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Abstract: There is currently a large difference of opinion in nanotoxicology studies of
nanomaterials. There is concern about why some studies have indicated that there is strong tox-
icity, while others have not. In this study, the length of carbon nanotubes greatly affected their
toxicity in zebrafish embryos. Multiwalled carbon nanotubes (MWCNTs) were sonicated in a
nitric acid solution for 24 hours and 48 hours. The modified MWCNTs were tested in early devel-
oping zebrafish embryo. MWCNTs prepared with the longer sonication time resulted in severe
developmental toxicity; however, the shorter sonication time did not induce any obvious toxicity
in the tested developing zebrafish embryos. The cellular and molecular changes of the affected
zebrafish embryos were studied and the observed phenotypes scored. This study suggests that
length plays an important role in the in vivo toxicity of functionalized CNTs. This study will help
in furthering the understanding on current differences in toxicity studies of nanomaterials.
Keywords: length, carbon nanotubes, sonication, developmental toxicity, zebrafish

Introduction
While nanotechnology looms large with commercial promise and potential benefits,
an equally large issue is the evaluation of the potential effects on human and environ-
mental health.! There is currently a difference of opinion in nanotoxicology studies
of nanomaterials. There is concern regarding why some studies have indicated that
there is strong toxicity, while others have not.> Nanomaterials vary in terms of their
chemical composition and physical dimensions. Carbon nanotubes (CNTs), one of
the most promising nanomaterials, also vary in terms of their properties, depending
on the manufacturing process.* In addition, batch-to-batch variations within the same
manufacturing facility as well as variability in the resultant product from different
manufacturers exist.* Small impurities associated with a nanomaterial or slight varia-
tions in structure/chemical composition may have a significant effect on biological
response.’ These potential variations can affect assessments of expected toxicity.

There are differences in the results of toxicity studies on CNTs.*’ The trouble is
that in reality, each process of CNT manufacturing and modification produces various
contaminants and inexact sizes of CNTs of interest.®1° There is a growing consensus
that characterization is an essential part of assessing the potential toxicity of nanomateri-
als in biological systems.!! Proper characterization of testing materials is important to
ensure that results are reproducible, and also to provide the foundation for understand-
ing the properties of nanomaterials that determine their biological effects.'

Raw CNTs tend to aggregate and agglomerate in an aqueous environment. Recent
advances in functionalization, the attachment of functional groups on the sidewalls or
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terminals of the nanotubes, have led to aqueous dispersion
and solubilization." Biological molecules, such as carbohy-
drates, nucleic acids, and proteins, as well as their precursors,
are being used as functional groups to achieve dispersion in
aqueous environments.'*!*> These types of organic function-
alization improve the dispersing abilities of CNTs, making
them easier to interact with cells and become promising
vehicles of delivery and biosensing.'® Coupled with their
nanosize, they can biophysically or biochemically act with
various subcellular or molecular structures once they are
introduced inside a cell.

Since no general standards are available for testing sam-
ples, this is a concern, and sample characterization also varies.’
One report on water-dispersible single-wall CNTs showed that
the cytotoxic response of cells in culture is dependent on the
degree as well as mechanisms of functionalization.!” This
article highlights the need to test out systematically production
and functionalization processes for toxicity to achieve green
chemistry of CNTs. Other studies have also highlighted the
impact of surface characteristics on nanomaterial biocompat-
ibility and point to the inadequacy of current size-dependent
mechanistic paradigms, with nanoscale materials that lack
unique or characteristic toxicity profiles.!® These findings
strongly suggest the verification of biocompatibility data with
the sample preparation process and the sample characteriza-
tion data for each new class of materials or newly synthesized
nanoparticles. Moreover, CNTs are frequently contaminated
with metals, amorphous carbon, and other materials in the
preparation process.!’ Furthermore, the chemical modifica-
tion and functionalization of CNTs requires much chemical
processing, which can introduce functional groups with
unwanted contaminants.'*!> Most toxicity studies therefore
test for the toxic effects of the associated contaminants and
not of the original materials.? It is worthwhile to compare the
observed toxicity with possible toxicity profiles generated in
the preparation and functionalization of CNTs.

With the advanced development of nanomedicine,
nanomaterial-incorporated products will potentially enter
the human body, which makes in vivo toxicology profiles an
important aspect in determining the safety of applications.
The purpose of this study was to investigate the toxicity of
CNTs with different lengths by using similar preparation
processes. Zebrafish embryos were loaded with CNTs by
microinjection at the one-cell stage. This study will help in
furthering the understanding on the current differences in
toxicity studies of nanomaterials. This study also highlights
the importance of length information in the in vivo toxicology
studies of nanomaterials.

Materials and methods

Preparation of modified CNTs

Raw multiwalled (MW) CNTs were purchased from
Nanostructured and Amorphous Materials (Houston, TX,
USA). Purification, functionalization, and characterization
were performed by using similar procedures as previously
reported.?’*> Some MWCNTs were purified by refluxation in
an aqueous nitric acid (HNO,) solution (2.6 M) for 48 hours
(MWCNTSs-48 h), and other CNTs were refluxed in the
HNO, solution (2.6 M) for 24 hours (MWCNTs-24 h) as
previously reported. After refluxation in an aqueous HNO,
solution, the resulting suspension was centrifuged (~1400 g),
and the sediment was collected and repeatedly washed with
deionized water until a neutral pH was obtained. Purification
procedures can remove carbonaceous impurities and metal
catalysts. The purity of the sample was validated through
thermogravimetric analysis (TGA) on a TGA/SDTAS851¢
system (Mettler-Toledo, Columbus, OH) with a typical
heating rate of 10°C/minute. Bovine serum albumin (BSA)-
functionalized MWCNTs were prepared through amidation
reactions.?! The reaction mixture was dialyzed against
fresh deionized water for 3 days to obtain a fluorescein
isothiocyanate (FITC)-labeled BSA-MWCNT sample.
The commercially supplied FITC-BSA (Sigma-Aldrich,
St Louis, MO) was used as the control. Electron microscopy
imaging was conducted on a Tecnai 12 BioTWIN (Philips,
Amsterdam, Netherlands) transmission electron microscope
operated at 80 kV.

Zebrafish maintenance

and experimental setup

Mature zebrafish were purchased from a local commercial
source (Chong Hing Aquarium, Hong Kong). The zebrafish
colony was maintained as previously described.’ Embryos were
obtained by photo-induced spawning over green plants and cul-
tured at 28.5°C in filtered tap water. The developmental stage
of the embryos was measured according to hours postfertiliza-
tion (hpf) and staged according to the method as described by
Kimmel et al.?® After the light was turned on for photo-induced
spawning, the embryos were collected within 10 minutes after
fertilization and selected under a dissecting microscope for
microinjection in experiments at the one-cell stage.

Loading of modified CNTs

into zebrafish embryos
The samples were loaded into zebrafish embryos by micro-
injection at the one-cell stage as previously described.?
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Briefly, the test samples were injected into the embryonic
cells of zebrafish embryos with a nitrogen-driven microin-
jector (Narishige, Tokyo, Japan) within 30 minutes after
fertilization. The microinjection pipette was calibrated every
time before microinjection. The injection dosages were set
with reference to the equivalent weight of the CNTs, and
each experiment was repeated three to six times. The injected
volume was approximately 2 nL. The detailed amount of
CNTs loaded into zebrafish embryos was listed in the result
and determined by both the concentration of CNTs and
the volume. The decreased dose of CNTs was achieved
by diluting the samples to expected concentrations with
phosphate-buffered saline (PBS). After microinjection, the
embryos were incubated at 28.5°C for further development.
The biodistribution of the CNTs was checked under a fluo-
rescent microscope (Eclipse TE200; Nikon, Tokyo, Japan)
as the modified CNTs were labeled with FITC. The affected
phenotypes were scored and photographs of the defective
embryos recorded with a light microscope (Eclipse TE200)
at 80 hpf.

Staining of cytoskeleton structure

and nucleus of the treated embryos

The staining of the microfilament structures and the nuclei of
the zebrafish embryos was performed as described.?* For early
stage embryos, a glass petri dish was used in the removal
of chorion, and a 1% agarose-coated petri dish was used for
staining. At the sphere stage (4 hpf), 50% epiboly, and 75%
epiboly, the embryos were fixed with 4% paraformaldehyde
PBS overnight at 4°C, after which they were thoroughly
washed with PBS. All subsequent washing steps were per-
formed for 5 minutes and carried out with gentle shaking.
To label the F-actin and nucleus, embryos were incubated
with 0.08 ug/mL rhodamine phalloidin (Invitrogen, Carlsbad,
CA) and Sytox Green (Invitrogen), at room temperature (RT)
for 1 hour in the dark, after which they were extensively
washed with PBS with 0.1% Tween 20 and 1% dimethyl
sulfoxide, which contained 1% BSA. Images were col-
lected through water immersion on Achroplan x 20/0.5 NA
and x 40/0.75 NA objectives on a C1 confocal microscopy
system (Nikon). The FITC and rhodamine fluorescence were
visualized by using 488-nm excitation/520-nm emission and
568-nm excitation/585-nm emission, respectively.

TEM observation of embryonic cells

in affected embryos
Embryonic cells loaded with modified CNTs were studied
by transmission electron microscopy (TEM) and compared

with the untreated control. Zebrafish embryos loaded with
BSA-MWCNTs were collected and fixed in a fixation buffer
(2% paraformaldehyde, 2.5% Gluta, 0.1 M cacodylate buf-
fer, pH 7.2, 4% sucrose, 1% tannic acid) overnight at 4°C.
The fixed embryos were washed and then postfixed with 1%
osmium tetroxide in 0.1 M cacodylate buffer (pH 7.2) at RT for
2 hours. The postfixed embryos were washed and then gradu-
ally dehydrated with ethanol. The dehydrated embryos were
transferred into acetone before being transferred into resin.
The embryos were embedded in pure resin for 4 hours at RT,
and then the resin was polymerized at 70°C for 2 days before
sectioning. The embryos were sectioned (70 nm) by using an
Ultracut UCT (Leica, Solms, Germany) and placed on copper
grids and double stained with a 5% uranyl acetate solution and
Reynolds lead citrate solution. The tissue was examined and
photographed with a transmission electron microscope (Tecnai
12 BioTWIN), which was operated at 80 kV.

Results and discussion

Sample characterization

The prepared CNTs, after purification, were studied by
TGA and characterized by TEM. After purification, the
MWCNTs were analyzed by TGA, which indicated that
after purification, the MWCNTs comprised 98% of the total
sample weight.”? As shown in Figure 1, both BSA-modified
CNTs disperse well after a successful functionalization. The
average diameter of the prepared BSA-MWCNTs is about
19.9 + 8.25 nm, and median diameter 17.5 nm. Both the
TGA and TEM characterization data show that the purified
MWCNT samples are largely free from metal particles. It
was observed that the sonication time can greatly affect the
length of the purified MWCNTs. When MWCNTs were
sonicated in an HNO, solution for 24 hours, the average
length of the prepared BSA-MWCNTs (MWCNTs-24 h) was
about 0.8 £ 0.5 wm, and median length 0.7 um. When the
MWCNTSs were sonicated in an HNO, solution for 48 hours
(MWCNTSs-48 h), the average length of the prepared BSA-
MWCNTs (MWCNTs-24 h) was about 0.2 = 0.1 um, and
median length 0.17 um. MWCNTs-48 h (Figure 1A) are
much shorter as compared with MWCNTs-24 h (Figure 1B),
and this can be explained by the doubled length of sonication
time in HNO, during purification.

Failure of epiboly initiation

in affected embryos
We have previously reported that successfully purified and
functionalized MWCNTs had relatively good biocompatibility
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Figure | Representative transmission electron microscopy images of MWCNTs-48 h (A) and MWCNTs-24 h (B). C is the TGA analysis data of BSA-MWCNTs.

Note: Scale bars, 200 nm. MWCNTs-48 h refers to BSA-MWCNTSs that had been purified by refluxation in an aqueous nitric acid (HNO3) solution (2.6 M) for 48 hours.
MWCNTs-24 h refers to BSA-MWCNTSs that had been purified by refluxation in an aqueous nitric acid (HNO3) solution (2.6 M) for 24 hours.

Abbreviations: BSA-MWCNT, bovine serum albumin-functionalized multiwalled carbon nanotube; TGA, thermogravimetric analysis.

in zebrafish embryos? and mammalian cells.? It was found
that shorter length of MWCNTs-48 h induced severe toxic-
ity in zebrafish embryos when injected at the one-cell stage,
while the FITC-BSA control showed good biocompatibility.
Previous studies have reported that long and rigid MWCNTs
are much more toxic than functionalized MWCNTS,?¢ and
longer raw MWCNTs cause inflammation and granulomas
in normal mice by interacting with mesothelium.?’ This
study suggests that shorter BSA-MWCNTSs are more toxic
in zebrafish embryos after injection.

The embryos loaded with FITC-BSA developed normally
as untreated controls. These embryos reached the shield
stage at 6 hpf (Figure 2A and B), and 75% epiboly at 8 hpf
(Figure 2E and F). The concentration of the MWCNTSs (CNTs
equivalent weight) was determined using the TGA method,

and the stock concentration of FITC-BSA-MWCNTs was
about 1 mg/mL (equivalent weight of CNTs). The embryos
injected with 2 ng (equivalent weight of CNTs) of FITC-
labeled BSA-MWCNTs (MWCNTs-48 h) exhibited adverse
toxic effects. These affected embryos were developmentally
arrested until death at 8—10 hpf (Figure 2C and G). Epiboly
did not initiate in these embryos. The fluorescent images
showed that the BSA-MWCNTs are evenly distributed
among the blastoderm cells and do not enter the yolk cell
during epiboly arrest (white arrows in Figure 2D and H).

Malformation phenotypes

with decreased dosage
When the dosage of loaded BSA-MWCNTs (MWCNTs-48 h)
was less than 5 pg (equivalent weight of CNTs), the treated

WT control |

FITC-BSA control | | FITC-BSA-MWCNTS| | FITC-BSA-MWCNTs

8 hpf

) D

Figure 2 (A-H) Embryos loaded with short-length BSA-MWCNTs (MWCNTs-48 h) unable to initiate epiboly (n = 300). Light microscope images of wild-type control
embryos at 6 hpf (A) and 8 hpf (E). Light microscope images of embryos loaded with FITC-BSA (BSA equivalent weight) at 6 hpf (B) and 8 hpf (F). Light microscope images
of embryos loaded with 2 ng of FITC-BSA-MWCNTs at 6 hpf (C) and 8 hpf (G). Fluorescent microscope images of embryos loaded with 2 ng of FITC-BSA-MWCNTs

(MWCNTs-48 h) at 6 hpf (D) and 8 hpf (H).
Note: Scale bar, 250 um.

Abbreviations: FITC-BSA-MWCNT, fluorescein isothiocyanate-labeled bovine serum albumin-functionalized multiwalled carbon nanotube; hpf, hours postfertilization;

WT, wild type.
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embryos passed the epiboly stage and went on to further
embryonic development. The malformation percentages are
36.4% and 27.9% for embryos loaded with 4 pg and 0.4 pg
of BSA-MWCNTs (MWCNTs-48 h) (equivalent weight
of CNTs), respectively. The affected embryos have severe
edema, distorted notochords, dissociated muscles, flattened
midbrain—hindbrain boundaries, small eyes, delayed yolk sac
and yolk extension resorption, and shortened body length, as
shown in Figure 3. The defective embryos also have impaired
swimming patterns. Endogenous alkaline phosphatase stain-
ing illustrated that the embryos with severe edema also have
disorganized blood vessels and missing vascular endothelial
cells (data not shown). However, affected embryos with
other defective phenotypes have proper blood vessel systems
(data not shown). The cardiovascular system is not the only
component that the shorter BSA-MWCNTs (MWCNTs-48 h)
attacked. Most of the affected embryos have more than one
type of defect, and this might indicate that the influence is
multiorgan targeted.

Cytoskeleton structure and cell

movement in the affected embryos
Double staining of F-actin and Sytox Green was performed
to mark the cell morphologies and nuclei of the affected

A ; Control, 80 hpf

embryos (Figure 4). The wild-type control embryos showed
well-organized cells at the sphere and epiboly stages (yellow
arrowheads in Figure 4A—C). The wild-type controls gener-
ated continuous punctate bands of actin at the leading edge
of the enveloping layer (yellow arrow in Figure 4C) at 75%
epiboly. The embryos loaded with shorter BSA-MWCNTs
(MWCNTs-48 h) exhibited gradual loss of nuclei by Sytox
Green staining in the blastoderm and yolk syncytial layer as
well as loss of the punctuate actin band typically found in
embryos that reach 75% epiboly (Figure 4D—F). The affected
embryos displayed developmental arrest and maintained
an appearance that is usually found at the sphere stage in
the later developmental stages (Figure 2C and G; data not
shown). In the affected embryos, some nuclei are irregular or
even missing (white arrowhead in Figure 4D) at 4 hpf, and
the nuclei in the yolk syncytial layer are missing from 4 hpf
to 50% epiboly (the region within the white square dots in
Figure 4D and E), and more nuclei are lost at 75% epiboly
(white arrowheads in Figure 4F). The punctuate actin band
is not detected at 8 hpf (white arrow in Figure 4F).
Irregular nuclei are also found in the embryos at other
developmental stages both by using Sytox Orange staining
(Figure 5) and TEM observation (Supplementary Figure 1).
In the embryos loaded with shorter-length BSA-MWCNTs

B 0.4 ng, 80 hpf

C 0.4 ng, 80 hpf

D

Figure 3 Representative images of control (A) and treated embryos (B, C and D) at 80 hpf. The malformaed embryos were loaded with a shorter length of BSA-MWCNTs
(MWCNTs-48 h) (0.4 ng) at |-cell stage. The affected embryos had severe edema, distorted notochords, dissociated muscles, flattened midbrain—hindbrain boundaries, small
eyes, delayed yolk sac and yolk extension resorption, and shortened body length, as shown in B, C and D.

Note: Scale bar, 500 pm. MWCNTs-48 h refers to BSA-MWCNTSs that had been purified by refluxation in an aqueous nitric acid (HNO3) solution (2.6 M) for 48 hours.
Abbreviation: BSA-MWCNT, bovine serum albumin-functionalized multiwalled carbon nanotube.
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50% epiboly

75% epiboly

WT control

MWCNTSs treated

Figure 4 (A-F) Nuclei and morphologies of embryonic cells in affected embryos. Each image is a projected stack of confocal optical sections. Representative images of
control (A—C) and embryos loaded with 2 ng of BSA-MWCNTs (MWCNTs-48 h) at 4 hpf (sphere stage) (D), 50% epiboly (E), and 75% epiboly (F).

Note: n = 10; scale bar, 50 um.

Abbreviations: BSA-MWCNT, bovine serum albumin-functionalized multiwalled carbon nanotube; hpf, hours postfertilization; WT, wild type.

(MWCNTs-48 h), some of the nuclei of the blastoderm cells
are lost or have irregular shapes at 2.5 hpf (red arrows in
Figure 5B) as compared with the control (Figure 5A). More
and more nuclei are lost or have irregular shapes at 4 hpf (red
arrows in Figure 5D). The embryos loaded with FITC-BSA

FITC-BSA FITC-BSA-MWCNTs

Figure 5 (A-D) The nuclei of blastoderm cells at 2.5 hpf and 4 hpf with Sytox
Orange nucleus staining (n = 10). Embryos loaded with FITC-BSA (A and C) and
2 ng of BSA-MWCNTs (MWCNTs-48 h) (B and D) at |-cell stage, respectively.
Note: Scale bar, 50 um.

Abbreviations: FITC-BSA-MWCNT, fluorescein isothiocyanate-labeled bovine serum
albumin-functionalized multiwalled carbon nanotube; hpf, hours postfertilization.

256-cell, 2.5 hpf

Sphere, 4 hpf

are not affected, and the nuclei of the blastoderm cells are
well organized and have regular round shapes (white arrows
in Figure 5A and C).

The nucleus staining results were reidentified under a
transmission electron microscope with ultrathin sections of
the affected embryos. The microscope images showed that
the blastoderm cell nuclei of the affected embryos have an
irregular shape, and some micronuclei also appear at 6 hpf
(Supplementary Figure 1). The cells in the untreated embryos
have regular round or horseshoe-shaped nuclei at 6 hpf
(Supplementary Figure 1F).

Subcellular morphology change

The morphology changes of the embryonic cells and the
response of the internal organelles inside the embryonic cells
after the loading of the materials were also investigated. TEM
observation of the blastoderm cells of the affected embryos
(Figure 6) demonstrated that the membranes of the envel-
oping cells are disrupted, and the deep-layer cells detach
and have irregular nuclei with condensed chromatins. The
morphology changes of the embryonic cells, especially the
deep layer cells, suggest an apoptosis process. It is known
that the characteristic breakdown of nuclei during apoptosis
comprises collapse and fragmentation of the chromatins,
degradation of the nuclear envelopes, and nuclear blebbing,
which result in the formation of micronuclei.
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Figure 6 Transmission electron microscope images of the blastoderm cells of affected embryos loaded with BSA-MWCNTs (MWCNTs-48 h) at 6 hpf. The membranes of
the enveloping cells were disrupted (A and B).The deep-layer cells detached and had irregular nuclei with condensed chromatins (C).

Note: The white arrow points to corrupted membrane, and black arrow to irregular nucleus. Scale bar, 2 um.

Abbreviations: BSA-MWCNT, bovine serum albumin-functionalized multiwalled carbon nanotube; hpf, hours postfertilization.

Conclusion

Given the various promises and potentials of nanotechnol-
ogy and its applications, evaluation of the potential hazards
related to exposure to nanomaterials and their products has
become an emerging area in toxicology and health risk
assessment.?® The novel properties of engineered nano-
materials may lead to the potential for different toxicities
compared with bulk material.”® Nanotoxicology is thus
emerging as an important subdiscipline of nanotechnology.®
The study of the interaction between nanostructures with
biological systems emphasizes much on the relationship
between the physical and chemical properties of nano-
structures with induction of toxic biological responses.*
When it comes to in vivo testing systems, the interactions
of nanostructures with biological components, such as
proteins and cells, are extremely complicated.’"*> When a
certain toxicity profile of testing nanomaterials is observed,
care should be taken with specific parameters of the tested
samples. A small change in one step can always make a big
difference in the bioproperties of the prepared nanomate-
rial samples. The present study highlights the importance
of sample characterization and suggests that length plays
an important role in the in vivo toxicity of functionalized
carbon nanotubes.
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Supplementary figure

Figure S1 Representative transmission electron microscopy graphs of the nucleus of the blastoderm cells of the embryos loaded with FITC-BSA-MWCNTs at one-cell
stage (A-E) and untreated control (F) at 6 hpf. Embryos loaded with FITC-BSA-MWCNTSs had irregular shape of nucleus and some micro-nucleus structure also appeared
in treated embryos (see white arrow in C), while cells of the untreated embryos had regular round or a horse-shoe shaped nucleus at 6 hpf. Scale bar is | m in A, B and

C,and 2 umin D, Eand F.

Abbreviations: FITC-BSA-MWCNT, fluorescein isothiocyanate-labeled bovine serum albumin-functionalized multiwalled carbon nanotube; hpf, hours postfertilization.
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