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Abstract

®
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Carboxylated multi-wall carbon nanotube (MWCNT-COOH) presents unique properties due to
nanoscale dimensions and permits a broad range of applications in different fields, such as bone
tissue engineering and regenerative medicine. However, the cytocompatibility of MWCNT-
COOH with human stem cells is poorly understood. Thus, studies elucidating how MWCNT-
COOH affects human stem cell viability are essential to a safer application of nanotechnologies.
Using stem cells from the human exfoliated deciduous teeth model, we have evaluated the
effects of MWCNT-COOH on cell viability, oxidative cell stress, and DNA integrity. Results
demonstrated that despite the decreased metabolism of mitochondria, MWCNT-COOH had no
toxicity against stem cells. Cells maintained viability after MWCNT-COOH exposure.
MWCNT-COOH did not alter the superoxide dismutase activity and did not cause genotoxic
effects. The present findings are relevant to the potential application of MWCNT-COOH in the

tissue engineering and regenerative medicine fields.

Supplementary material for this article is available online
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1. Introduction

The carbon nanotube is considered one of the most important
nanomaterials (NM) known to man. Notably, the multi-wall
carbon nanotube (MWCNT) has attracted immense attention
due to its chemical stability, thermal and electrical conductivity,
mechanical strength, high surface area, flexibility, capillarity,
lightweight, and bioactivity [1-3]. Modification of MWCNT

0957-4484/22/065101+14$33.00

with carboxyl group is one of the widely used approaches to
increase their bioactivity. These appealing properties make them
potentially adequate for the biomedical field and other industries
[4-6]. They have also been utilized for imaging, bioengineer-
ing, tissue regeneration, and regenerative medicine [4-7].
MWCNTs have been used to construct biosensors and vectors
for drug and gene delivery [8—10] and are promising vectors for
nano-vaccinology [11]. Nanoscaffolds have been developed
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utilizing MWCNT due to their capacity to enhance the polymer
mechanical strength and electrical conductivity in neuronal and
bone tissue repair studies [12, 13].

Even though MWCNTSs hold great promise for various
applications for biomedicine, nanoscale confers a higher
reactivity to NMs because they present a high surface area.
Thus, when in contact with biological systems, NMs may
cause toxicity [14]. Then, nanotoxicity is a critical factor that
limits nanotechnology. There is a consequent increase in the
release and exposure of carbon nanotubes since they are the
most widely used NM. Carbon nanotubes can enter cells via
membrane adsorption, phagocytosis, pinocytosis, and endo-
cytosis [15]. Once into the cells, they can cause various cel-
lular responses that lead to toxicity. As examples, these NMs
might induce reactive oxygen species (ROS), inducing
apoptosis and DNA damage [2]. Consequently, animal and
human exposition due to technologies using carbon nanotubes
are more significant [16, 17].

Recently investigators have examined the effects of dif-
ferent MWCNTs on mammalian stem cells. Song et al [18]
demonstrated that MWCNT was toxic for bone mesenchymal
stem cells in rats. Mia et al [19] found that the acid-functio-
nalized single-walled carbon nanotubes stimulated ROS
production on bone marrow-derived hematopoietic stem cells.
Mooney et al [20] showed that MWCNT decreased the cell
viability of human mesenchymal stem cells. Nevertheless,
Das et al [21] registered that MWCNT-COOH was cyto-
compatible for canine mesenchymal stem cells. According to
Kroustalli and Deligianni [22], the MWCNT induced human
mesenchymal stem cell proliferation. Therefore, a gap still
needs to be filled with studies that examine the cytocompat-
ibility of MWCNTs in human stem cells. In addition, we need
to expand our current knowledge in this field.

Stem cells from human exfoliated deciduous teeth
(SHED) are multipotent cells that can self-renew and differ-
entiate into several phenotypes. These cells have been
regarded as critical for cell therapy in the field of regenerative
dentistry and medicine. In this context, controlling the fate of
stem cells is one of the most studied tissue engineering issues.
For this purpose, the MWCNT-COOH can enhance stem cells
interactions for tissue regeneration as a culture substrate.
Previous studies have shown that carbon nanotubes can
increase the substrate surface roughness interacting with
extracellular matrix proteins, such as fibronectin and vitro-
nectin [23], increasing tissue regeneration capacity.

Moreover, stem cells are widely used for toxicological
screening because of their sensitivity to potential toxicants.
The higher sensitivity of stem cells than somatic cells is
related to their capacity to differentiate in vitro into multi-cell
types under defined conditions. They are unspecialized and
more sensitive to environmental stimuli so that traditional
cytotoxicity assays can generate highly informative data [24].
Therefore, stem cells and their responses to the in vitro
environment in which they are growing can serve as windows
to understand the potential effects of NM with potential
biotechnological applications.

Thus, the investigation of the effect of MWCNT-COOH
on SHED cells could provide new evidence for safer and

better use of MWCNT-COOH as platforms for tissue engi-
neering and regenerative medicine, in addition to expanding
our current knowledge in this field.

This work investigated whether the MWCNT-COOH
affects viability, oxidative metabolism, and DNA integrity
using SHED cells as a stem cell model. For this purpose, we
synthesized and characterized MWCNT-COOH via Fourier
transformed infrared (FTIR), Raman, atomic force micro-
scopy (AFM), transmission electron microscopy (TEM),
dynamic light scattering (DLS), and zeta potential (ZP)
techniques. The cell metabolism and cytotoxicity were tested
by light microscopy, thiazolyl blue tetrazolium blue (MTT),
flow cytometry, and superoxide dismutase (SOD) activity
assays. The genotoxicity was analyzed via a micronucleus
test. We demonstrate for the first time that MWCNT-COOH
is cytocompatible with SHED cells. The results provide new
insights into the safer use of MWCNT-COOH in the tissue
engineering and regenerative medicine fields.

2. Materials and methods

2.1. Materials

Dulbecco’s Modified Eagle Medium-F12 (DMEM-F12),
trypsin-EDTA, propidium iodide (IP), cytochalasin 3 (cyto (),
thiazolyl blue tetrazolium blue (MTT), SOD assay kit, cyclo-
phosphamide, methyl methanesulphonate, and Giemsa were
purchased from Sigma-Aldrich, USA. The fetal bovine serum
(FBS) and penicillin-streptomycin antibiotics were acquired
from LGC Biotechnology, Brazil. Phosphate-buffered saline
(PBS) was purchased from Gibco Laboratories, UK.

2.2. Synthesis of MWCNT-COOH

The MWCNT synthesis was made via the floating catalytic
chemical vapor deposition technique, using Al,O;—Co-Fe to
catalyze the process. After the synthesis, the MWCNTSs were
heated at 400 °C for 50 min under atmospheric conditions to
eliminate amorphous carbon structures. Then, MWCNTSs were
treated with HCI for 24 h to reduce the Fe,O5 and Co,05 to less
the 1% of the carbon content. After, the MWCNT surface was
functionalized with carboxyl (-COOH) groups through nitric/
sulfuric (3:1) acid oxidation for 2—4 h. This process also
eliminates more Fe and Co content, and only traces of these
metals remain. Several centrifugations in water suspensions
were made to remove the acids of MWCNT-COOHs and reach
a neutral pH (6.5-7.0). Then, the MWCNT-COOHs were dried
for 12 h. The obtained MWCNT-COOHs showed 8%—10% of
carboxyl group concerning the carbon content, purity >93%,
presented <2% of other structures, and <5% of contaminants
from the synthesis.

2.3. Characterization of MWCNT-COOH

2.3.1. Chemical analysis of MWCNT-COOH. To chemically
characterize the MWCNT-COOH, we performed two
complementary techniques. First, we executed the FTIR
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spectroscopy, and for that, we obtained the absorption spectra
in the infrared region on a Bomem FT IR MB-102
spectrometer (Bomem, Canada). The absorptions occurred
in a wavelength range from 3000 to 500 cm ™', utilizing KBr
tablets previously desiccated at 500 °C. Second, we captured
the Raman spectra on a Bruker Senterra spectrometer (Bruker,
USA). A dry sample of the MWCNT-COOH was put on a
microscope slide and submitted to a 632.8 nm laser at 10 mV
potency for 15 s. Acquisitions were made 20 times with a
spectral resolution of 3-5 cm™ ', in a 50x objective. The
experiments were conducted in triplicates.

2.3.2. Morphological evaluation of MWCNT-COOH. Images
of TEM and AFM were obtained for morphological evaluation
of the MWCNT-COOHs. TEM images were taken on a Tecnai
G2-20 microscope (FEI Company, USA) at a 220 kV voltage
and 3 mm spot size. Copper grids Holey Carbon was used for
the deposition of the MWCNT-COOHs samples. For that, one
drop of a mother solution was diluted in 5 ml of deionized
water. The new suspension was submitted to a 5 min ultrasound
bath, and a drop was put on the copper grid. After, the grid was
left for drying in an incubator at 70 °C for 12 h. We acquired
AFM images of a dry sample of MWCNT-COOHs on a
Nanosurf EasyScan 2 microscope (Nanosurf Instruments,
Swiss) via intermittent mode. The resultant images were
utilized to define the diameter of the nanomaterial using
ImageJ (Wayne Rasband) software.

2.3.3. Dynamic Light Scattering and ZP evaluation. To get
insights into how MWCNT-COOHs behave in an aqueous
medium and its net charge, DLS and ZP analysis of suspensions
containing MWCNT-COOHs at 0, 0.1, 1, 10, 50, 100 ug ml~!
were determined on a Malvern 3000 Zetasizer NanoZS
(Malvern Instruments, UK). The chosen NM concentrations
are close to a realistic exposure (up to 100 zg ml™') and have
been used in previous works [25-29]. Furthermore, all
concentrations of MWCNT-COOHs were freshly prepared in
three types of aqueous medium: deionized water (pH 7.1),
DMEM-FI12 (pH 6.9-7.1), and DMEM-F12 supplemented with
FBS (10% v/v) (pH 6.9-7.1). The refractive index of MWCNT-
COOH used in DLS analysis was 1.891 [30].

2.4. Cytocompatibility analysis of MWCNT-COOH

2.4.1. Cell culture and co-incubation with MWCNT-COOH.

SHEDs were obtained from Human Genetics and Cell
Therapy Biobank (GENETEC) at the Federal University of
Juiz de Fora. All proceedings were performed as per the
ethical standards of the local ethics committee (CEP/UFJF
No. 003/2011 and CAAE No 27681214.7.0000.5147). The
SHEDs were previously characterized as published in Ferreira
et al [31]. The SHEDs were cultured in a DMEM-F12 growth
medium supplemented with antibiotics (100 U ml~" penicillin
and 100 mg ml~" streptomycin) and FBS (10% v/v). Then,
cells were incubated in a Thermo Scientific Forma Series 3
Water Jacketed CO, incubator (Thermo Scientific, USA), a
humidified atmosphere containing 5% CO, at 37 °C. The
culture medium was changed every 3 d. Subculturing

occurred when around 80% confluence was achieved,
detaching cells by trypsinization. For all cytotoxic and
genotoxic assays, cells were exposed to 0 (control), 0.1, 1,
10, 50, 100 pg ml~' of MWCNT-COOH freshly dispersed in
supplemented DMEM-F12 and incubated for 24, 42, and
72 h. Before cell exposure, the MWCNT-COOH was
dispersed with a UP200S sonicator (Hielscher, Germany)
set in amplitude 75 and cycle 0.5, for approximately 1 min.
All the experiments were conducted in triplicates and repeated
three times unless otherwise stated.

2.4.2. Cell morphology and spreading area analysis. We
analyzed cell morphology and the area of cell spreading in
monolayers through an inverted light microscope. SHEDs
(3 x 10° cells/well) were seeded in a 6-well plate and exposed
to MWCNT-COOH for 24, 48 and 72 h according to ISO 10993-
5 (ISO2009) [32]. Analysis of cell shape and images were taken
on a Zeiss PrimoVert inverted microscope (Carl Zeiss, Germany).
Cell perimeter was manually measured using ImageJ (Wayne
Rasband). This app feature generated the cell area automatically.
The sample size for each treatment was n = 100 and included a
minimum of five different observation fields.

2.4.3. Mitochondrial activity analysis. Cells (3 x 10° cells /
well) were seeded in a 96-well plate and exposed to MWCNT-
COOHs for periods of 24, 48, and 72 h. After the exposure, the
growth medium was removed, and cells were washed with 1x
PBS three times to remove the excess of NM that could interfere
with the absorbance reading. After, 200 ul of DMEM-F12
containing MTT (stock solution 5 mg ml~") (10% v/v) was
added to each well. Cells were incubated for 4 h at 37 °C in 5%
CO, humidified atmosphere. Afterward, the MTT solution was
discarded, and 200 pl of acid isopropyl alcohol was added. The
plate was incubated for 1 h at 37 °C. Then, acid isopropyl alcohol
was resuspended to dissolve the formazan crystals. Absorbance
was measured at 570 nm in a Varioskan Flash Multimode Reader
spectrophotometer (Thermo Scientific, USA).

2.4.4. Oxidative stress analysis. The SODs are antioxidant
enzymes that protect cells against oxidative stress. According
to the manufacturer’s instructions, the SOD activity was
determined via a spectrophotometric method using a SOD
assay kit (Sigma-Aldrich, USA). Briefly, cells (5 X 10% cells /
well) were seeded in a 96-well plate and exposed to
MWCNT-COOHs for 24, 48 and 72 h. After the exposure
time, the growth medium was removed, cells were washed
three times using 1 x PBS for MWCNT-COOHs removal and
trypsinized. Then, cells were collected by centrifugation at
2000 g for 10 min, 4 °C, washed twice with 1 ml of 1x PBS,
and centrifuged under the same conditions. Supernatants were
discarded, and cells were lysed by the freezing and thawing
method. Pellets were resuspended in 100l 1 x PBS.
Afterward, 20 ul of the suspension was used to proceed to
assay according to kit instructions. The colorimetric change
was detected using Varioskan Flash Multimode Reader
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spectrophotometer (Thermo Scientific, USA) at 450 nm of
absorbance.

2.4.5. Cell viability analysis. The SHEDs (3 x 10* cells/
well) were seeded in a 6-well plate and exposed to MWCNT-
COOHs for 24, 48 and 72 h. After treatment, the growth
medium was removed, and the cells were washed with 1x
PBS three times and trypsinized. Cells were collected by
centrifugation at 1500 rpm for 5 min Then, the cells were
resuspended in 1x PBS and stained with PI (50 ug ml ™).
The cell suspensions were read in a CytoFLEX S cytometer
(Beckman Coulter, USA). The experiments were performed
in triplicates and repeated three times.

2.4.6. Genotoxicity analysis. The genotoxic potential of
MWCNT-COOHs was determined by micronuclei assay,
according to the Organisation for Economic Co-operation and
Development (OECD) adapted protocol (TG 487) [33]. Two
positive controls were used as clastogenic agents:
Cyclophosphamide (5pug ml™') and Methyl Methane
Sulphonate (3 g ml™"). Besides the negative control (0 ug
ml™! MWCNT-COOH) and MWCNT-COOH treatments
(0.1, 1,5 and 10 ml ml™"). All groups received Cyto § at 3 ug
ml~" during the 24 h exposure, ensuring binucleated cell
formation. Then, cells were washed three times with 1 x PBS,
trypsinized, and centrifuged at 120 g for 5 min. For fixation,
300 pl of KCl1 (0.075 M) was added, followed by another
centrifugation at 1000 rpm for 5 min. Then, the pellet was
resuspended in 100 ul of Carnoy fixer.

Slides were prepared using the smear technique. After air
drying, slides were put under clearing solution (acetic acid
45%) for 10 s and stained with Giemsa (5%) for 10 min
During slide analysis, a total of 500 cells per group were
counted and distinguished between mono, bi, and multi-
nucleated cells to calculate Cytokinesis-block proliferation
index (CBPI). For micronuclei frequency analysis, 2000
binucleated cells per group were counted. The experiments
were performed in triplicates and repeated three times.

2.5. Statistical analysis

Data were analyzed in GraphPad Prism 5.0 (GraphPad Soft-
ware, USA). One-way ANOVA followed by Tukey’s test for
means comparison was applied to cell morphology, cell via-
bility, mitochondrial activity, and oxidative stress data. A
Chi-square test was performed to analyze Micronuclei results.
Differences between groups were considered statistically
significant when p < 0.05. Numerical data are presented as
the mean =+ standard error of the mean.

3. Results and discussion

3.1. Chemical characterization of MWCNT-COOH

Before the biological assays, it is necessary to perform the NM
characterization due to some insights into the NM interaction
mechanisms in biological systems. Therefore, we carried out

the physical-chemical characterization of the MWCNT-COOH
by FTIR, Raman, AFM, TEM and DLS analysis.

In general, carbon nanotubes have a chemical composi-
tion consisting of graphite and impurities intrinsic to the
synthesis process. Consequently, it may present marked
insolubility, hindering its dispersion in the aqueous medium.
Thus, carbon nanotubes tend to form aggregates and may
trigger toxicity when interacting with organisms [34]. Pre-
vious works demonstrate that pristine MWCNTSs are cytotoxic
to rat bone marrow stem cells [18, 35]. Hence, it is usual to
chemically treat carbon nanotubes to promote a more sig-
nificant contact with the atoms and molecules of the fluid and
improve solubility [34]. Thus, carboxylation is used to
modify the MWCNT surface and enhance its dispersion [36].
In the present study, we utilized FTIR and Raman techniques
to characterize the MWCNT-COOHs chemically (figure 1).
FTIR spectra are ranging from 500 to 3000
wavenumber/ cm ! (figure 1(A)). We observed the peaks
1643, 1734 and 1391 cm~!. These values are according to
previous studies [37-40]. The peak seen at 1643 cm™' is
characteristic of vibrations from bonds between carbon atoms
that form the hexagonal net found in graphite sheets that build
carbon nanotubes [37]. The peak at 1734 cm ™' represents the
vibration aspects of a C=0 bond found in carboxyl groups
[39, 41]. The 1391 cm ™' peak stands for the typical vibration
of hydroxyl groups (—-OH), also referring to the functionali-
zation [40]. It is possible to observe two values referring to
the same chemical group (—COOH) since it may be linked to
the carbon nanotube walls in different directions, reflecting
different FTIR readings. The FTIR data confirm, therefore,
the presence of carboxyl groups from the functionalization.

Raman results provided information on the chemical
composition of the MWCNT-COOHs and are presented in
figure 1(B). Raman shifts range from 0 to 3500 cm'. The
peak at 1587 cm™' is the G band and relative to atomic
vibrations of bonds between carbon atoms found in structures
formed by graphite, like carbon nanotubes. The peaks seen at
1323 and 2642 cm ™" are the D and the D’ bands, respectively,
of structural bond distortions from amorphous carbons and
alterations in the hexagonal structure formed by carbons. Our
results agree with those found in the literature showing that
D-bands is at 1320-1370 cm ™' are present in carbon nano-
tube [39, 40]. The chemical characterization of carbon
nanotubes by Raman Spectroscopy is broadly used. However,
most of these spectrum characteristics that differentiate the
graphite structure from the MWCNT structure are not evident.
The G band is related to the vibrations of the carbon atoms of
the graphitic structure (so the band is named G). It is a unique
and intense peak. Single Wall Carbon Nanotubes have a
spectrum containing a G band with two peaks (G+ and G—),
distinguishing these nanotubes of graphite. In turn, the single
G band appearance in MWCNTSs occurs due to the larger and
various diameter sizes formed by the graphite concentric
layers that characterize this type of nanotube [42, 43]. We
also observe a change in Raman intensity in the region of
low-frequency wavelengths (100200 cm™"), which relates to
a radial breathing mode of carbon atoms. Radial breathing
mode is strongly associated with the wider diameter from the
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Figure 1. (a) Carboxylated multi-walled carbon nanotubes (MWCNT-COOH) infrared spectra ranging from 500 to 3000 wavenumber/cm™ .
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The peaks 1643 cm™" of carbon atoms, 1734 cm™" of carbon—oxygen (C=0) bonds, and 1391 cm ™" of hydroxyl groups (~OH) are observed.
The Fourier transformed infrared (FTIR) data confirm the carbon composition of the MWCNT and the functionalization with carboxyl groups
(-COOH). (b) Raman spectroscopy of MWCNT-COOH. Raman shifts range from 0 to 3500 cm™'. The peak at 1587 cm ™" is the G band of
carbon atoms. The peaks at 1323 and 2642 cm ™" are the D and the D’ bands of structural bond’s distortions from amorphous carbons.

Figure 2. (a) Suspensions of carboxylated multi-walled carbon nanotubes (MWCNT-COOH) in water (1 mg ml~ "), (b) transmission electron
microscopy, and (c) atomic force microscopy images of MWCNT-COOHs. Dashed ellipses signal surface irregularities. Scale bar = 100 nm

e 2 pm.

multiple layers of MWCNTs [43-46]. In the present study,
Raman spectroscopy data along with FTIR confirmed the
MWCNT chemical composition.

3.2. Morphological characterization of MWCNT-COOH

The morphology of the MWCNT-COOH was analyzed by
TEM and AFM techniques (figure 2). In figure 2(B), we show
the MWCNT-COOHs through the TEM. We observed the
hollowed nanofiber structures of the MWCNT-COOHs with a
17.7 nm average diameter. Moreover, the MWCNT-COOHs
displayed some surface irregularities indicated by dashed
ellipses. The AFM image contains MWCNTs with their
typical elongated shape (figure 2(C)). The diameter of these
MWCNT-COOHs ranged from 10 to 20 nm.

TEM and AFM results together show that the MWCNT-
COOHs dimensions are in concordance with what was reported
in the literature [47, 48]. The dimensions presented by these
MWCNT-COOHs can contribute to a good viscosity of scaf-
folds since this characteristic is associated with size and height/
length that influence the Brownian motion. Omrani [48] revealed
that an MWCNT-COOH with a lower length/diameter ratio
provides greater viscosity to nanofluids. Suitable viscosity is a
relevant characteristic for tissue bioengineering applications
since it allows the transport of molecules and gases through fluid
materials [49-51]. Therefore, the MWCNT-COOH is a pertinent
NM applicable to the improvement of scaffolds for cell growth.

Additionally, we observed some regions of superficial
irregularities in TEM images, which suggest changes in the
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Table 1. Carboxylated multi-wall carbon nanotube (MWCNT-COOH) average hydrodynamic diameter (nm), polydispersity index (PDI) and

zeta potential (mV) obtained by dynamic light scattering.

Aqueous medium MWCNT-COOH (g ml™")  Hydrodynamic diameter (nm) PDI Zeta potential (mV)
Deionized water 0.1 1575.3 £ 957.0 09 £+ 0.1 02 +09
1 2989.3 £ 309.1 0.5+ 0.1 —14.6 £2.0
10 2562.0 + 477.7 09+02 —12.6 £ 0.8
50 5589.0 £ 1. 551.4 05+04 -21.0+£ 1.0
100 41250 £ 859.3 05+03 —18.1 £0.8
DMEM/FI12 0.1 1198.3 + 257.8 0.6 £0.2 —6.0 £ 0.2
1 1209.7 £ 204.6 0.7 £ 0.1 —122 £ 04
10 2579.3 4+ 3423 04 £0.1 —-9.6 £ 0.7
50 3752.7 £ 395.7 1.0 £0.0 —14.8 £ 0.5
100 2776.3 + 310.5 02 £+ 0.1 —27.8 £ 1.0
DMEM/F12 + FBS 0.1 86.7 + 36.0 03 +£02 -93+02
1 904 £ 345 04 £0.2 —9.8 £+ 1.1
10 62.7 £ 224 0.6 +£0.2 —-11.5£0.9
50 161.2 £+ 54.7 0.8 £0.2 —13.1 £ 0.7
100 2114 + 15.7 09 £+ 0.0 —134 £ 0.6

surfaces of MWCNT-COOHSs. Surface changes can be cor-
related with the intensity of band D seen in Raman
spectroscopy. Wepasnick ef al [44] reported the inter-
relationship between strong oxidants for the addition of
COOHs groups, quantities of these groups linked to the
MWCNT wall, irregularities in the NM surface, and the
existence of amorphous carbons with the intensity of the D
band. Van Trinh et al [34] have already related the increase in
the time of the functionalization process by chemical treat-
ments (acidifiers and oxidizers) that form covalent bonds (like
COOHs bonding on the surface of MWCNTs) with the
increase of superficial alterations and the D band in Raman
spectroscopy. According to Wepasnick et al [44], these irre-
gularities on the NM surface may indicate sites of carboxyl
groups linkage. In concordance with these previous findings,
we can also correlate the TEM data with the strong intensity
of the D band observed in Raman, suggesting the functio-
nalization of the MWCNT.

3.3. DLS and ZP evaluation

We performed the DLS and ZP assays to be aware of the
dispersion behavior and the superficial net charge of the
MWCNT-COOH since these are parameters that can interfere
in the interaction of the NM with the cells. In table 1, we
display the hydrodynamic size, polydispersity index (PDI)
and ZP results. Different MWCNT-COOH concentrations
(0.1, 1, 10, 50, 100 g ml~") were dispersed in three types of
aqueous medium: deionized water, DMEM/F12 and
DMEM/F12 + FBS (10% v/v). This procedure helps to
understand how the molecules that compose the growth
medium can influence the NMs dispersion. We observed that
the hydrodynamic size values were high for all five con-
centrations of MWCNT-COOH when dispersion was in
deionized water (from 1575.3 to 5589.0 nm). The dispersion
results in DMEM /F12 were between 1198.3 and 3752.7 nm,
and therefore, lower than dispersion in deionized water.
However, hydrodynamic size decreased when MWOCNT-

COOHs were dispersed in DMEM/F12 supplemented with
FBS, exhibiting 62.7-211.4 nm. In general, the hydro-
dynamic diameters showed aggregation as a function of
MWCNT-COOH concentration in deionized water and
DMEM/FI12. In these cases, Van der Waals overcome the
repulsive electrostatic forces, leading to different sizes of
MWCNT-COOH aggregates [52]. DMEM/F12 + FBS (10%
v/v) was more effective in dispersing the MWCNT-COOHEs,
providing hydrodynamic sizes smaller than 100 nm. This
higher dispersibility is due to the FBS proteins, mainly
albumin and other culture medium constituents, that influence
the behavior related to aggregation and dispersion of NMs
[53, 54]. Albumin tends to form a protein corona, interacting
electrostatically with carbon nanotubes and free carboxylic
groups. Carboxylation allows bonds with various functional
molecules such as drugs, oligonucleotides, and proteins.
Therefore, the MWCNT-COOHs can be less hydrophobic and
more stable due to the formation of the protein corona [36]. In
the present study, the growth media cell culture was supple-
mented with FBS. Thus, the MWCNT-COOHs should form
smaller aggregates. However, when the analysis of MWCNT-
COOHs concentrations was performed within the same group
of the aqueous medium, we observed that the higher con-
centrations (50 and 100 ug ml~') presented the largest
hydrodynamic sizes. In this case, the aggregates can also be
due to the greater availability of MWCNT-COOHs in the
suspension. Previous findings state that the higher NM con-
centration induces aggregate formation [55-57].

The PDIs of MWCNT-COOH at different concentrations
(0.1, 1, 10, 50, 100 g mlfl) and dispersed in three different
media (deionized water, DMEM/F12 and DMEM/F12 FBS)
varied between 0.2 and 1.0 (table 1). PDI is an estimative of
the average uniformity of a particle solution. Our results show
that most of the treatments had an intermediary polydispersity
level (0.3 > PDI <0.6). The treatments 0.1 and 10 ug ml~!in
deionized water, 1 and 50 ug ml~! in DMEM/F12, and
0.1 pug m™" in DMEM/F12 FBS had a heterogenic dis-
tribution of the hydrodynamic size (PDI > 0.7). The
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Figure 3. Representative inverted light microscopy images of stem cells from human exfoliated deciduous teeth (SHED) morphology in
adherent monolayer culture at concentrations (a) O (control), (b) 0.1, (c) 1, (d) 10, (e) 50 and (f) 100 ug ml ! of carboxylated multi-wall
carbon nanotube (MWCNT-COOHs) after 24 h of exposure. Arrows signalize MWCNT-COOHs aggregates. Magnification: 10x. Scale

bar = 50 pym.

treatments 100 g ml~" in DMEM/F12 and 0.1 ug ml~! in
DMEM/F12 FBS presented a monodispersed population
(=0.3), and therefore, a homogenous size distribution [58].

In table 1, we show the ZP results. All MWCNT-COOH
treatments displayed a negative net charge at pH 7.1. Only
one exception for the concentration of 0.1 g ml~" in deio-
nized water had a ZP of 0.2 £ 0.9 mV. The concentration of
100 ug ml~" MWCNT-COOH suspended in DMEM/F12
(—27.87 mV) is the most stable suspension among the eval-
vated groups. Besides, we observed that the ZP value
declined as the MWCNT-COOH concentration increased. ZP
is an index of the magnitude of electrostatic interaction
between colloidal particles. Furthermore, studies suggest a
change in surface charge and ZP due to functionalization,
indicating that it may cause particles to be more or less
interactive [59]. Therefore, the functionalization confirmed by
FTIR can explain the obtained negative values of the ZP. In
addition, since the surface hydrophilicity of NM is directly
related to their cytocompatibility, we used the ZP measure-
ment to evaluate the electrostatic interaction between
MWCNT-COOHs and water. High ZP values are important
for increasing NM interactions with the water molecules,
reducing their hydrophobicity, and formation of aggregates.
These properties are related to better cytocompatibility of
NMs [59-61]. In the present study, MWCNT-COOH showed
a high ZP value (—27.87 mV) and a particle size between
62.7 and 211.4 nm in DMEM/F12 medium, with fewer
aggregates. We also observed good dispersibility of
MWCNT-COOH in water (figure 2(A)), which indicates
hydrophilicity. The ZP results indicate that the MWCNT-
COOH is electrically charged in the aqueous medium, pre-
venting aggregation by electrostatic repulsion. Therefore,
these DLS and ZP results can impact on good cytocompat-
ibility of the MWCNT-COOH.

Our results agree with other studies that evaluated car-
boxylated carbon nanotubes, non-functionalized, or presented
other functionalization [9, 60, 61]. However, Bai et al [36]
reported ZP values of functionalized carbon nanotubes greater
than —35 mV, while the non-functionalized ones presented
—14 mV. Lee et al [52] had similar results. Therefore, the
variation in the ZPs may be due to the conditions of NMs
synthesis and its contaminants (such as catalysts), pH, func-
tionalizing groups on the surface, growth medium, and other
factors.

3.4. Cytocompatibility analysis of MWCNT-COOH

3.4.1. Cell morphology and spreading area analysis. Optical
microscopy observation was first used to evaluate the cell
morphology and the cell spreading area in monolayer culture.
Figures 3-5 show the results of the cell morphology analysis
after MWCNT exposure for 24, 48 and 72 h. We verified that
SHED cells grew in adherent monolayer and displayed their
fibroblast-like typical morphology and elongated and
fusiform shape, or sometimes a triangular, flattened starry
form [62]. On the other hand, rat bone marrow stem cells
exposed to pristine MWCNTs for the same periods presented
an apoptotic morphology [18].

Figure 6 shows aggregates of MWCNT-COOH in
SHEDs culture. Notably, the most visible and larger
aggregates tend to contact and interact with SHED cells, as
pointed out by arrows. The typical fusiform shape was
maintained in all treatments. Nevertheless, we verified that the
cell spreading area was reduced in some treatments compared
to the control (figure 7).

The reduction of the cellular spreading area occurred after
24 h and 72 h of exposure to higher concentrations (50 and
100 ug ml™") of MWCNT-COOH (p > 0.05). On the other
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Figure 4. Representative inverted light microscopy images of stem cells from human exfoliated deciduous teeth (SHED) morphology in
adherent monolayer culture at concentrations (a) O (control), (b) 0.1, (c) 1, (d) 10, (e) 50 and (f) 100 pug ml~! of MWCNT-COOHs after 48 h
of exposure. Arrows signalize carboxylated multi-wall carbon nanotube (MWCNT-COOHs) aggregates. Magnification: 10x. Scale

bar = 50 pym.

Figure 5. Representative inverted light microscopy images of stem cells from human exfoliated deciduous teeth (SHED) morphology in
adherent monolayer culture at concentrations (a) O (control), (b) 0.1, (c) 1, (d) 10, (e) 50 and (f) 100 pg ml~! of MWCNT-COOHs after 72 h
of exposure. Arrows signalize carboxylated multi-wall carbon nanotube (MWCNT-COOHs) aggregates. Magnification: 10x. Scale

bar = 50 ym.

hand, 48 h exposure decreased cell spreading area in all
treatments (p > 0.05), except for 1 g ml™". This reduction of the
growing cell area in adherent monolayer may be related to the
interaction of MWOCNT-COOH aggregates with the cell
membrane, as we observed in light microscopy (figure 6).
Literature shows that oxidized MWCNTs tend to be adsorbed in
the membrane of vesicles composed of lipid bilayers (cell
membrane-like) and interact with the polar portion of phospho-
lipids [63]. On the other hand, previous studies have shown that
cell morphology changes may be related to the differentiation

process [64—66]. Thus, we can suggest a correlation between the
cell morphology alteration observed in this study and possible
cell differentiation. Also, a previous study revealed that
MWCNT-COOH induced the neural differentiation of human
bone marrow mesenchymal stem cells [67]. However, that
correlation should be better evaluated in future studies.

3.4.2. Mitochondrial activity analysis. Since NM can interfere
in the mitochondrial metabolism of cells, we conducted an
MTT assay to evaluate the mitochondrial activity of SHEDs
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Figure 6. Representative inverted light microscopy images taken in (a) 4x and (b) 40x magnification show stem cells from human exfoliated
deciduous teeth (SHED) growing in adherent monolayer and interacting with aggregates of carboxylated multi-wall carbon nanotube
(MWCNT-COOR) signalized by arrows. Scale bar = 100 e 10 ym.
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Figure 8. Mitochondrial activity analysis via thiazolyl blue tetrazolium blue (MTT) assay (a) 24 h, (b) 48 h, (c) 72 h after stem cells from
human exfoliated deciduous teeth (SHED) treatment with carboxylated multi-wall carbon nanotube (MWCNT-COOH). The experiments
were performed in six replicates and repeated two times. The same letters represent averages that do not differ (p > 0.05) in Tukey’s test.

exposed to MWCNT-COOH. Figure 8 shows that MWCNT-
COOH reduced formazan crystals formation (p < 0.05). This
reduction in a cell exposed to NM indicates less
mitochondrial activity compared to the control group.
Similarly, rat stem cells also presented reduced values after
exposure to 10 g ml~" of non-functionalized MWCNT [18].

Data from the literature report induction of cytotoxicity
by carbon nanotubes via a decrease in mitochondrial activity
in different cell types [26-28]. Previous data revealed that

MWCNT-COOH reduced the mitochondrial activity of
human lung bronchial cells at concentrations of 20, 40 and
100 ;1g m1~" [26]. However, the treatments 0.1 and 1 g ml™"
did not affect the mitochondrial activity of human sperma-
tozoa [27] and concentrations above 250 ug ml~' did not
decrease the mitochondrial activity of mouse lymphoma cells
[68]. Human immortalized T lymphocytes showed no
reduction in mitochondrial activity when exposed to
100 1g ml~" of MWCNT-COOH [28]. Therefore, the cellular
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Figure 9. Oxidative stress analysis was assessed through superoxide dismutase (SOD) activity assay for (a) 24 h, (b) 48 h, (c) 72 h after
SHEDs treatment with carboxylated multi-wall carbon nanotube (MWCNT-COOH). The experiments were performed in triplicates and
repeated two times. The same letters represent averages that do not differ (p > 0.05) in Tukey’s test.

response to MWCNT-COOHs is specific for each cell type
and the exposure conditions.

On the other hand, decreased mitochondrial activity may
indicate a change in cell fate. Zhang et al [69] have reported
that the daughter cell that received older mitochondria during
stem cell division tends to differentiate. However, the cell that
received new mitochondria maintains its stem cell traits.
Thus, it is possible to hypothesize that SHED cells exposed to
MWCNT-COOH decrease their metabolic activity due to
differentiation process induction. Future studies investigating
the osteogenic gene expression and cell mineralization
induced by MWCNT-COOH are needed.

3.4.3. Oxidative stress analysis. As we observed a
mitochondrial activity alteration, and this organelle is
responsible for the production of intracellular ROS [70], we
next asked if MWCNT-COOH induces stress oxidative on
SHED cells. Figure 9 shows no variation (p > 0.05) in SOD
activity in all treatments compared to non-treated cells. The
production of ROS is one of the toxicity mechanisms of NMs
[2]. These free radicals cause lipid peroxidation of the cell
membrane due to the electrostatic interactions between NMs
and cells. Hence, NMs can damage cell membranes, entry and
interact with organelles and biological macromolecules [71].
However, in the present study, we did not observe changes in
the activity of the enzyme SOD, the main antioxidant enzyme
in mammals, responsible for neutralizing superoxide anions,
fighting oxidative stress, and undesirable effects. These data
suggest that the MWCNT-COOH did not alter the redox state
of SHEDs grown in vitro. Demir and Marcos [68] also
reported no change in the percentage of intracellular ROS and
no variations in gene expression markers related to oxidative
stress in mouse lymphoma cells exposed to concentrations of
up to 250 z1g ml~' of MWCNT-COOH for 24 h. On the other
hand, Liu ef al [72] reported a decrease in SOD enzyme levels
in human embryonic lung fibroblasts exposed to MWCNT-
COOH concentrations ranging from 5 to 200 ug ml™" for
24h. Song et al [18] reported that pristine MWCNT
generated more ROS on rat stem cells than functionalized
MWCNTs. Therefore, despite the decreased mitochondrial
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activity, no oxidative stress was observed in SHEDs exposed
to MWCNT-COOH.

3.4.4. Cell viability analysis. We analyzed the cell viability
using a flow cytometry assay, marking cells with propidium
iodide. The results showed that none of the treatments of
MWCNT-COOHs altered cell viability (p > 0.05) when
compared to the non-treated cells (figure 10, supplementary
figures 1-3 (available online at stacks.iop.org/NANO/33/
065101 /mmedia)). Similarly, Wu et al [25] did not observe
cell death in human embryonic kidney cells exposed to
100 zzg ml~' MWCNT-COOH for 24 h. On the other hand,
MWCNT-COOH (50 and 100 g ml~") caused cell death in
undifferentiated human monocytes [29].

3.4.5. Genotoxicity analysis. The micronucleus frequency is
a comprehensive assay for measuring DNA damage and
cytostasis involved in genotoxicity. The micronucleus test
revealed that SHEDs exposed to MWCNT-COOH for 24 h
had no change in the frequency of micronuclei when
compared to the control group (p > 0.05) (table 2). It
suggests that this NM does not lead to genomic damage in
this cell type. According to the studies by Szendi and Varga
[73], human lymphocytes treated with 1 mg ml~' MWCNT
showed no increase in the frequency of micronuclei. On the
other hand, MWCNT induced micronucleus production in rat
lung epithelial cells [74]. A previous study showed that
functionalized and non-functionalized MWCNT also
increased micronuclei frequency in human dermal fibroblast
cells [75]. Thus, considering that micronuclei are a
consequence of the formation of DNA fragments or extra
chromosomes, the results of this study indicate that MWCNT-
COOH did not present genotoxic effects in SHED cells. The
divergence of the present data compared to that reported in
the literature may be related to the fact that different cell types
vary in their metabolic activities, cell surface receptors, and
DNA repair mechanisms [76]. Therefore, the mechanisms of
nanogenotoxicity are also variable among cell types. Besides,
absorption, distribution, metabolism, and toxicity of carbon
nanotubes depend on their physicochemical properties, such
as functionalization, size, aggregation, and purity [77]. The
oxidation and amination for functionalization of MWCNTs
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Figure 10. Cell viability evaluated by flow cytometry with propidium iodide marking for (a) 24 h, (b) 48 h, (c) 72 h of stem cells from human
exfoliated deciduous teeth (SHED) coincubation with O (control), 0.1, 1, 10, 50 and 100 pg ml ! of carboxylated multi-wall carbon nanotube
(MWCNT-COOH). The experiments were performed in duplicates and repeated two times. Averages that do not differ from each other
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Figure 11. Representation of micronuclei assay in stem cells from human exfoliated deciduous teeth (SHED) exposed to (a) O (control) and
(b) 50 ug ml ™! of carboxylated multi-wall carbon nanotube (MWCNT-COOH) for 24 h. Black arrows indicate micronucleus in binucleated
cells, and orange arrow indicate MWCNT-COOH aggregate. Magnification: 20x. Scale bar = 25 pm.

Table 2. Micronucleus frequency and Cytokinesis-block
proliferation index (CBPI) for genotoxicity evaluation of stem cells
from human exfoliated deciduous teeth (SHED) treated with
carboxylated multi-wall carbon nanotube (MWCNT-COOHs) for
24 h. Data are shown as the mean and standard error of the average
frequency of micronuclei. According to the chi-square test,
micronuclei frequency did not differ from the control (p > 0.05).
The experiments were performed in triplicates and repeated two
times, n = 2000.

Treatments MWCNT-COOH CBPI
(ug ml™ ) Micronuclei (%) value (%)
0 (control) 27+ 14 1.59
0.1 73+ 1.8 1.58
1 47 +03 1.60
10 53+28 1.63
50 63+ 1.8 1.58
100 2.6 £0.8 1.60

can reduce metals content from NMs synthesis [78].
Therefore, this may be an additional contributing factor to
the cytocompatibility observed in the present study.

We show the CBPI values in table 2. The CBPI is
calculated based on the number of mononucleated, binu-
cleated, and multinucleated cells found in the slides. A
decrease in this index value indicates a loss in cellular
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functions and/or cell death [31]. This study verified that
CBPI of SHED cells coincubated with MWCNT-COOH for
24h did not differ from the control group (p > 0.05).
Binucleated cells were observed in all treatments, with
micronuclei in some of them (figure 11). Therefore, the
analysis of the CBPI values shows that the cells were in the
process of cell division, confirming cell viability results by
flow cytometry. This result is also in agreement with the
result of the SOD assay, considering that cells cannot be
under oxidative stress for proliferation [70].

4. Conclusions

In conclusion, our findings reveal that MWCNT-COOH has
good cytocompatibility with SHED cells. According to the
experimental conditions, MWCNT-COOH did not change the
area of the cell spreading at low concentrations (0.1, 1 and
10 g ml~") after 24 and 72 h time exposure, except at higher
concentrations (50 and 100 pg ml™'). Despite reducing
mitochondrial activity, the SOD assay showed that MWCNT-
COOHs did not cause oxidative stress in the SHEDs. The
MWCNT-COOH did not decrease the cell viability and did
not cause genotoxicity. Our work evaluated some tox-
icological parameters of MWCNT-COOH in SHED cells,
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providing essential information for future safe applications of
this NM in regenerative dentistry and medicine.
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