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ARTICLE INFO ABSTRACT

Keywords: In recent years, carbon nanotubes (CNTs) have become one of the most promising materials for the technology
Carbon nanotubes industry. However, due to the extensive usage of these materials, they may be released into the environment, and
Zebrafish cause toxicities to the organism. Here, their acute toxicities in zebrafish embryos and larvae were evaluated by
Ex;iyo using various assessments that may provide us with a novel perspective on their effects on aquatic animals.
Toxicity Before conducting the toxicity assessments, the CNTs were characterized as multiwall carbon nanotubes

(MWCNTSs) functionalized with hydroxyl and carboxyl groups, which improved their solubility and dispersibility.
Based on the results, abnormalities in zebrafish behaviors were observed in the exposed groups, indicated by a
reduction in tail coiling frequency and alterations in the locomotion as the response toward photo and vibration
stimuli that might be due to the disruption in the neuromodulatory system and the formation of reactive oxygen
species (ROS) by MWCNTSs. Next, based on the respiratory rate assay, exposed larvae consumed more oxygen,
which may be due to the injuries in the larval gill by the MWCNTs. Finally, even though no irregularity was
observed in the exposed larval cardiac rhythm, abnormalities were shown in their cardiac physiology and blood
flow with significant downregulation in several cardiac development-related gene expressions. To sum up,
although the following studies are necessary to understand the exact mechanism of their toxicity, the current
study demonstrated the environmental implications of MWCNTSs in particularly low concentrations and short-
term exposure, especially to aquatic organisms.

1. Introduction (MWCNTs) with a size range of 2.5-100 nm with an interlayer separa-

tion of 0.34 nm average [4]. The tubular structure of SWCNTs is avail-

Carbon nanotubes (CNTs) are cylindrical structures comprising
graphene sheets rolled in a hexagonal arrangement of sp? hybridized
carbon atoms [1-4]. Since these rolled sheets can be single or multiple,
they are categorized as single-wall carbon nanotube (SWCNTs) with a
size range of 0.6-2.4 nm [4], double-wall carbon nanotube (DWCNTs)
with a size range of 1-3.5 nm [5], and multiple wall carbon nanotube

able in an open or closed arrangement at both ends and hence
agglomerates after sonication depicting a hydrophobic nature [6]. In
comparison, DWCNTs and MWCNTs demonstrate open ends on both
sides of the tubular structure, ensuring partial water solubility and
minor semi-transparent dispersion [6]. CNTs are small and have good
surface functionalization, high reactivity, high surface area, high
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Fig. 1. Workflow overview of the current study in assessing the toxicities of carbon nanotubes on zebrafish. Right panel: Schematic for the carbon nanotubes

administration exposure time for each test.

transparency, high thermal conductivity, good photoluminescence
properties, and biocompatibility [3]. Owing to these properties, CNTs
are actively used in the fields of electronics [7], catalysis and analysis [8,
9], environmental remediation [10], energy [11], and biomedicine
[12-14]. However, despite their remarkable properties and extensive
scope of application, many research groups show concern for their
toxicity since most CNT products are entering the aquatic environment
and could profoundly influence both human and environmental health
[15-17].

In an aqueous circulation, CNTs tend to spontaneously agglomerate
and emerge rapidly in the shape of particulate material, making them
easier to interact with cells. Even though these properties make CNTs a
promising vehicle for delivery and biosensing [18], they also could lead
to different toxic routes by affecting cell signaling and inducing DNA

damage, membrane perturbations, and oxidative stress [19-21]. A
previous study in mice reported that MWCNTSs were a very important
factor in cytotoxicity due to their surface hydrophilicity [22]. In addi-
tion, another finding demonstrated the toxicity of MWCNTSs in common
carp (Cyprinus carpio), which decreased its growth and survival rates
with increments in blood glucose level, secretion of cortisol, and activity
of anti-oxidative enzymes [23]. In addition, only a little information
regarding the interaction of CNTs with the aquatic environment is
available [24-30]; therefore, a validation of the CNTs’ biocompatibility
and safety in the aquatic environment is needed.

Recently, zebrafish (Danio rerio) was proposed by U.S Food and Drug
Administration (FDA) as a suitable in vivo toxicological model for
toxicity studies and drug screening for future health care assessments
and treatment of diseases in humans [31] as its genome is fully
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Fig. 2. Analyses of physical properties of carbon nanotubes. (A) XRD analysis; (B) Raman spectrum; (C) TEM observation and selected HRTEM micrograph (smaller
panel); (D) UV-vis absorption spectrum; (E) FTIR spectrum; (F) Zeta potential measurement.
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Fig. 3. Comparison of tail coiling activity of 24 hpf zebrafish embryos after exposure to 0 (control), 0.1, and 1 ppm of CNTs for 18 h. The (A) tail coiling frequency,
(B) average coil interval, (C) average coil intensity, and (D) average coil duration of every fish in each group were measured. The data are presented as box and
whiskers (min to max) and analyzed with Kruskal-Wallis test continued with Dunn’s multiple comparisons tests (n = 50; *P < 0.05, **P < 0.01, ***P < 0.001, ****P

< 0.0001).

sequenced and bears homogeneity with the human genome [32-34].
Based on phylogenetic analysis of zebrafish and the human genome, it is
demonstrated that they have morphological and physiological resem-
blance amongst digestive, cardiovascular, and nervous systems [35].
Furthermore, the use of zebrafish in drug screening also had been cited
to be consistent with the 3R concept of replacement, reduction, and
refinement, where larval zebrafish demonstrates to be a critical model
system for evaluating first-line screening of drugs before testing them on
other model organisms [36,37]. In addition, the small size, transparency
in the initial stages of growth and development, and rapid reproduction
and development make zebrafish an ideal model for toxic drug screen-
ings and studies [38].

The current research aimed to investigate the adverse effects in
zebrafish embryos and larvae under acute exposure to MWCNTs at
concentrations of 0.1 and 1 ppm. We hypothesized that even in rela-
tively low concentrations, short-term exposure to MWCNTSs could cause
various effects in the development stages of zebrafish. Finally, the
findings of this study could provide novel information regarding the
MWCNTs’ biocompatibility and safety in the aquatic environment. The
overview of the current study design and the exposure time and period is
illustrated in Fig. 1 (see Fig. 3) (see Fig. 2).

2. Materials and methods
2.1. Characterization of carbon nanotubes properties

Carbon nanotubes (2 mg/ml) as a 100 ml aqueous suspension were
acquired from Tanfeng Tech. Inc. (Suzhou, Jiangsu, China). Afterward,

to obtain more information regarding its bulk and surface structure,
several relevant characterization techniques, which were X-ray diffrac-
tion (XRD), Raman spectroscopy, transmission electron microscopy
(TEM), Fourier-transform infrared spectroscopy (FTIR), and ultra-
violet-visible spectroscopy (UV-vis), were conducted.

XRD analysis was used to assess the crystallinity and interplanar
distance (d-spacing) of the samples by observing the intensity of
occurred peaks. After vacuum dried on a silicon substrate, the XRD
patterns of the samples were analyzed by using Bruker D8 Advanced eco
(Billerica, MA, USA) with a CuKa radiation source. An angular range of
15°-80° (20), a 0.02° step size, and 2s per step was used as the scanning
condition. The voltage for the X-ray tube was adjusted at 40 kV while its
current was set at 30 mA. For Raman spectroscopy analysis, the exci-
tation wavelength of 532 nm was used and the range of the scanned
spectral was 180-3200 cm ™ * with a resolution of 1 cm™!. The exposure
time was 5 s with a total of 5 scans per spectrum. This analysis was
conducted using a microscopic Raman system (RAMaker, Protrustech
Co., Ltd., Taiwan). A small quantity of the samples was dipped on a glass
substrate. After the air-drying process, their Raman spectrum was
collected under a 20 x objective lens and their size, shape, and surface
morphology were observed by using the images captured by JEOL (JEM-
2100 F/Cs) high-resolution transmission electron microscope (HRTEM).
Meanwhile, for TEM analysis, about 0.1 ml of diluted dispersion was
used and dropped on Cu grids coated with a carbon film. Next, in the
UV-vis analysis, a Jasco V-770 double beam spectrophotometer (Jasco
Co., Japan) was utilized to automatically monitor the light absorbance
of these materials from 200 to 800 nm. Meanwhile, a Jasco FTIR-6700
spectrometer in transmission mode was used to record the FTIR
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spectrum in the range of 3000 to 1000 cm™!. The measurements were
conducted with MWCNTs that had already been mixed with KBr and
pressed into a pellet. Finally, the zeta potential of the samples was also
measured to evaluate their colloidal dispersions’ stability. Prior to the
measurement, the samples were homogenized for 15 min by high-
intensity ultrasonic waves. Subsequently, the electrical potential was
measured at 25 °C by an SZ-100 dynamic light scattering system
(Horiba, Kyoto, Japan).

2.2. Zebrafish maintenance

The AB zebrafish originated from Taiwan Zebrafish Stock Center at
Academia Sinica (TZCAS) and was used for breeding. The adult zebra-
fish were reared in a continuous aerated water system at 26 + 1 °C with
14/10 h of light/dark cycle. The protocol for animal housing was based
on the prior publication [39]. For the breeding process, one female and
two male adult zebrafish were used with the help of a breeding chamber.
After the mating process, the eggs were collected and incubated at 28 +
1 °C in distilled water mixed with methylene blue (0.0001%) as a
fungicide until the exposure was started. Healthy embryos and larvae
without any signs of infection were selected and used. The experiment
was carried out correspondingly to the guidelines for the care and use of
Laboratory Animals by Chung Yuan Christian University (CYCU) and
authorized by the Animal Ethics Committee of CYCU with the ethical
approval number CYCU110016.

2.3. Carbon nanotubes exposure

Carbon nanotubes from the stock solutions were diluted with double
distilled water until the concentrations of 0.1 and 1 ppm working so-
lution were reached. Although these concentrations are higher than the
predicted environmental concentration in water (1 x 10 °to5 x 1077
ppm) [28,29], these are relatively lower than the concentrations used in
earlier studies of CNTs in various animal and other models, such as mice
(25-10,000 ppm) [40-42], green algae (1.8-40 ppm) [30], Oryzias lat-
ipes (100 ppm) [27], and adult (2 ppm) [43] and larval zebrafish
(0.08-22,050 ppm) [24-26,44,45]. In addition, low concentrations of
CNTs were chosen considering their higher sensitivity and informa-
tiveness than other toxicological and pharmacological assessments.
Therefore, the relatively low concentrations that were applied in the
present study might reveal novel toxicity properties of MWCNTs. In
improving the dispersion of nanoparticles, the solutions were sonicated
prior to the exposure [46]. For the tail coiling assay, 6 hpf zebrafish
embryos were exposed for 18 h. Meanwhile, for the photomotor
response and vibrational startle response assays (VSRA), the MWCNTs
were administered to 96 hpf zebrafish larvae for 24 (photomotor
response) and 96 h (VSRA). Next, before the oxygen consumption test,
72 hpf zebrafish larvae were exposed to MWCNTs for 24 h while for the
cardiovascular performance assay and morphology observation, the
incubation was conducted on 48 hpf zebrafish larvae for 24 h. The in-
cubation period for each test is illustrated in Fig. 1. Trained observers
blinded to the treatments were chosen to conduct all of the tests.

2.4. Tail coiling assessment in zebrafish embryos

After 18 h of exposure to MWCNTSs, zebrafish embryos were placed in
1% agarose wells prepared in a Petri dish. Later, in the 28 + 1 °C
incubator, a charge-coupled device (CCD) camera (Zgenebio, Taipei,
Taiwan) was installed on a dissecting microscope (Shenzhen Saike
Digital Technology Development Co., Ltd., Shenzhen, China) was used
to record the tail coiling activity of each embryo for 1 min with 30 fps
with 1920 x 1080 pixels of resolution videos. By using VirtualDub2
software (http://virtualdub2.com/), the video format was converted
from. mp4 format to. avi format. Next, to gather and analyze the ob-
tained data based on the videos, ImageJ FLJI builds (https://imagej.net/
Fiji/Downloads) and Microsoft Excel 2016 were used. Several tools and
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plugins were downloaded and installed before the data extraction pro-
cess. Afterward, the StackDifference plugin was used to generate a
subtracted image stack that will show the difference between video
frames. Later, the Plot Z-axis Profile tool and BAR Plugin were utilized to
extract the tail coiling occurrence. Finally, the results were saved as an
Excel (.xlsx) file to calculate several important endpoints, including tail
coiling frequency, average coil interval, average coil intensity, and
average coil duration. A more detailed explanation of this protocol and
the scripts used during the data extraction process can be found in the
previous publication [47]. Following previous publications, this assay
was conducted in two replicates with a total n number of 50 embryos in
each group [48,49]. In addition, this sample size was chosen based on
the results of statistical power analysis in the control group that showed
a 99.99% confidence interval (CI) and a margin of error of 2 units if this
sample size was applied [50].

2.5. Photomotor response assessment in zebrafish larvae

The photomotor response of zebrafish larvae was assessed after 24 h
of exposure to MWCNTSs. The 48-well transparent plastic plate with the
tested zebrafish larvae in each well was put into Zebrabox (Viewpoint,
Civrieux, France). Afterward, the locomotion of tested larvae was
recorded and measured by ViewPoint system, a video tracking software
(Viewpoint, Civrieux, France). Prior to the photomotor response test, the
larvae were habituated in the chamber for ~30 min without any stim-
ulus. After habituation, the test was started with 80 min of video
recording, which consisted of four 20-min cycles that consisted of each
10-min light and dark period. The tracking process interval was set to 1
min, thus, generating 80 data points. In addition, a larval photomotor
response (LPMR) was also calculated to measure the swimming re-
sponses of the larvae to a sudden change in light conditions. LPMR for
each photoperiod transition was calculated as the differences between
the mean of distance traveled in the first time point of a certain period
with the mean in the last time point of its previous period. All settings
used in the protocol were based on previous publications [51,52]. This
test was done in triplicate with a total sample size of 94 + 1 for each
group. The n number determination was based on a prior experiment,
and statistical power analysis in the control group with a CI of 98% with
4 margins of error that suggested a sample size of 83 was required [50,
53].

2.6. Vibrational startle response assay in zebrafish larvae

After zebrafish larvae were exposed to MWCNTs for 96 h, a vibra-
tional startle response assay was conducted on 8 days post-fertilization
(dpf) larvae. Similar to the photomotor response assessment, Zebrabox
and ViewPoint systems (Viewpoint, Civrieux, France) were used to
measure the locomotion of zebrafish larvae in every well of the 48-well
plate. After 30 min of habituation, the test was started with the first 5 s
without any stimulus followed by 20 s of tapping stimulus with a 1-s
interstimulus interval (ISI). The intensity level of the tapping stimulus
was set at 100%. Each larva’s vibrational startle response was analyzed
by measuring its distance traveled every second after the stimulus was
given. The current procedure was based on the prior study [54]. This
assessment was carried out in two replicates with a total sample size of
68, 75, and 70 for control, 0.1, and 1 ppm groups, respectively. The
sample size determination was based on earlier publications [54,55],
and this n number was selected based on statistical power analysis in the
control group that suggested the use of at least 42 larvae in order to
reach 99.9% CI with 1 unit of margin of error [50]. The mortality of the
fish caused the slight differences in n number between each group
during the incubation for unknown reasons, which might be related to
the longer incubation periods compared to other tests.
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2.7. Respiratory rate assay in zebrafish larvae

The oxygen consumption rate assay was conducted on 96 hpf
zebrafish larvae after 24 h of incubation of MWCNTs by using a
Microplate system by Loligo Systems (Loligo Systems, Viborg,
Denmark). Each well with a tested larva of a 24-well plate with the
Sensor Dish Reader (SDR) below it was filled with 80 pL of the com-
pound. One well was kept empty to be used as a blank. Later, Micro-
Resp™ software version 1.0.4 (Loligo Systems, Viborg, Denmark) was
executed to measure the oxygen consumption every minute in each well
for 80 min. The protocol was conducted based on several prior publi-
cations [56,57]. This assay was conducted in two replicates with a total
sample size of 46 larvae for each group. In addition to a prior study, this
n number was determined by a statistical power analysis conducted in
the control group, which showed that 42 samples were needed to obtain
the results with 99.9% CI with 0.5 units of margin of error [50,58].

2.8. Zebrafish larval cardiovascular performance assay

Zebrafish embryos at 72 hpf exposed to MWCNTs for ~24 h were
used in this assessment. Zebrafish larvae were transferred to a plastic
dish, and to reduce the larval movement during the recording process,
3% methylcellulose was added. For the heartbeat and blood flow
recording process, a high-speed digital CCD (AZ Instruments, Taichung,
Taiwan) was mounted on an inverted microscope (ICX41, Sunny Optical
Technology, Yuyao, China) was used to obtain a video with 200 frames
per second (fps). Here, two lenses, which were LPlans objective lens with
10 x magnification and Hoffman objective lenses with 40 x magnifi-
cation, were utilized to examine the rhythm of the heart chamber and
observe the cardiac physiology that primarily focused on the ventricle
position and blood vessel in the dorsal aorta (DA), respectively. The
video was recorded for 10 s using HiBest Viewer software (AZ Instru-
ment, Taichung, Taiwan). The rhythm of the heart chamber was
measured by using the Time Series Analyzer plugin on ImageJ Software
version 1.53c (https://imagej.nih.gov/ij/plugins/time-series.html).
Furthermore, sd1 and sd2 of both heart chambers were calculated using
the Poincare plot plugin from Origin Pro 2019 software (OriginLab
Corporation, Northampton, MA, USA) in order to evaluate the vari-
ability of their heartbeat. In addition, some cardiac physiology end-
points such as stroke volume, cardiac output, and ejection and
shortening fractions, were also evaluated. Stroke volume shows blood
volume that is ejected from the heart chamber with each contraction,
while cardiac output is the amount of blood a heart pumps from the
ventricle per minute. With measuring the amount of pumped blood out
of the ventricle, which also refers to the ability of the heart to pump
blood, ejection fraction was calculated, which is correlated with short-
ening fraction as it calculates the changing percentage in the dimension
of the ventricle during the systolic phase [59]. For the blood flow
measurement, the position of blood cells in every frame was obtained by
using ‘Trackmate” plugin on ImageJ. Later, the output results were
analyzed using Microsoft Excel to obtain the speed value of the detected
blood cells. All protocols used in this assay were according to the prior
studies [60-62]. In obtaining the blood flow profile, a file consisting of
two rows of data (time and blood flow speed per frame for each detected
blood cell) was smoothed using the smooth function from Origin Pro
2019. Later, the results were copied to GraphPad Prism (GraphPad
Software version 8 Inc., La Jolla, CA, USA) (https://www.graphpad.
com/) to output as a graph. Three replications with a total n number
of 30 larvae for each group were applied in the current test. The n
number was determined from several prior studies, and a statistical
power analysis conducted in the control group showed a CI of 90-95%
with 3-11 units of margin error [50,63,64]. In addition, the changes in
their morphology were evaluated by measuring their body length and
eye axis length, together with the quantifications of their pericardial
cavity area by using ImageJ software.
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2.9. Gene expression analysis

Based on the alterations in cardiac physiology and blood flow led by
MWCNTs, the gene expression related to the induction of cardiac
development was assessed. The incubation was repeated as a cardio-
vascular performance assay. Afterward, the total RNA of each group that
consisting of 60-70 larvae was isolated using RNAzol reagent (Molec-
ular Research Center, Inc., Cincinnati, Ohio, US). The quality of RNA
was assessed by UV spectrophotometry and the total RNA was reversed
to ¢cDNA by using SuperScript II transcriptase (18,064-014, Thermo
Fisher Scientific, MA., USA). All primers were designed by Integrated
DNA Technologist (IA, USA) and their sequences are shown in Table S1.
Real-time PCR system StepOne™ System (Thermo Fisher Scientific,
MA., USA) was used to perform the quantitative real-time PCR (qRT-
PCR) amplifications with beta-actin as a control with the following pa-
rameters: denaturation for 0 s at 95 °C, followed by 30 cycles at 95 °C for
3 sand 58 °C for 30 s. During the annealing/extension step, the occurred
fluorescent signal was measured. In addition, melt curve analyses were
also performed to assess QPCR amplicon length. Since the transcription
of f-actin was considered as an internal control, the relative expression
level of each mRNA was calculated using the 272 “Ct method and
expressed in accordance with its ratio to f-actin mRNA [65,66]. Three
biological replicates were performed per group and all of the experi-
ments were carried out according to the manufacturer’s protocol.

2.10. Statistical analysis

All of the statistical analyses were carried out using GraphPad Prism.
Before statistical comparison analysis was conducted, D’Agostino-
Pearson, Anderson-Darling, and Shapiro-Wilk tests were performed to
evaluate the data distribution normality. The data that did not pass those
normality tests were analyzed by Kruskal-Wallis test followed by Dunn’s
test, non-parametric analyses, since the assumption of normally
distributed data is not required by these tests [67]. On the other hand, if
the data passed the normality tests, the statistical differences between
each treated group and control group were analyzed using one-way
ANOVA, followed by Dunnett’s multiple comparisons test. Meanwhile,
a two-way ANOVA test with Geisser-Greenhouse correction followed by
Dunnett’s multiple comparisons test was used for the chronology data.
The statistical differences were marked either by asterisks of “*” (P <
0.05), “**” (P < 0.01), “***” (P < 0.001), or “****” (P < 0.0001).

3. Results and discussion
3.1. Analysis of physical property of carbon nanotubes

Although CNTs are considered non-crystallized material, their
structure demonstrated distinct X-ray diffraction peaks [68]. Fig. 1A
illustrates a characteristic diffraction peak of (002) at 26.1° with high
intensity, suggesting that the graphitic structure was preserved [69].
This value was calculated as an average distance between graphene
layers (dpp2) using Bragg’s Law, which is 0.34 nm. Moreover, the
appearance of three weak peaks around 20 = 42.8°, 44.2°, and 53.3° was
attributed to the diffraction of the (100), (101), and (004) crystallo-
graphic planes, respectively [70,71].

Next, Raman spectroscopy, a particularly well-suited technique to
characterize the molecular morphology of carbon materials and assist in
distinguishing the presence of CNTs relative to other carbon allotropes,
was carried out. Three characteristic peaks were observed for the test
sample: D-band at 1325 cm™ Y, G-band at 1576 cm™!, and G- band at
2647 cm ™! (Fig. 1B). The complete disappearance of the RBM mode and
small Ip/I ratio confirmed that the CNTs used in this study belong to
MWCNTs.

Afterward, the outer diameter distributions of the tubular nano-
structures were estimated using HRTEM, a technique to determine how
the tubular nanostructures are arranged, as seen in Fig. 1C. Accordingly,
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Fig. 4. (A) Total distance traveled per minute by 128 hpf zebrafish larvae after 1-day exposure of 0 (control), 0.1 ppm, and 1 ppm of carbon nanotubes during both
light and dark cycles. The data were analyzed by using a two-way ANOVA test with Geisser-Greenhouse correction, followed by Dunnett’s multiple comparisons test.
(B—C) Comparison of total distance traveled by the tested zebrafish larvae in light and dark cycles, respectively. The data were analyzed using Kruskal-Wallis test,
continued with Dunn’s multiple comparisons test. All data are expressed in median with 95% CI (n = 94 for control, n = 93 for 0.1 ppm, n = 95 for 1 ppm; *P < 0.05,

P < 0.01, ****P < 0.0001).

the mean outer diameter of the examined MWCNTSs sample is estimated
to be 19.7 nm. In addition, the HRTEM image of these nanotubes at
higher magnification displays clear lattice fringes with fine parallel lines
along the tube axis, indicating a crystalline graphene layers structure
(Fig. 1C). The mean distance between adjacent graphene layers in
MWNTs is 0.35 nm, which is close to the dgg, value.

Further, plasmon resonance, a joint density of states for a simple
graphene layer, can be investigated in the UV range [72]. An absorption
maximum is generally observable in the UV range of the spectrum
(206.1 and 251.2 nm (6.02-4.94 eV)) for all nanotubes [73]. To mini-
mize the effect of surfactants or polymers that are generally utilized for
the solubilization of MWCNTs, a thorough rinse of the test sample has
been performed to ensure that the spectroscopic features observed in our

experiments belong to nanotubes. As in the case of the MWCNTSs sus-
pension, a characteristic absorption band at 260 nm was recorded, in
which the absorption maximum slightly shifted to a longer wavelength
(Fig. 1D). FTIR is commonly employed to investigate functionalization.
In Fig. 1E-six absorption bands at ~2920, ~2854, ~2360, ~1554,
~1435, and ~1083 cm™! were observed. Lastly, zeta potential is the
potential difference existing between colloidal particles. Our measure-
ments show that the mean value of the MWCNTSs suspension is —0.1 mV
(Fig. 1F).

3.2. The effects of MWCNTs on tail coiling of zebrafish embryos

First, the potency of MWCNTs in affecting the larval tail coiling (TC)
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Fig. 5. (A) Total distance traveled per second by 192 hpf zebrafish larvae after 4-days exposure of 0 (control), 0.1 ppm, and 1 ppm of carbon nanotubes during the
vibrational startle response assay. The data were analyzed using a two-way ANOVA test with Geisser-Greenhouse correction, followed by Dunnett’s multiple
comparisons test. (B) Comparison of the total distance traveled by the tested zebrafish larvae during the tapping stimuli occurred. The data were analyzed using the
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for 1 ppm; *P < 0.05, **P < 0.01, ****P < 0.0001).

behavior as the first locomotor activity of zebrafish embryos was eval-
uated [44,45,48]. Here, the tail-coiling behaviors of each group were
monitored after 18 h of exposure to MWCNTs. A statistical reduction in
tail coiling frequency was observed in the 1 ppm-treated group (Fig. 1A).
Furthermore, all the exposed groups had their average coil interval, and
average coil intensity increased, indicating a less frequent but more
robust TC (Fig. 1B&C). However, both treated groups did not show any
statistical differences from the control group in terms of average coil
duration (Fig. 1D). Taken together, acute exposure to MWCNTSs in low
concentration altered the tail-coiling behavior in zebrafish embryos.

3.3. The effects of MWCNTs on the photomotor response of zebrafish
larvae

Next, the larval locomotion after MWCNTSs exposure to light changes
as the photomotor response was assessed. Based on the overall results,
all exposed groups displayed a statistically different locomotion pattern
during the test than the untreated group (Fig. 4A). From a detailed
analysis, a low concentration of MWCNTs was found to cause a
hypoactivity-like behavior during both light and dark cycles (Fig. 4B and

C). Interestingly, higher locomotor activity than the control group was
displayed by zebrafish larvae after being exposed to 1 ppm of MWCNTs.
However, this phenomenon only occurred during the dark cycle of the
test (Fig. 4C). Nevertheless, no statistical differences in the LPMR results
indicated that the exposed zebrafish larvae exhibited similar swimming
responses toward an abrupt shift in light conditions (Fig. S1).

3.4. The effects of MWCNTSs on vibrational startle response of zebrafish
larvae

A vibrational startle response assay (VSRA) was conducted to eval-
uate whether MWCNTs also could impair the vibrational startle response
of larval zebrafish by calculating their movement distance as the
response toward repetitive vibrational stimuli generated by a tapping
device. From the results, MWCNTs in both concentrations statistically
altered the habituation of vibrational startle response, which was shown
by the increment in the area under curve (AUC) values observed in the
exposed groups compared to the control (Fig. 5A). After further inves-
tigation, the alterations were verified by the statistically higher distance
traveled during the occurrence of tapping stimuli by both treated groups
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Fig. 6. (A) Oxygen consumption level per minute by 96 hpf zebrafish larvae after 1-day exposure of 0 (control), 0.1 ppm, and 1 ppm of carbon nanotubes during the
respiratory rate assay. The data were analyzed using a two-way ANOVA test with Geisser-Greenhouse correction, followed by Dunnett’s multiple comparisons test,
and expressed in the median with 95% CI. (B) Comparison of total oxygen consumption of the tested zebrafish larvae. The data were analyzed by using one-way
ANOVA, continued with Dunnett’s multiple comparisons test and are presented as box and whiskers (min to max) (n = 46; *P < 0.05, **P < 0.01, ****P < 0.0001).
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Fig. 7. Comparison of several cardiac rhythm endpoints, including heart rate of (A) atrium and (B) ventricle chamber and interval of (C) A-V and (D) (V-A) in
zebrafish larvae after exposure of 0 (control), 0.1 ppm, and 1 ppm of carbon nanotubes. The data were analyzed using one-way ANOVA test, followed with Dunnett’s
multiple comparisons tests, and are presented as box and whiskers (min to max) (n = 30; *P < 0.05).

compared to the untreated group (Fig. 5B).

3.5. The effects of MWCNTs on the respiratory rate of zebrafish larvae

Numerous studies have demonstrated the respiratory and inhalation
toxicity of airborne MWCNTs, therefore the respiratory effect of the
current MWCNTs on zebrafish larvae was investigated in the present
study [16,74-76]. After monitoring the oxygen consumption of zebra-
fish larvae over time, both exposed groups were found to exhibit a sta-
tistically different respiratory rate than the untreated group, as shown in
Fig. 6A. Furthermore, based on the total oxygen consumption during the
test, the 1 ppm-treated group was found to consume a statistically high
oxygen level compared to the untreated group (Fig. 6B). Taken together,
these results indicated that aqueous MWCNTs caused respiratory
toxicity toward zebrafish larvae.

3.6. The effects of MWCNTs on the cardiac rhythm of zebrafish larvae

Next, the cardiotoxicity of MWCNTs was analyzed by heart rate
through the ventral aorta posterior cardinal vein channel measurement.
The results showed that the low-concentration-treated larvae displayed
comparable heart rate and intervals in the atrium and ventricle to the
untreated group (Fig. 7A-D). Interestingly, while the high-
concentration-treated group also exhibited similar heart rate values, a
slight increment in the interval of atrium-ventricle was observed even
though their interval of ventricle-atrium was not statistically distinct
from the control group (Fig. 7A-D). Remarkably, the SD1 and SD2
values of both the atrium and ventricle chambers were not changed,
highlighting the regularity of the atrium and chamber beats
(Figs. S2A-D). These results indicated that MWCNTs at the given

concentration and exposure time did not significantly alter the zebrafish
larval heart rate.

3.7. The effects of MWCNTSs on the cardiac physiology of zebrafish larvae

Since there were no significant alterations in zebrafish larval heart
rate after being exposed to MWCNTs, a deeper investigation of the
cardiotoxicity of this compound was conducted by assessing the cardiac
physiology of the larvae. Compared to the control group, both exposed
groups showed decrements in most of the endpoints, including stroke
volume, cardiac output, and ejection fraction (Fig. 8A-C). Interestingly,
while a low concentration of CWMNTs caused a decrease in the short-
ening fraction, this abnormality was not found in the high-dose group
(Fig. 8D). Overall, these results denoted the potential cardiotoxicity of
this compound, especially in terms of cardiac physiology.

3.8. The effects of MWCNTs on the blood flow of zebrafish larvae

Since alterations in the treated larval cardiac physiology were
observed in the previous test, it is intriguing to examine their blood flow
since it is tightly associated with heart rate. Based on the results, the
low-concentration-treated group exhibited slower blood flow than the
control group. This alteration was indicated by the statistically lower
average and maximum blood flow speed of this group compared to the
untreated group (Fig. 9A-D). Interestingly, this effect was not shown in
the high-dose group since this group showed comparable levels of both
endpoints to the control group (Fig. 9A-C, E). Taken together, the results
suggested that a low concentration of MWCNTs decreased the blood
flow speed in zebrafish larvae without altering their cardiac rhythm.
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Fig. 8. Comparison of several cardiac physiology endpoints, including (A) stroke volume, (B) cardiac output, (C) ejection fraction, and (D) shortening fraction in
zebrafish larvae after exposure of 0 (control), 0.1 ppm, and 1 ppm of carbon nanotubes. The data were analyzed by using one-way ANOVA test, followed with
Dunnett’s multiple comparisons test, and are presented as box and whiskers (min to max) (n = 30; **P < 0.01, ***P < 0.001, ****P < 0.0001).

3.9. Cardiovascular development-related gene expression

Although there was no abnormality observed in the cardiac rhythm,
alterations were shown in their cardiac physiology and blood flow, thus;
it is intriguing to evaluate the expression level of several heart marker
genes by using qRT-PCR. The qRT-PCR results demonstrated that
compared with the untreated group, the expression of myh6, a myo-
cardia marker gene, in the low-concentration-treated group was statis-
tically lower (Fig. 10A). Next, while both treated groups displayed no
statistical difference from the control, a difference was found between
each treated group in some marker genes, which were txb5, nxk2.5,
amhc, and gata4 (Fig. 10B-E). Finally, overall reductions in the expres-
sion level of hbael, one of the embryonic globin genes, were also
observed in the treated groups (Fig. 10F). Meanwhile, there was no
difference in the expression level of other tested cardiovascular
development-related genes, which were vmhc, vegfaa, hbbel, hbbe2,
gatal, flil, and vegfab, between each group (Fig. S3). Nevertheless, acute
exposure to MWCNTs in relatively low concentrations could alter
several cardiovascular development-related genes in zebrafish larvae.

4. Discussion

In the present study, the toxicity of MWCNTs in the early stages of
zebrafish development was investigated. Despite the numerous studies
that have demonstrated the chronic toxicities of MWCNTSs in aquatic
organisms (Table S2), to the best of our knowledge, this is the first
research that assessed the adverse effects of relatively low

concentrations of this type of CNTs on the behaviors, respiratory rate,
and cardiovascular performance of zebrafish larvae after acute admin-
istration. Normal morphology of embryos was observed on 72 hpf
larvae, specifically in terms of their body length and eye axis length after
they were exposed to MWCNTs for 24 h (Figs. S4A-E). This result is in
agreement with earlier works, which did not find an alteration in
zebrafish embryo development in concentrations up to 50 ppm [77].
However, several abnormalities in behaviors, respiratory rate, and car-
diovascular performance were observed in the treated fish.

Prior to the biotoxic effects of CNTs, it is important to characterize
the materials first. This process is necessary since a prior study showed
that the formation of the large agglomerated is related to the reduction
in effects of carboxyl-functionalization in their bioactivity [78]. Thus,
the inconsistencies in the toxicities of functionalized MWCNTs have
been attributed to the differences in their physicochemical properties
[79]. From the results, the XRD pattern of the analyzed CNTs sample
exhibited some distinct similarities to those of graphite powder [80],
which might be due to their similarity with intrinsic graphene properties
[81]. The positions of all these detected peaks are in good agreement
with the results reported in the literature [70,82]. Next, based on the
Raman spectroscopy results, three characteristic peaks were shown,
similar to those of CNTs [71,83,84]. The D band is associated with
disorder (sp®) carbons and the G band with the crystalline graphite
structures (spz carbons) of CNTs [81]. The intensity ratio of these two
bands (Ip/Ig) can represent the quality of graphene-based products.
Although MWCNTSs have very similar spectra to those of SWCNTs, the
major differences are the lack of the radical breathing mode (RBM) and
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much more prominent D bands in MWCNTs. The RBM band (~200
em™1) is not present in MWCNTs because the outer tubes restrict the
breathing mode. Considering the multilayer configuration, the more
prominent D band in MWCNTSs is to be expected to a certain extent and
indicates more disorder in the structure [85]. As previously mentioned,
the RBM mode completely disappears, and the Ip/Ig ratio is small.
Therefore, the experimental results demonstrate that the test CNTs
sample belongs to the MWCNTs. Next, the HRTEM results revealed that
the test sample is MWCNTs since the diameter sizes of SWCNTs ranged
from 0.8 to 5 nm [86]. In the case of CNTs, the nanotubes were typically
observed with closed ends and somewhat smoother tube walls.
Regarding the UV-vis results, the red shift suggests a bigger nanotube
diameter for the used CNTs sample according to the reported correlation
of the energy of the plasmon absorbance with mean SWNT diameter
[73]. Further, the absorption bands at ~2920 and ~2854 cm ! in FTIR
signified the presence of alkyl chains in the CNTs [87]. The absorption
band with a maximum at ~2360, ~1554, and ~1083 cm ™! are related
to the C-O bond, the carboxylate anion stretch mode, and the stretching
vibration of C-O-C, respectively [87-89]. The absorbance at ~1435
cm ! is unique to MWCNTS, possibly due to the stretching vibration of
aromatic C=C [87-89]. Finally, the zeta potential value found for
pristine MWCNT is 0.75 mV [87]. Based on the FTIR results, the test
MWCNTs sample may be treated with acids to introduce hydroxyl and
carboxyl groups onto their surfaces [90]. Previously, CNTs’ applications
are frequently hampered by their limited dispersibility and solubility in
different solvents. Thus, surface functionalization of CNTs has been
utilized to overcome these limitations, however the extent of function-
alization may also affect their toxicity [91]. Chemical functionalization
with hydroxyl and carboxyl groups was demonstrated to increase the
solubility and dispersion of CNTs, thus lowering their agglomeration
tendency [92,93]. In a nanomaterials toxicity study, an aggregation of
the particles in the solutions might reduce the effective dose of these
materials, resulting in lower toxicity of the nanomaterials and
misleading the researchers to be convinced that they are less hazardous
than they may be [94]. Therefore, the toxicity of MWCNTSs observed in
the present study may be in the actual toxic level that this compound is
expected to exert since particle aggregation was minimalized, although,
the toxic effects might be different from pristine CNTs [95].

First, alterations were found in the tail coiling (TC) behaviors of the
treated embryos. TC is the first locomotor activity of zebrafish embryos,
developed in the pharyngula stage at 17 hpf as spontaneously one-sided
tail coiling [96]. This movement is regulated by a single neural circuit
located in the spinal cord and it has progressively been applied to
evaluate the toxicities of various compounds [97-99]. Here, acute
exposure to MWCNTs resulted in the reduction of zebrafish larval coiling
activity, indicating that the MWCNTSs could enter and reach the embryos
since no agglomerates of MWCNTs adhered to the outer layer of the
chorion of the embryos. This result is somewhat contrary to the previous
finding that observed agglomerates of this compound in the outer layer
of the zebrafish embryo’s chorion. This difference might have occurred
because the previous authors used MWCNTs with lengths greater than
2.5 pm while in the current study, MWCNTs with 19.7 nm of diameter
were used [77]. In addition, another preliminary analysis also supports
our hypothesis that the current MWCNTSs crossed through the chorion
since the pores of the chorion of 24 hpf zebrafish embryos were 0.23 pm
[100,101]. The reduction in TC activity observed in our study might be
due to the changes in neuromodulatory systems caused by MWCNTs.
This assumption was based on the previous study that found SWCNTs
affected cholinergic, serotonergic, and dopaminergic systems in the
zebrafish brain, resulting in abnormal physiological and behavioral re-
sponses in the organism [102]. Disruption in the neuromodulatory
system, especially the serotonergic system, had been suggested to be
related to the absence of spontaneous tail movements at 24 hpf zebrafish
as demonstrated by previous studies [48,103]. Furthermore, serotonin
has been proven to play an important role as a signal molecule during
crucial steps of early neurogenesis in zebrafish embryos, including the
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development of spinal motor neurons [104]. Additionally, the reduced
frequency of spontaneous tail coiling might also be caused by the
reduction of AChE enzyme activity, which is involved in the develop-
ment of nerves, as mentioned in a prior study that demonstrated the high
affinity of MWCNTs to AChE and AChE activity reductions caused by
those nanotubes [105-107]. Taken together, our results indicated that
MWCNTs may have a neurotoxic effect on the zebrafish embryos, as
suggested by the significant hypoactivity reported.

Next, behavior alterations after exposure to MWCNTs were also
observed during the larval stages of zebrafish in both locomotion assays.
Similar to the tail coiling results, hypoactivity-like behavior was dis-
played by the low-concentration-treated group during the photomotor
response assay. The PMR of zebrafish is a stereotypical series of motor
behaviors in response to high-intensity light pulses and is regulated by
multiple neurotransmitter pathways [108,109]. In general, zebrafish
larval activity is higher during the light cycle than during the dark cycle,
which was observed in all of the groups, even though the locomotion
level of the treated groups was different from the control group [110].
This low activity of the low concentration-treated group is comparable
to the prior study that found a depression of locomotor activity in 5 dpf
zebrafish larvae during the spontaneous movement assay after being
treated with both MWCNT-S (short, wide, and mostly dispersed) and
MWCNT-L (long, thin, and agglomerated) in a range of concentrations.
Interestingly, in their study, both MWCNTs were found to affect the
larval locomotion in a dose-dependent manner, which was also similar
to our results with a slightly higher locomotion activity of the high
concentration-treated group than the untreated group during the dark
cycle [77]. However, further experiments are required to study the
dose-dependency effects of MWCNTs on zebrafish larval locomotion.
Further, abnormalities were also observed during the VSRA. This assay
was utilized to evaluate the startle and habituation of the larvae by
observing their motor response after the repeated stimulation, which
already demonstrated to meet the main criteria established for habitu-
ation [54]. Normally, zebrafish larvae display a high magnitude of a
response to the first vibrational stimulus, allowing us to evaluate their
escape response, followed by a decrease in the motor response after
repeated exposure to the same vibrational stimuli that provide us the
information on the habituation process of this response in those larvae
[111]. Based on the results, even though both treated groups exhibited a
similar escape response, MWCNTs statistically reduced habituation to
vibrational startle response (VSR). This alteration might be elucidated
by the MWCNTSs’ ability to bind to AChE, as mentioned above, since, a
significant decrement in VSR habituation was also displayed by zebra-
fish larvae after being treated with an AChE inhibitor [54]. Furthermore,
the altered locomotion observed in both tests may also be caused by the
formation of reactive oxygen species (ROS) by MWCNTs. This specula-
tion was based on the prior experiment of MWCNTs carried out on
various animal models [23,112-114]. In those studies, MWCNTs
enhanced the formation of ROS, which cause oxidative stress and
oxidation and peroxidation of lipids, proteins, and DNA that can lead to
significant cellular damage and even tissue or organ necrosis and failure
[115]. As the brain contains high concentrations of polyunsaturated
fatty acids that are highly susceptible to lipid peroxidation and lower
activity of antioxidant enzymes that render the brain relatively deficient
regarding antioxidant protection, the central nervous system is partic-
ularly vulnerable to oxidative stress [116,117]. Therefore, a high level of
ROS might disrupt the brain development of fish and affect their
swimming performance [118,119]. In conclusion, the changes in the
larval movement after exposure to MWCNTs with the fact that the ani-
mals were alive indicate affection at the neuronal level or morphology
anomalies that prevent the fish from swimming normally.

Oxygen consumption is a helpful physiological variable to measure
the impacts of harmful substances on aquatic organisms. In terms of
CNTs, their remarkable properties, such as their aspect ratios (length/
width ratio) of >1000 and reactive surface chemistry, have caused
concern about their biocompatibility, especially in the respiratory
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system, which makes the assessment of general respiratory toxicity
studies of this compound essential [120]. In the present study, distur-
bances in the respiratory system were observed in the larvae after being
acutely treated with MWCNTSs, manifested by increases in respiratory
rate, especially in the high-concentration group. The increase in oxygen
consumption is often associated with the increment in metabolism, as
shown by the locomotion test results. In rodents, several experiments
demonstrated the pulmonary toxicity of MWCNTs that was indicated by
neutrophil inflammation or granulomatous formations in the lung, and
persistent inflammation in the lung, which may be related to their
various physical and chemical properties [75,120-123]. Meanwhile, in a
SWCNTs study, the respiratory toxicity of these nanotubes was also
observed in juvenile rainbow trout, characterized by signs of gill irri-
tation, mucus secretion, and elevated ventilation rates. The gill injury
observed at the end of the experiment indicated that the SWCNT had
reached the sensitive gill epithelium and reduced respiratory efficiency.
Taken together, the results suggested that MWCNTSs caused respiratory
stress in the zebrafish larvae by causing injuries in the larval gill. Thus,
there is a need to conduct a histological examination of the larvae gills in
future studies to verify this hypothesis.

Next, based on the cardiotoxicity results, the exposed larvae, espe-
cially in the low-concentration group, were found to exhibit similar
results in terms of heart rhythm to the control group. This result is
consistent with the prior study that found no obvious change in the
heartbeats of larvae after being acutely exposed to MWCNTs in higher
concentrations with significant reductions as the incubation time
increased [22]. Another study also stated that these materials did not
alter the cardiac rhythm of zebrafish in earlier life stages [124]. How-
ever, despite the current results on the heart rate of zebrafish larvae,
obvious differences were shown during cardiac physiology and blood
flow assessment, even though based on the pericardial cavity area
measurement, no sign of edema was signified (Figs. S4F-I). To the best
of our knowledge, this is the first report to show the MWCNTS’ toxicities
in zebrafish larval cardiac function. Nevertheless, a similar alteration
was also demonstrated by a prior study in male SD rats with decrements
in cardiac stroke work and stroke volume occurring with gradual
dismissal at 1-day and 7-day post-exposure. Afterward, they proposed
that pulmonary exposure to MWCNTs increased parasympathetic ner-
vous activity as the mechanism of their cardiotoxicity [125]. Further-
more, this phenomenon might also be due to the alteration of
NA"/K'-ATPase activity by MWCNTSs. In zebrafish, the balance between
ions, including potassium and calcium, is important to maintain a
normal heart rhythm function as in humans [126]. While the transport
and coordination of those ions are important for the stable action po-
tential of cardiac myocytes, the maintenance of ion balance is regulated
by ATP enzymes [127-129]. In fish, NA*T/K"-ATPase is known for its
role in ionic balance, and a previous study had shown that exposure to
SWCNTs enhanced this protein in the gill of rainbow trout [130]. In
addition, another research proved that MWCNTs interacting with car-
diac myocytes can promote physiological growth and functional matu-
ration in the neonatal rats by inducing some gene expressions, including
sarcoplasmic reticulum Ca®* ATPase 2a, which regulate the Ca®* uptake
and changes in its activity will affect cardiac function [131-134]. Taken
together, the unbalanced of these enzymes might explain the car-
diotoxicity observed in the present study.

Next, slower blood flow was also exhibited by exposed fish, espe-
cially in the low-dose group and this phenomenon could limit the supply
of essential nutrients and gases that could alter the development of the
larvae. The decreased blood flow speed was also observed in a prior
experiment on zebrafish embryos after the microinjection of MWCNTSs
[100]. Furthermore, a group of researchers demonstrated platelet ag-
gregation upon MWCNTs exposure [135]. Later, they suggested that the
platelet activation was induced by regulating the intracellular Ca®*
concentration that plays a key role in the cellular signal transduction
pathway, highlighting the thrombogenic properties of MWCNTs, which
could form blot clots, disturbing the normal hemodynamics [136]. In
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addition, abnormal blood cells were also observed in most of the treated
fishes, indicating the hemotoxicity of this compound (Video S1). This
phenomenon is plausible considering the flow of nanoparticles that are
highly affected by their uptake into blood macrophages and endothelial
cells, which line the blood vessels through which nanoparticles flow
along the body [137]. This finding is also supported by a previous study
that found polystyrene nanoparticles (PS NPs) distribution throughout
the bloodstream and accumulation in the heart region after being
injected into the yolk sac of 2-days old zebrafish [138]. By using TEM, a
previous finding showed that red blood cells with MWCNTs resulted in
cell morphology distortions, loss of membrane smoothness, and
shrinkage that in some cases led to membrane disruption in humans.
Furthermore, the results indicated that the effects of MWCNTSs on the
larval blood flow are in a concentration-dependent manner. These toxic
properties were quite similar to the toxicity of acid-functionalized
SWCNTs (AF-SWCNTSs). In a prior study, carboxylated SWCNTs were
demonstrated to induce hemolysis on mouse red blood cells by binding
to the erythrocyte membrane in a time- and concentration-dependent
manner [136,139]. Since intravascular hemolysis is associated with
blood flow regulation at the blood-contacting surface, the low blood
flow speed observed in the present study may be due to the hemolysis
caused by MWCNTs that require a deeper examination in the future
[140,141]. Interestingly, after further investigation of the cardiovascu-
lar system of the treated larvae, abnormalities were found in their
common cardinal vein (CCV), especially in the low-concentration group
(Video S2). CCV, which grows across the yolk of zebrafish embryos, is
extensively remodeled and regresses as the heart migrates dorsally
within the pericardium [142]. However, an obvious delay in the CCV
regression was observed in the low-concentration group. Since this is the
first study to demonstrate this aberration, only a few supporting data
could help elucidate this phenomenon. Despite that, similar findings had
been demonstrated by some prior experiments in various nanoparticles
and compounds, such as polyvinylpyrrolidone-coated silver nano-
particles (PVP-AgNPs), 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 2,
2',4,4'-Tetrabromodiphenyl ether (BDE-47) [142-144]. Based on those
studies, we hypothesized that the MWCNTs changed the angiopoietin
signaling that plays an essential role in modulating vascular remodeling
and maturation during the development and delayed remodeling of CCV
[145]. Nevertheless, more studies are needed to verify what mechanisms
are involved in the cardio- and hemotoxicities of MWCNTs in zebrafish
larvae.

Finally, yet importantly, despite all of the hypotheses regarding its
cardiotoxicity mentioned above, several cardiovascular development-
related genes were also investigated to help explain the mechanism
underlying those phenomena. Here, the expression of myh6, a myo-
cardia marker that promotes the expansion of ventricular myocardial
cells, was slightly reduced in the low-concentration group [146].
Together with myh?7, they are essential for heart muscle differentiation
and specifically expressed in the atrium and the ventricle, respectively
[147,148]. Alteration in the expression of this gene can cause toxicity to
the heart in zebrafish larvae and eventually lead to death [149]. Inter-
estingly, no irregular heart rhythm was observed in the present study,
suggesting that the larvae were able to compensate for the slightly
downregulated myh6 at least 24 h post-administration. However, this
abnormality may be related to the lower blood flow observed in the
treated larvae. This hypothesis was taken based on a prior study in the
chick embryo model that found atrial failure in myh6 /" mutant that
resulted in reduced blood flow through the left ventricle and caused
defects in the left ventricle morphogenesis [146,150]. This assumption
was also supported by the relatively low expression level of hbael, a
hemoglobin marker gene, displayed by the treated larvae. The down-
regulation of this gene was also observed in the zebrafish embryos after
knockdown of C1q-like, and morpholino knockdown of C1qC expression
had been demonstrated to cause a premature return of caudal vein blood
flow and failed to develop the more extended pattern of flow in the tail
of embryos [151,152]. Nevertheless, based on those findings, these data
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Fig. 11. Summary of the present study demonstrated various alterations that occurred in zebrafish larvae after carbon nanotubes (MWCNTSs) exposure (1: upre-

gulated, |: downregulated, -: no significant change).

indicated that the tested MWCNTs might release their toxic effects on
the embryonic hematopoietic process and impair the organization of
mesencephalic vein and other brain blood vessels, which also could help
in elucidating the behavior alterations displayed by the treated larvae in
all of the tests. Lastly, the expression levels of several genes, which were
txb5, nxk2.5, amhc, and gata4, were lower in the low-concentration
group compared to the high concentration group although both of
them were not statistically different from the untreated group. In
humans, these genes are critical for multiple events during heart
development [153,154]. Furthermore, mutations of these genes have
been demonstrated to induce a spectrum of heart malformations [155,
156]. Here, the results suggested that the tested MWCNTs, especially in
the low concentration, caused disturbances in these important devel-
opment transcription factors during a sensitive time window of devel-
opment, resulting in more severe cardiac physiology alterations, which
was indicated by a significantly low shortening fraction, than the high
concentration group. In fetuses with cardiac defects, a low shortening
fraction indicates cardiac decompensation, that indicate the heart
inability to maintain and efficient circulation due to its abnormal con-
dition, which might also explain the low velocity of blood flow observed
in the low concentration treatment group [157,158]. Overall, the cur-
rent results suggested that acute exposure to MWCNTs in the given
concentrations statistically reduced the early expression of cardiac
developmental genes, disturbing the homeostasis of cardiac physiology,
and causing cardiac developmental toxicities.

5. Conclusions

To sum up, this finding clearly showed the environmental implica-
tions of acute exposure to MWCNTs in particularly low concentrations
(Fig. 11). These MWCNTSs released into the aquatic environment might
pose hazards to the growth and survivability of aquatic animals through
oral intake and long-term accumulation in organs. This issue will be a
serious problem if MWCNTs harbor some environmental poisonous
substances due to their large specific area and strong adsorption capa-
bility [159]. Furthermore, even though the larvae might successfully
tolerate exposure for the first days, as shown in the present study, it is
very unlikely that the risk of mortality would not be high after contin-
uous exposure since it might disrupt their cardiovascular fitness or other
routine behaviors performance in the wild [160]. However, future
studies are needed to verify the risks and toxicity mechanism involved in
chronic exposure to these nanoparticles to the health of aquatic animals.
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