melanoma Reduction in cancer cells - No indication of toxicity [145]

Porphyrin-based bridged
silsesquioxane NPs Breast Cancer

Reduction in tumor size &
activation of apoptosis

pathways
- No indication of toxicity [147]

Hydroxyapatite NPs Breast Cancer Reduction in cancer
cells’ survival

• HA NPs:

- Aggregates around
membrane proteins

- little toxicity to development

[148,149]

Silica NPs Epithelial Cancers Fast-targeting capability of
epithelial tumors

• Silica NPs:

- Decrease zebrafish embryos’
hatching rate

- Increase mortality and cell death
- Embryonic malformation

[150,151]

5.6. Silica NPs

Ultrabright fluorescent silica NPs had shown a fast-targeting capability of the epithelial
tumors in vivo [150]. Peerzade et al. demonstrated the targeting ability of the particles on
a zebrafish animal model transplanted with human cervical epithelial tumors (HeLa cells).
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They found that when folate molecules are added to the particles, the particles become
more specific to the epithelial cancers, in which it has targeted the tumor cells as small
as 10–20 microns within 20–30 min after they injected them into the rich capillary bed
located behind the 3 dpf animal eye to enable the particles to enter the circulation. The
toxicity of the particles was studied due to the presence of surfactant, the toxicity study
was done using keratinocyte cells of normal human skin. The toxicity of the particles
showed to be about 22 times less toxic compared to Triton X-100 surfactant. Also, the final
concentration of the particles that were injected into the animal blood showed to be 10 times
smaller than the CC50 toxicity concentration found in the normal cells [150]. However, a
study performed by Duan et al. revealed that high exposure dosages of SiNPs to 4–96 hpf
embryos, cause a decrease in zebrafish embryos’ hatching rate and an increase in mortality
and cell death [151]. Also, exposure to SiNPs has caused embryonic malformation such as
yolk sac and pericardial edema and head and tail malformations [151] (Table 1).

6. Conclusions

The Zebrafish animal model is a good animal model for developing and testing
anticancer NPs as this model provides several advantages over other types of laboratory
animals. Zebrafish are cost-effective, resembles a high homology to humans, rapidly
develop, optically transparent, and easy to be genetically manipulated. The various
advantages made the generation of human cancers in the zebrafish more easily either by
injection of the human cancer cells, chemically introduce cancerous mutations, or through
genetic engineering, and these cancer models helped in studying cancer development and
prognosis in response to the anticancer nanotherapeutics. Moreover, to test for the efficacy
of those NPs, different methods have been created to test for the cancer development
and metastasis in zebrafish such as detecting the fluorescently labeled cancer cells in
the animal body. Also, due to the importance of toxicity screening of any new therapy,
zebrafish afford a rapid NPs toxicity screening at the cardiovascular, hepatic level and on
the neurological and behavioral level. Lastly, many recent studies with zebrafish models
have been performed to test for different types of anticancer NPs in treating cancers such
as gold, platinum, dendrimers, polymersome, porphyrin-based bridged silsesquioxane,
hydroxyapatite, and silica NPs, and most of them showed high ability in treating cancer.
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