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Abstract

Carbon nanotubes have been used as scaffolds for tissue engineering. Howev-
er, the identification of these nanomaterials disperses in biological solutions
and their direct interaction with nerve cells is still controversial. The aim of
this work is to characterize the topographic and ultra-structural distribution
of the composite made of multi wall carbon nanotubes-polyvinylpyrrolidone
(MWCNTSs-PVP) deposited on the Helix aspersa neurons and over glass co-
verslip. Scanning Electron Microscopy (SEM) and Confocal Microscopy (CM)
studies were done to analyze the properties of such MWCNTs-PVP compo-
site. The cerebral ganglion of Helix aspersa was treated and incubated with
MWCNTs-PVP, fixing it in paraformaldehyde at 4% and was observed with
SEM and CM. Although the nanotubes were not labeled or stained with fluo-
rescent compounds, the MWCNTs-PVP deposited on glass and on nerve cells,
was observed by the confocal microscope in the reflection mode. In SEM stu-
dies, it was observed that MWCNTs-PVP was attached to the surface on neu-
rons. Moreover, in CM studies, it was possible to observe that MWCNTs-PVP
was attached to the neuronal membrane, crossing the cell membrane and get-
ting into the cytoplasm. These results support the hypothesis that carbon na-
notubes interact with the neuronal cell membrane and can be useful for neu-
ronal tissue engineering. In addition, these results open new alternatives for
toxicological studies, in order to elucidate the cytotoxicity of MWCNTSs-PVP
composite in neurons and other excitable cells.
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1. Introduction

It has been proposed that carbon nanotubes are good scaffolds for cell culture,
tissue engineering and tissue repair [1] [2] [3]. However, there are controversial
reports about the toxicity of carbon nanotubes and the suitability of such nano-
materials as functional scaffolds [4]-[10]. Kim et al. [4] reported that multi wall
carbon nanotubes induced DNA damage and cytotoxicity in male’s human pe-
ripheral blood lymphocytes. Montes-Fonseca et al [5] found cytotoxicity of fun-
ctionalized carbon nanotubes in J774A macrophages. Sachar et al [6] reported a
cytotoxic effect of single wall carbon nanotubes (SWCNTSs) on erythrocytes in
vitro and in vivo. On the other hand, Professor Ballerini and her group made an
elegant work in which they reported that MWCNTs were bio-compatible scaf-
folds for growing neuronal and myocardial mammalian cells [7] [8] [9] [10].
Fabbro et al. [7] [8] found that the adhesion to carbon nanotube conductive sca-
ffolds forced the action-potential appearance in immature rat’s spinal neurons;
these findings allowed them to propose that carbon nanotubes could be used for
neuroregeneration and repair. Recently, Bosi et al [10] reported the elaboration
of 3D nanostructured scaffolds to investigate signaling in reconstructed neuron-
al networks. Moreover, Martinelli et al [9] reported that cardiac myocytes were
cultured in carbon nanotubes’ platforms and these nanotubes improved the car-
diac myocytes’ performance.

Pristine carbon nanotubes have hydrophobic properties and are difficult to di-
sperse in biological aqueous solutions [11]. Polyvinylpyrrolidone (PVP) at dif-
ferent molecular weights, has been used as a dispersant for SWCNTSs as well as
MWCNTSs, based on its non-toxicity and high compatibility with carbon nano-
materials [12] [13] [14] [15]. MWCNTs as well as SWCNT's have been labeled
with fluorescent compounds in order to identify them in isolated cells and tissue
[16] [17] [18] [19]. Shityakov ef al [16] reported that multi-walled carbon nano-
tubes functionalized with fluorescein isothiocyanate, were used to study the blood-
brain barrier’s transport and molecular dynamics. Iancu et al [17] used multi-
walled carbon nanotubes functionalized with human serum albumin and labeled
with fluorescein to enhance the laser’s thermal ablation for the in vitro treatment
of liver cancer. Hao et al [18] reported the fluorescein delivery into plant cells us-
ing magnetic single-walled carbon nanotubes. Chen er al [19] reported the incor-
poration of carbon nanotube-fluorescein conjugates in human ovarian cancer
cells. However, Bosi ef al [10] reported that MWCNTSs without fluorescent stain-
ing were visualized in white-gray color by confocal microscopy under reflection
mode acquisition, allowing the visualization of 3D-PDMS-MWCNT scaffold stru-
cture. Due to the size and morphology of carbon nanotubes and their intrinsic hy-
drophobicity, it has been difficult to identify their direct interaction in aqueous
biological media and with neuronal cell membrane.

In this work, we report an innovative experimental approach to identify
MWCNTs deposited on the cerebral ganglia of the invertebrate Helix aspersa
and over glass coverslip, without fluorescent staining. Based on the large size of
spherical neurons (100 - 150 pm) and the big size of MWCNTs (50 nm outside
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diameter and 10 - 50 pm long), we were able to characterize the topographic and
ultra-structural distribution of the MWCNTSs deposited on the Helix aspersa
neurons and over glass coverslip, by using Scanning Electron Microscopy (SEM)

and Confocal Microscopy (CM) studies.

2. Material and Methods
2.1. Synthesis, Functionalization and Dispersion of MWCNTSs

MWCNTSs were prepared by spray pyrolysis technique developed by Aguilar-El-
guezabal et al [20]. MWCNTSs were grown inside of quartz tubing furnace (Ther-
mo Scientific) working at 800°C, by spray pyrolysis of ferrocene/benzene under
argon flow. Benzene acts as the carbon source (carbon precursor) and ferrocene as
the catalyst. At the final stage of the synthesis, the thermocouple was turned off,
leaving only the argon flow to prevent CNTs from rusting. Once the quartz tube
was cooled down, CNTs were removed by scraping the inner tube with a spatula.
MWCNTSs were obtained with an average diameter of 70 nm and length of 70 -
120 um. They were functionalized by acidic treatment (nitric acid-sulfuric acid at a
concentration of 4 M and at 3:1 proportion). Polyvinylpyrrolidone (PVP-40) from
Sigma-Aldrich was used in this work as a dispersant for MWCNTs in water so-
lution. It was prepared according to the following formulation: 1 g PVP-40/100
mg of MWCNTSs/20 ml of deionized water. With the aim to improve dispersion
and to reduce the size of MWCNTs [21], MWCNTs-PVP stock solution (5 mg/ml)
was sonicated for 60 minutes by using a bath sonicator, Model VWR-50T.
MWCNTSs-PVP were re-suspended in snail ringer solution (SRS) prepared as fol-
lows: (in mM) NaCl, 75; KCl, 5; CaCl,, 10; MgCl,, 5; Glucose, 5; HEPES, 5; pH 7.5.
The final concentration of MWCNTs-PVP was 0.005, 0.05, and 0.5 mg/mL.

2.2. Biological Preparation

The biological preparation used in this work was the cerebral ganglia of the gar-
den snail Helix aspersa [22]. The Helix neurons have a spherical shape, size of 50
to 200 um and more than 90% of Helix neurons have spontaneous electrical acti-
vity; they do not need oxygenation, neither temperature control to keep them
alive. The specimen was anesthetized with ethanol at 1% in SRS and the snail
cerebral ganglia were obtained by microsurgery. The connective tissue that cov-
ers the ganglia was removed by micro-dissection. The ganglia were exposed to
protease type XIV (Sigma-Aldrich) at 1 mg/mL in SRS for 15 min in order to fa-
cilitate the removal of the membrane attached to the nerve cells. The action of
the enzyme was stopped by washing the ganglia three times with SRS. The fine
membrane attached to the neurons was removed with microforceps to expose

the nerve cells (see Figure 1(b)).

2.3. Ultra-Structural Characterization of MWCNTs

Scanning Electron Microscopy (SEM) and Confocal microscopy (CM) studies were
done to study the morphology and topographic distribution of MWCNTs-PVP
composite deposited over a glass coverslip and on the cerebral ganglia of Helix
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(a) (b)

Figure 1. Biological preparation used in this work. (a) is the alive specimen and (b) is

the isolated and dissected cerebral ganglia obtained from the specimen. D, E and F in
red are the identified ganglia of Helix aspersa. 1F and 2F are the identified neurons in
the inserted box. Scale bar represented by the arrow is 200 pum.

aspersa. For the SEM studies, we used a SEM microscope, Model JSM 5800, LV,
with tungsten filament, at a maximum resolution of 3.5 nm, with an accelerating
voltage of 30 kV and with a magnification from 45x to 300,000x. All the samples
studied with SEM (MWCNTs-PVP composite deposited over glass coverslip and
on neurons) were previously treated with gold or silver by the sputtering me-
thod, using a Denton Vaccum Des II device. Samples of MWCNTSs deposited on
glass coverslip and over Helix neurons were studied and observed with a confoc-
al microscope (Leica Microsystems GmbH, Wetzlar, Germany). Several images
were acquired at 23x and 63x of magnification and serial confocal planes (z-
stack) were acquired every 10 - 100 nm across the entire 2D configuration. Re-
constructions of the images were performed offline using the image-processing
package Fiji [23]. MWCNT's were visualized by using the reflection mode prop-
erty of the microscope, during the confocal acquisition. To prepare the MWCNT's-
PVP composite deposited on glass coverslip, we deposited 20 pL of MWCNTs-
PVP at different dilutions (1, 1:10 and 1:100) on a rectangular glass coverslip (7
by 12 mm). The composite was dried at room temperature for 12 h and then, it

was heated for 12 h at 220°C in a convection oven.

2.4. Helix aspersa Neurons Treated with MWCNTs-PVP

MWCNTSs were applied to the cerebral ganglia of Helix aspersa at final concentra-
tions of 0.1 mg/mL in SRS and incubated for 12 hrs. To remove the non-attached
nanotubes, the ganglia were washed two times with SRS. The ganglia were incu-
bated and fixed in Paraphormaldehide at 4% in SRS for 12 h at room tempera-
ture. For SEM studies, after the ganglia were fixed, they were washed two times
with SRS, and then they were deposited on brass porta samples and dried at
room temperature for 12 h. After that, samples were treated with silver by the
sputtering method. In the confocal microscopy studies, cells were stained and
treated as follows: first, cells were permeabilized with 1% Triton X-100 for 30 min;
second, for blocking the unspecific binding, the neurons were treated with 5% fetal

bovine serum (FBS) in PBS blocking buffer for 30 min at room temperature; third,
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the ganglia were incubated for 30 min with DAPI (4’,6-diamidino-2-phenylin-
dole) for staining the nucleous and WGA-A594 (wheat germ agglutinin Alexa
Fluor 594) for staining the cell membrane. DAPI is a green or blue-fluorescent
DNA and it is excited by 405 nm laser line and is commonly used as a nuclear
counter stain in fluorescence microscopy and confocal studies. The wheat germ
agglutinin (WGA) is one of the most widely used in cellular biology lectins. The
conjugated wheat germ agglutinin (WGA) Alexa Fluor 594 (WGA-A594) pre-
sents bright red dye (excitation/emission maximum of approx. 590/617 nm). Fi-
nally, ganglia samples were mounted on glass slide, treated with Vectashield
(Vector Laboratories) and covered and sealed with coverslips of 1 mm thickness.
Upon immunofluorescence staining, Helix aspersa neurons were studied and

observed with confocal microscope.

3. Results and Discussion

Figure 2 shows the topographic distribution of MWCNTs-PVP at dilutions of
1:100 in SRS. It is observed that carbon nanotubes are well dispersed in this
aqueous media and they are not agglomerated at all. This good dispersion of
MWCNTs-PVP was corroborated when this composite was deposited on a glass
coverslip and analyzed with confocal microscopy in the reflection mode. Inde-
pendent nanotubes can be identified and are not aligned and distributed ran-
domly (see Figure 3).

After the Helix aspersa neurons were treated with MWCNTs-PVP composite
for 12 h, in SEM studies, it was observed that the nanotubes were deposited on
the surface of the neurons (Figure 4). Similar topographic distribution of
MWCNTSs-PVP composite was observed in neuronal cells when they were stu-
died with the confocal microscope (Figure 5). In the micrograph presented in
Figure 5, it was possible to observe that MWCNTs (in white-gray color) are at-
tached to the neuronal membrane (stained in red), crossing the cell membrane

and getting into the cytoplasm.

SEI  50kv  x50,000 WD8Omm 100nm

Figure 2. High resolution Scanning Electron Microscopy (SEM) micrograph
to identify the topographic distribution of MWCNTs (0.05 mg/dl in SRS)
applied on a glass coverslip. Magnification x50,000, scale bar 100 nm.
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Figure 3. MWCNTs at 0.05 mg/dl in snail ringer solution de-
posited on glass coverslip and observed with the confocal mi-
croscope in the reflection mode at 460 nm. Scale bar 10 um.

Figure 4. Low resolution Scanning Electron Microscopy micrograph to identify the
topographic distribution of MWCNTs (0.5 mg/dl in SRS) on the surface of Helix
aspersa neurons. Scale bar 20 ym. (a) is at 1000x magnification and (b) is 3000x
magnification.

Our results are in concordance with previous reports, in the sense that func-
tionalized multi wall carbon nanotubes can be dispersible in aqueous solution by
using specific dispersants [11] [12] [13] [14] [15]. Moreover, the results pre-
sented here corroborate the results reported by others [7] [8] [10], because in
these experiments MWCNTs interact with living cells and act as functional scaf
folds for neuronal tissue. An interesting finding reported here, is that it was no
necessary to label the MWCNTs with fluorescent compounds, as it has been done
and has been reported by others [5] [16] [17] [18] [19]. These MW CNT's were well
identified with confocal microscopy studies (see Figure 3 and Figure 5) when the
microscope was used in the reflection mode. This clear identification of MWCNT's
deposited on glass coverslips and over snail neurons, can be explained by two facts.
First, the MWCNT's used in this work were obtained with an average diameter of
50 - 70 nm and length of 50 to 120 pm [20]. Second, the Helix aspersa ganglia have
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Figure 5. MWCNTSs-PVP on Helix aspersa neurons. Neurons stained
with WGA-A594 in red for cell membrane and DAPI in green, for
nucleous. Gray-white color for MWCNTs in the reflection mode. 40x
magnification, with zoom. Scale bar 50 um.

spherical big neurons with a diameter between 50 - 200 pm [22].

It has been reported that MWCNTs interact with the cellular membrane and
have a blocking effect of membrane ion channels in cardiac cells [24] and neu-
ronal cells as well [25] [26]. However, preliminary experiments reported by our
group indicate that the MWCNTs, synthesized by spray pyrolysis, functionalized
with acidic treatment and dispersed by PVP, have low electrical resistance and
are good electro-conductive materials [14] [15]. Therefore, this MWCNT-PVP
composite tested in this work may not block ion currents in neurons. Although
in this work we found that carbon nanotubes have direct interaction with the
neuronal cell membrane and can be useful for neuronal tissue engineering, we
consider that more experimental work is needed in order to elucidate if these
MWCNTSs may modify specific ion channels immersed in the cellular membrane
such as calcium, potassium and sodium channels, which are responsible for the

electrical properties of neurons and other excitable cells.

4. Conclusion

In this work, we report that MWCNTs can be synthesized by spray pyrolysis,
functionalized with acidic treatment and dispersed by PVP. We have demonstrat-
ed that the composite made of multi wall carbon nanotubes-polyvinylpyrrolidone
(MWCNTSs-PVP) has good dispersion properties in aqueous biological media,
such as the snail ringer solution (SRS). Independent carbon nanotubes were
clearly observed in SEM and CM studies, when they were applied on a glass co-
verslip. In addition, here we demonstrate that carbon nanotubes interact and get
attached to the neuronal cell membrane. Therefore, this MWCNTs-PVP compo-

site can act as a good scaffold for neurons in tissue culture.
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