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A B S T R A C T

The development and use of nanomaterials are increasing significantly. Among nanomaterials, carbon nanotubes
are of particular interest due to its distinctive physicochemical properties. This material composed of sheets of
graphite has very high thermal conductivity, metallic-type electrical conductivity, stiffness, toughness and unique
ability to bond to itself in an extended network with extraordinary strength. Its application in the industry is
continuously growing, which could lead to the accumulation in the environment and a consequent impact on both
humans and ecosystems. Considering that environmental systems are dynamic, it is difficult to predict the risks
associated with the release of nanomaterials to the environment. Bioindicators are useful tools as primary signals
of environmental risk, and their responses reveal the organism and ecosystem health.

In the present study, we evaluated the impact of multi-walled carbon nanotubes with different dimensions and
agglomeration pattern on zebrafish embryo and larvae; mainly, studies were focused on physiological and
behavioral responses. In embryos, measurements were hatching rate, morphology changes, and viability. In
larvae, locomotor activity, heart rate, innate inflammatory response, general and tissue-specific morphology were
measured. MWCNT-S (short, wide and mostly dispersed) caused depression of the locomotor activity of larvae,
indicating an alteration of the central nervous system, and depression of neutrophil migration activity. MWCNT-L
(long, thin and agglomerated) caused malformations during larval development, a decrease of neutrophil
migration and alteration of cardiac rhythm. Results obtained for both carbon nanotubes were different, high-
lighting the importance of dimensions of the same nanomaterial, and also the kind of agglomeration and shape
adopted, for the toxic effects on organisms.
1. Introduction

Nanomaterials (NMs) are technological products of increasing inter-
est due to unique characteristics. Carbon nanotubes (CNTs) are nano-
materials composed of sheets of graphite; according to the amounts of
sheets, they are called single-walled carbon nanotubes or multi-walled
carbon nanotubes (MWCNTs). These structures exhibit exceptional
stiffness, strength, toughness, exceptionally high thermal conductivity
due to the high-frequency carbon-carbon bond vibrations and metallic-
type electrical conductivity (He et al., 2013). Notably, it is the only
element which bonds to itself in a network with the strength of the
carbon-carbon bond. Because of the multiple potential physicochemical
properties of CNTs, their applications in the industry is continuously
increasing and nowadays encompass electronics, cosmetics, cleaning
materials, coatings, food packaging (Souza-Junior et al., 2012). Besides,
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CNTs ability to be filled with different compounds positioned them
among the most promising nanomaterials for biomedical applications.
Examples include the use of CNTs as biosensors, in imaging techniques,
tissue engineering, targeted therapies, as carriers for drugs and gene
delivery and oncological therapies (Simon et al., 2019). The increase in
the production and use of CNTs could lead to their accumulation in the
layers of water, the source of human and animal consumption, making
imperative the assessment of possible adverse implications for both
environmental and human health.

Given that the physicochemical properties of compounds vary when
they are produced at the nanoscale, and that the environmental systems
are dynamic and stochastic, it is not easy to predict the hazards associ-
ated with the release of NMs and their products to the environment
(Kahru and Dubourguier, 2010). Therefore, it is necessary to study the
behavior of new technologies in ecosystems. In this sense, fish's responses
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Fig. 1. Experimental design: timeline. Zebrafish em-
bryos of 4 h post-fertilization (hpf) (0 dpf) were
incubated with MWCNTs at 0.005, 0.05, 0.5, 5 and 50
ppm final concentrations. Hatching, mortality and
morphological changes were studied up to 2 dpf. On
the other hand, zebrafish larvae of 5 dpf were incu-
bated with MWCNTs at 0.005, 0.05, 0.5, 5 and 50
ppm final concentrations. Morphological changes,
neurotoxicity, cardiotoxicity, hepatotoxicity and
immunotoxicity were studied up to 7 dpf.
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can be used for studying the health status of an organism and ecosystem
(Rangasamy et al., 2018). Zebrafish is a widely used model system in
nanoecotoxicology due to its small size, high fertilization rate and rapid
external development of transparent embryo (Hill et al., 2005).

Despite the fact that MWCNTs tend to agglomerate when they are
introduced in an aqueous medium, the biological consequences of
agglomeration have not been well investigated due to its complexity.
Recently studies in vitro showed that the effect of a MWCNT depends on
the state of agglomeration (Song et al., 2016). This work aimed to explore
the biological response in vivo of zebrafish embryos and larvae, bio-
indicators of ecotoxicity in aquatic systems, against the exposure to
MWCNTs of different dimensions and agglomeration pattern.
Fig. 2. SEM micrographs of MWCNTs. MWCNT-S and MWCNT-L at 50 ppm con
lyophilization. Representative micrographs of MWCNTs before (A) and after (A and
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2. Materials and methods

2.1. Animal husbandry and ethics statement

Zebrafish (Danio rerio) were kept as previously described (Prieto
et al., 2012). In this study, “embryos” refer to zebrafish up to 3 days
post-fertilization (dpf), while “larvae” refer to hatched animals over 3
dpf; the experimental design is shown in Fig. 1. Zebrafish procedures
performed were approved by the corresponding Committees of the Na-
tional University of Quilmes (CE-UNQ 2/2014, CICUAL-UNQ 013-15,
014-15, D001-17 and D002-17).
centration were dispersed in distilled water by sonication and then dried by
B) sonication of different magnifications are shown.



Fig. 3. TEM micrographs of MWCNTs. MWCNT-S and MWCNT-L at 50 ppm concentration were dispersed in distilled water by sonication and then placed in TEM
grids. Representative micrographs of different magnifications are shown.
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2.2. Preparation of carbon nanotubes suspensions and characterization

Multi-walled carbon nanotubes (MWCNTs) of different length and
diameter were purchased from Sigma: MWCNT-S (hereafter referred to
short, wide and mostly dispersed) have 110–170 nm diameter and 5–9
μm length (CAS no. 659258. Purity�95% based on trace metals analysis)
while MWCNT-L (hereafter referred to long, thin and agglomerated) have
6–13 nm diameter and 2.5–20 μm length (CAS no. 698849. Purity �98%
based on trace metals analysis). As our study aimed to analyse the
consequence of the use of these commercial CNTs without modifications,
as consumers would use it, we consider CNTs and the traces of their
synthesis as a whole unit.

Pristine (non-functionalized) MWCNTs were weighed and added to
distilled water in a 500 ppm final concentration. MWCNTs were ho-
mogenized by ultrasonication with a microtip (Mastersize 2000, Malvern
Instruments Ltd) in an ice bath, through a program of two pulses of 10 s at
2 W and two pulses of 10 s at 10 W (adapted from (Cerrillo et al., 2015)).
This program was done twice, and then zebrafish were incubated with
the resulting dispersions.

With the aim of characterizing the MWCNTs, two microscopic
techniques were performed. MWCNTs were analyzed by scanning
electron microscopy (SEM) (HMS 6360 Lv, Jeol). For this purpose,
MWCNTs suspensions were frozen (�80 �C overnight) and lyophilized
in a Freezone 4.5 LABCONCO lyophilizer (LABCONCO, USA) at �50 �C
maintaining the lyophilisation process pressure within the range of 33
� 10�3–65 � 10�3 mbar for 24 h (Igartúa et al., 2018b). Then,
samples were adhered to the carrier (stub) with bifaz carbon tape and
then metalized with gold 99.99% (JFC 1100, Jeol), thickness of 400 Å,
3

to improve imaging. Also, MWCNTs were analyzed by transmission
electron microscopy (TEM) (EM 109T, Zeiss). To this goal, samples
sonicated were dropped onto the grids and dried directly in the
membrane.

2.3. Zebrafish embryos: exposure to MWCNTs

Zebrafish embryos of 2 h post-fertilization (hpf) were transferred
individually to a 96-well plate containing E3 medium. At 4 hpf, zebrafish
were exposed to MWCNT-S, MWCNT-L diluted in E3 medium, or to E3
only (controls) for 2 days. Zebrafish were exposed to 0.005, 0.05, 0.5, 5
and 50 ppmMWCNT-S orMWCNT-L. Embryos were reared at 28 �C� 0.5
on a 14/10 h light/dark cycle. For all the assays, the same embryos were
used. Sixteen technical replicates (embryos with the same treatment
within the same plate) and three biological replicates (embryos with the
same treatment but performed at a different day and mating) were done
(n ¼ 48).

2.4. Zebrafish embryos: hatching, morphology and mortality

Embryonic development was monitored from 4 to 48 hpf using a
stereomicroscope Nikon SMZ800. Hatching was measured at different
points from 36 to 48 hpf and determined as a percentage of hatched
embryos respect to the total of viable embryos at 48 hpf. Mortality was
observed though endpoints -absence of heartbeats or coagulation- at 7,
24 and 48 hpf, and expressed as a percentage of dead embryos respect to
total embryos at 48 hpf. Besides, teratogenicity of MWCNTs was studied
through the analysis of sublethal parameters comprising abnormality of



Fig. 4. Hatching and mortality of embryos exposed to MWCNTs. Zebrafish embryos of 4 hpf were incubated with the 0.005, 0.05, 0.5, 5 and 50 ppm of MWCNT-S or
MWCNT-L. (A) Hatching was observed until 48 hpf. Results are expressed as the percentage of hatched embryos respect to total embryos. (B) Representative pho-
tographs of hatched and non-hatched zebrafish exposed to 50 ppm of MWCNTs are shown. (C) Cumulative mortality curves were constructed from 0 to 48 hpf. Results
are expressed as the percentage of dead embryos respect to total embryos. Values are shown as mean � SEM. Values are shown as mean � SEM. Significant differences
respect to control were analyzed by TWO-WAY ANOVA test followed by Dunnett's multiple comparisons post-test.
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bent spine, tail, yolk, head, eyes or heart, reduction of pigmentation and
delay of hatching. Embryos were designated as normal if none of the
endpoints was observed, as malformed if one or more endpoints were
observed, or as deceased if coagulation or no heartbeat was detected
(Igartúa et al., 2018a; Martinez et al., 2018).

2.5. Zebrafish larvae: exposure to MWCNTs

Zebrafish embryos of 1 dpf were transferred to a 96-well plate con-
taining E3 medium; three eggs per well. At 5 dpf, zebrafish were exposed
to MWCNT-S, MWCNT-L diluted in E3 medium, or to E3 only (controls)
for 2 days. The administration was done at 5 dpf, when organs are fully
developed, allowing the study of the effects on formed and functional
organs -biocompatibility and toxicity- instead of teratogenicity as at
embryo stages (de Esch et al., 2012). Zebrafish were exposed to 0.005,
0.05, 0.5, 5 and 50 ppm MWCNT-S or MWCNT-L. Larvae were reared at
28 �C � 0.5 on a 14/10 h light/dark cycle. For cardiac activity assay,
sixteen technical replicates and three biological replicates (n ¼ 48) were
done. For the rest of the assays, eight technical replicates and three
biological replicates (n ¼ 24) were done.

2.6. Zebrafish larvae: neuro and cardiac activity

The locomotor activity was studied through the spontaneous move-
ments of larvae of 5 and 7 dpf, at 4 and 48 h post-incubation (hpi)
respectively, in a multichannel ADC system (WMicrotracker, Designplus
SRL) with infrared beams that are interrupted by larvae swimming ac-
tivity (Igartúa et al., 2015; Feas et al., 2017; Martinez et al., 2018). The
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cardiac rhythm was analyzed through the heart beats of larvae of 7 dpf.
Animals were immobilized in slides with 2% sodium carboxymethylcel-
lulose (CAS no. 21902, Sigma), placed under a zoom stereomicroscope
(SMZ800, Nikon) and recorded in parasagittal orientation (Feas et al.,
2017; Igartúa et al., 2018b).
2.7. Zebrafish larvae: morphology

Animals used for heart rate assays were also involved in morpho-
logical abnormalities tests. Larvae were photographed in parasagittal
orientation at 60� magnification. The photomicrographs were observed
for several morphological alterations as bent spine, jaw malformation,
opaque head region, small head, opaque liver, opaque yolk salc, yolk not
depleted, uninflated swim bladder, edema and tail malformation.
Zebrafish were scored based on the degree of morphological anomalies
[0 ¼ no visible toxic effects; 1 ¼ minor, one to two morphological
anomalies; 2¼moderate, three to four effects; 3¼ severe, more than four
minor toxic effects; and 4 ¼ dead] (adapted from (Fako and Furgeson,
2009)). The mean toxicity score for each treatment was determined by a
score of individual larvae.

A separate group of larvae of 7 dpf were fixed in 4% para-
formaldehyde, bleached in 10% hydrogen peroxide, 5% formamide and
0.5� SSC buffer, and then incubated in alcian blue solution (70%
ethanol, 0.37% hydrochloric acid and 0.1% alcian blue; CAS no. 5268,
Sigma) (Martinez et al., 2018). Larvae were photographed in parasagittal
orientation at 60� magnification. Craniofacial cartilages measurements
were determined using the ImageJ software (National Institutes of
Health, USA) (de Peralta et al., 2016).



Fig. 5. Neuro and cardiac activity of larvae exposed to MWCNTs. Zebrafish larvae of 5 dpf were incubated with 0.005, 0.05, 0.5, 5 and 50 ppm of MWCNT-S and
MWCNT-L for 48 h (hpi). (A) Swimming activity was measured. Results are expressed as the percentage of spontaneous movement respect to control. (B) Cardiac
rhythm was quantified. Results are expressed as the percentage of heart rate respect to control. Values are shown as mean � SEM. Significant differences respect to
control were analyzed by ONE-WAY ANOVA test followed by Dunnett's multiple comparisons post-test (*p < 0.05, **p < 0.01).
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2.8. Zebrafish larvae: histopathology

Anesthetized animals of 7 dpf were fixed in 4% paraformaldehyde,
embedded in agar 1.5% and sucrose 10% and placed into plastic molds.
The blocks obtained were cryoprotected in a 30% sucrose solution and
frozen. Parasagittal sections were cut in 10 μm in a Leica CM 1850
cryostat (Leica Microsystems, Nussloch, Germany). Histological sections
of 10 larvae per treatment and control were performed (Prieto et al.
2012, 2014). Slides were stained with hematoxylin and eosin following
standard procedures, and then mounted in Canadian balsam (no.
1302.05, Biopack) for analysis and storage. Images of samples stained
were taken with a light microscope (BX41, Olympus) at 400�
magnification.

2.9. Zebrafish larvae: neutrophil migration activity

Larvae of 7 dpf were anesthetized with 0.2 mg/ml tricaine and the tail
was transected near its tip. Then larvae were placed in fresh E3 medium
until analysis at different time points after trauma, in which larvae were
fixed overnight in 4% paraformaldehyde. Larvae were incubated with
benzidine dihydrochloride (cat. B-3383, Sigma) to dye myeloperoxidase
in neutrophils based on the method of Kaplow (Lieschke et al., 2001;
Cordero-Maldonado et al., 2013). Controls done included the stain of
larvae incubated only with E3 medium, stain of larvae before trauma and
stain of larvae immediately after trauma. Larvae were photographed in
ventral orientation at 60� magnification. Dark staining
peroxidize-positive cell was quantified with the image-J software.

2.10. Statistical analysis

Statistical analysis was performed by ONE-WAY ANOVA or TWO-
WAY ANOVA tests followed by Dunnett's multiple comparison post-test
5

using the GraphPad Prism statistical program. Data was considered sta-
tistically significant if P < 0.05; it was presented as a mean � standard
error of the mean (SEM).

3. Results and discussion

The purpose of this study was to underline the in vivo effects of the
nanomaterial MWCNTs with different dimensions –length and diameter-
and agglomeration pattern on zebrafish. Studies were conducted using 4
hpf embryos and 5 dpf larvae that were incubated with MWCNT-S or
MWCNT-L for 48 h. Results presented here might predict possible both
acute and chronic toxicity.

3.1. Characterizations of MWCNTs

The MWCNTs were analyzed through two kinds of microscopy, SEM
for information on the surface and TEM for analysis of the inner structure
of the sample. In SEM analysis, MWCNT-S were mostly dispersed in the
medium, while MWCNT-L formed bundles (Fig. 2). The fact that
MWCNT-L exhibited bundles is common sense since nanotubes are usu-
ally hydrophobic and these nanotubes are very long, so Van der Waals
attraction forces among tubes are significant (Gao et al., 2003).

In TEM pictures, in which magnified images were obtained, di-
mensions were measured. For MWCNT-S, tubes length ranged between
0.6 and 3.7 um and diameter between 100 and 200 nm. For MWCNT-L,
diameter ranged between 5 and 10 nm (Fig. 3). We were unable to
precisely calculate the lengths due to the bundles. The data collected
after sonication coincide with manufacturer information, showing that
the procedure did not affect the MWCNTs significantly.

Differences in size and agglomeration pattern may cause a diverse
response in an organism. In fact, recent literature reported that longer
MWCNTs were more cytotoxic than shorter, and it was suggested that



Fig. 6. Morphology abnormalities of larvae exposed to MWCNTs. Zebrafish larvae of 5 dpf were incubated with 0.5, 5 and 50 ppm of MWCNT-S or MWCNT-L for 48 h;
(A) larvae were scored based on the severity of their morphological defects. Scores range for morphological anomalies defects are: 0 for no visible toxic effects, 1 for
minor degree (one to two effects), 2 for moderate (three to four effects) and 3 for severe (more than four effects). Sublethal defects studied were bent spine (BS), jaw
malformation (JM), opaque head region (OH), opaque liver (OL), opaque yolk salc (OY), uninflated swim bladder (USB), edema (E), small head (SH), tail malfor-
mation (TM), yolk not depleted (YND). (B) Representative pictures of endpoints included in the scoring evaluation are shown. (C) Craniofacial parameters were
analyzed. Meckel's cartilage length (ML), angle (MA), distance to fins (MD) and Ceratohyal cartilage length (CL), angle (CA), distance to fins (CD) were quantified and
expressed as percentage respect to control larvae. (D) Ventral view of representative pharyngeal skeletons of MWCNT-incubated and control larvae are shown. Values
are shown as mean � SEM. Statistical analysis was performed by ONE-WAY ANOVA test followed by Dunnett's multiple comparisons post-test (*p < 0.05).
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this effect was due to a role in oxidative stress (Long et al., 2017). As well,
it was reported that a MWCNT produced the generation of oxidative
stress in fishes (Cimbaluk et al., 2018). For this reason, our in vivo work
will help to deepen the understanding of the implications of the differ-
ences in dimensions and agglomeration pattern for the same
nanomaterial.

3.2. Hatching, mortality and morphology of zebrafish embryos

We studied the potential teratogenicity of MWCNT-S and MWCNT-L.
Hatching rate was studied from 4 to 48 hpf; other toxicological endpoints
were analyzed at 24 and 48 hpf. Normal hatching was observed for both
MWCNTs when compared to controls (Fig. 4A), as well as the normal
morphology of embryos (Fig. 4B). This is in agreement with previous
works that reported a decreased hatching rate and developmental ab-
normalities only with concentrations of MWCNTs higher than 60 ppm
(Cheng et al., 2007; Asharani et al., 2008; Liu et al., 2014). Embryos are
protected by a chorion, which has pores necessary for oxygen and
nutrient transport from the outer environment and the elimination of
wastes. We observed agglomerates of MWCNTs adhered to the outer
layer of the chorion of the embryos, indicating they were too large to
enter the chorion and reach the embryos (Fig. 4B); the accumulation was
greater with higher concentrations of nanotubes (data not shown). Also,
these results are in accordance with earlier works (Asharani et al., 2008;
Pelka et al., 2017), which analyzed embryos of 24 hpf and reported size
of the pores of 0.23 μm. Since MWCNT-S and MWCNT-L have lengths
greater than 2.5 μm, and they have a considerable tendency to agglom-
erate, it is not possible to cross through the chorion. We observed that
6

deposition of MWCNTs on the surface of the chorion did not exert a
mechanic inhibition on embryo hatching either. When mortality was
studied, no reduction of survival was observed (Fig. 4C). Morphology
was not altered in embryos exposed to MWCNT-S or MWCNT-L at 24 hpf
nor 48 hpf (data not shown). Even though the nanotubes were not able to
cross the chorion, their accumulation around might prevent the regular
passage of oxygen and nutrient. Nonetheless, our results showed a
different situation since embryos developed with normality. Results so
far indicate that exposition to MWCNTs did not alter embryos develop-
ment in concentrations up to 50 ppm.

3.3. Neuro and cardiac activity of zebrafish larvae

In order to determine if MWCNTs were capable of causing neuro-
toxicity, the spontaneous movement of zebrafish was studied. Larvae
exposed toMWCNT-S showed depression of locomotor activity compared
to controls at all concentrations studied except for 50 ppm, this last could
be due to bigger agglomerates unable to enter into the zebrafish because
of the size. On the other hand, larvae incubated with MWCNT-L showed
altered movement at 5 ppm but not at lower concentrations. At 50 ppm,
results were similar to those observed for MWCNT-S (Fig. 5A). The fact
that spontaneous movement was reduced in larvae exposed to MWCNTs,
but animals were alive, means there is affection at the neuronal level or
morphology anomalies that do not allow the animal to swim properly.

The effect of MWCNTs on the heart activity of zebrafish larvae was
analyzed by heart rate measurement and blood circulation observation
through the ventral aorta posterior cardinal vein channel. Larvae
exhibited similar results to the control group at all concentrations studied



Fig. 7. Histopathology of larvae exposed to MWCNTs. Zebrafish larvae were incubated with 0.005, 0.05, 0.5, 5, and 50 ppm of MWCNT-S and MWCNT-L for 48 h;
brain, heart and liver phenotype (cells size and shape) were analyzed. Representative photomicrographs of hematoxylin and eosin staining of the whole body and
tissue sections are shown.

Fig. 8. Migration activity of neutrophils in
zebrafish larvae exposed to MWCNTs. Zebrafish
larvae were incubated with 5 and 50 ppm of
MWCNT-S and MWCNT-L for 48 h, then tran-
section of the tail tip was performed. Immediately
and 8 h post-transection, myeloperoxidase histo-
chemical staining of larvae was done. (A)
Peroxidize-positive cell were quantified. Results
are expressed as the percentage of neutrophil
migration respect to control. Values are shown as
mean � SEM. Significant differences respect to
control were analyzed by ONE-WAY ANOVA test
followed by Dunnett's multiple comparisons post-
test (**p < 0.01, ***p < 0.001). Representative
photographs of controls (B) and MWCNT-
incubated larvae are shown (C). Dash line (–)
indicates transection site.
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for MWCNT-S (Fig. 5B). When zebrafish exposed to MWCNT-L were
analyzed, an increased heart rate was observed in those exposed to 0.5
and 5 ppm but not in those exposed to 50 ppm, the same profile observed
in locomotor activity. To our knowledge, this is the first work that studied
the heart rate of larvae older than 5 dpf exposed to MWCNTs, which is
7

critical to analyze the effect of the nanomaterials over a formed and fully
functional heart. So far, it was reported that MWCNTs did not cause an
alteration of the cardiac rhythm in earlier life stages of zebrafish exposed
to them (Liu et al., 2014; Wang et al., 2017). However, we have now
shown an effect once the organ is entirely functional.
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3.4. Morphology of zebrafish larvae

Larvae treated with MWCNT-S did not exhibit morphological alter-
ations compared to controls, while animals incubated with MWCNT-L
showed developmental abnormalities at all concentrations studied
(Fig. 6A,B). Results for animals exposed to MWCNT-S discard the possi-
bility that the decrease in the locomotor activity observed before was due
to morphology anomalies, instead it must have a neurological origin.
Further consequences of exposition to MWCNTs were studied concerning
cartilage development. Craniofacial cartilages analyzed here were
Meckel's and Ceratohyal, and the parameters included were angle,
length, and distance to the fins (Fig. 6D). None of the parameters
exhibited differences compared to controls (Fig. 6C). These results
reinforce that the effect of MWCNT-S on the reduction of movement
observed was due to neurotoxicity.

3.5. Tissue sections

Histopathology of brain, heart and liver of larvae was performed to
analyze cells size and morphology of larvae exposed to MWCNTs. For this
purpose, parasagittal orientation slides were stained with hematoxylin-
eosin. No differences were observed between zebrafish larvae exposed
to MWCNTs and controls in any tissue (Fig. 7). Results so far reveal that
short exposition to MWCNTs affects the activity of the cells of brain and
heart but not their morphology.

3.6. Migration activity of neutrophils in zebrafish larvae

In zebrafish, innate and adaptive immune responses mature at
different time points; while the innate system is detected at 1 dpf, the
adaptive system appears several weeks after the fertilization of the egg
(Novoa and Figueras, 2012). Inflammation is triggered when innate
immune cells detect an injury; neutrophils are the first leukocytes to be
recruited to the wound, accumulating in large numbers a few hours after
damage and then returning to pre-damage density levels when the tissue
cells begin to proliferate, ending the inflammatory phase and beginning
regeneration (Ferreira, 2018). The effect of MWCNTs on the innate in-
flammatory response was studied through the amputation of the caudal
fin of zebrafish larvae of 5dpf and the following chemotactic activity of
neutrophils towards the injury. Larvae were transected at the tip and the
migration of neutrophils after traumatization was followed by myelo-
peroxidase staining in them. For this assay, only 5 and 50 ppm of
MWCNTs were studied since results so far did not show effects in larvae
incubated with lower concentrations.

Before and immediately after the trauma, there was no neutrophil
presence at the trauma site in any of the conditions assessed (data not
shown). At 8 h post-trauma, larvae control exhibited a population of
stained cells accumulated in the ventral vein region and more marked at
the site of acute inflammation. Larvae exposed to MWCNT-S exhibited a
decrease of the neutrophil migration to the site of inflammation at 5
ppm when compared to controls, but not at 50 ppm, which could be due
to agglomerates unable to enter into the zebrafish because of the size.
Larvae exposed to MWCNT-L showed affection at both concentrations
(Fig. 8). As seen in the assays reported above, the lack of effect in 50
ppm MWCNT-S could be due to agglomerates unable to go into the
zebrafish. To our knowledge, this is the first work that studied the
migration activity of neutrophils in zebrafish larvae exposed to carbon
nanotubes.

In summary, MWCNT-S were mostly dispersed in the medium, while
MWCNT-L formed bundles. Noteworthy, the medium in which MWCNTs
are immersed affects their dimension since intra- and inter-nanotubes
interaction change, modifying the tendency to form agglomerates. In
the present work, the studies were carried out in aqueousmedia, the most
common environment where the MWCNT could be found. MWCNTs did
not reduce the survival of embryos, and neither altered embryos devel-
opment at concentrations up to 50 ppm. When functions at neuro and
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cardiac levels were studied in zebrafish larvae, results varied for both
MWCNTs. While exposition to MWCNT-S caused a depression of the lo-
comotor activity of larvae, exposition to MWCNT-L only had effect at 5
ppm. The alteration observed could lead to a modified behavior, putting
animal survival at risk, or could cause a long-term detrimental effect. On
the other hand, heart rate of larvae was not affected by MWCNT-S
whereas the cardiac rhythm was increased by MWCNT-L at 5 ppm con-
centrations. Then, the morphology of the growing larvae exposed to
MWCNTs was assessed. Larvae treated with MWCNT-S did not exhibit
morphological alterations, while those exposed to MWCNT-L showed
enhanced developmental abnormalities. Further consequences of expo-
sition to MWCNTs were studied with regard to craniofacial development.
The craniofacial phenotype was analyzed, and it was not distorted for
larvae exposed to MWCNTs. In addition, cell damage was analyzed in
brain, heart, and liver but no alterations were observed in larvae exposed
to MWCNTs in any tissue. This means that acute exposition to MWCNTs
affects the activity of the cells mentioned but not their morphology.
Finally, the innate inflammatory response was evaluated. A depression of
the neutrophil migration activity was observed in larvae treated with
both MWCNTs, although the effect was different in each case depending
on the concentration.

4. Conclusions

The biological response of zebrafish exposed to carbon nanotubes
with different size and agglomeration pattern was evaluated. Exposition
of MWCNTs to embryos did not cause lethality or teratogenicity. Larvae
exposed to short and dispersed MWCNTs in the aquatic environment
developed neurotoxicity and immunotoxicity, whereas those exposed to
long and agglomerated MWCNTs presented developmental malforma-
tions, cardiotoxicity, and immunotoxicity, showing that the adverse ef-
fects of MWCNTs depend on both dimension and agglomeration pattern.
Since recent evidence showed that longer MWCNTs were more cytotoxic
due to a role in oxidative stress, it will be interesting as a future
perspective to study the presence of reactive oxygen species in zebrafish
exposed to MWCNTs used here, to get a better understanding of the
toxicity mechanisms of these nanomaterials.
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