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RESEARCH ARTICLE

New Multi-Walled carbon nanotube of industrial interest induce cell death in
murine fibroblast cells

Krissia Franco de Godoya, Joice Margareth de Almeida Rodolphoa, Patricia Brassolattia,
Bruna Dias de Lima Fragellia, Cynthia Aparecida de Castroa, Marcelo Assisb, Juliana Cancino Bernardic,
Ricardo de Oliveira Correiaa, Yulli Roxenne Albuquerquea, Carlos Speglichd, Elson Longob and
Fernanda de Freitas Anibala

aDepartamento de Morfologia e Patologia, Laborat�orio de Inflamaç~ao e Doenças Infecciosas, Universidade Federal de S~ao Carlos, S~ao Carlos,
Brazil; bDepartamento de Qu�ımica, Centro de Desenvolvimento de Materiais Funcionais, Universidade Federal de S~ao Carlos, S~ao Carlos,
Brazil; cGrupo de Nanomedicina e Nanotoxicologia, Instituto de F�ısica de S~ao Carlos, Universidade de S~ao Paulo, S~ao Carlos, S~ao Paulo,
Brazil; dCentro de Pesquisa Leopoldo Am�erico Miguez de Mello CENPES/Petr�obras, Rio de Janeiro, RJ, Brazil

ABSTRACT
The search for new nanomaterials has brought to the multifactorial industry several opportunities for
use and applications for existing materials. Carbon nanotubes (CNT), for example, present excellent
properties which allow us to assume a series of applications, however there is concern in the industrial
scope about possible adverse health effects related to constant exposure for inhalation or direct skin
contact. Thus, using cell models is the fastest and safest way to assess the effects of a new material.
The aim of this study was to investigate the cytotoxic profile in LA9 murine fibroblast lineage, of a
new multi-walled carbon nanotube (MWCNT) that was functionalized with tetraethylenepentamine
(TEPA) to obtain better physical-chemical characteristics for industrial use. The modifications presented
in the CNT cause concern, as they can change its initial characteristics, making this nanomaterial harm-
ful. HR-TEM, FE-SEM and zeta potential were used for the characterization. Cytotoxicity and cell prolif-
eration tests, oxidative and nitrosative stress analyzes and inflammatory cytokine assay (TNF-a) were
performed. The main findings demonstrated a reduction in cell viability, increased release of intracellu-
lar ROS, accompanied by an increase in TNF-a, indicating an important inflammatory profile.
Confirmation of the data was performed by flow cytometry and ImageXpress with apoptosis/necrosis
markers. These data provide initial evidence that OCNT-TEPA has a cytotoxic profile dependent on the
concentration of LA9 fibroblasts, since there was an increase in free radicals, inflammation induction
and cell death, suggesting that continuous exposure to this nanoparticle can cause damage to differ-
ent tissues in the organism.
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Introduction

Nanotechnology is one of the most promising areas of the
21st century for developing diverse types of materials made
on a nanoscale (1–100 nm). Currently, the applications com-
ing from this area in the most varied industrial sectors,
attract investments that exceed millions of dollars per year
worldwide, and as a result of the growing diversity of nano-
products, an evaluation of its impacts on human beings and
the environment is crucial (Nel et al. 2006; Savolainen
et al. 2010).

The economic and scientific value generated by studies
and applications of nanoparticles (NPs) can increase risks to
living beings and the environment, reaching aquatic and ter-
restrial ecosystems (Patil and Lekhak 2020). The impact on
the environment is highlighted by the large manufacturers
and laboratories that synthesize and study these NPs, as they

are considered as the main sources of product release (Bicho
et al. 2020; Pikula, Chaika, et al. 2020; Zhao et al. 2020)

Studies describe that NPs may be present in the aquatic
environment by means of surface washing, atmospheric sedi-
mentation and direct spills that occur during their synthesis,
application and use, causing the biochemical composition of
microalgae to be compromised and interfering in the levels
of the food chain. (Pikula, Chaika, et al. 2020). This generates
an important field in science that would be to evaluate the
interaction of NPs in biological organisms to obtain safe
standards in the production and use of these nanomaterials,
mimicking the problems faced by nanotechnology and nano-
toxicology (Jeevanandam et al. 2018; Pikula, Chaika, et al.
2020; Pikula, Zakharenko, et al. 2020).

Among the different types of NPs, carbon compounds
stand out for being a versatile element throughout the uni-
verse and, according to their arrangement of atoms, different
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properties and formulations can be developed, such as black
nanoparticles, diamond, graphite, fullerenes, carbon nano-
tubes (CNTs), carbon foams, graphene, carbon spots, fibers,
among others (Hurt et al. 2006; Du et al. 2011; Aqel et al.
2012; Georgakilas et al. 2015; Veloz-Castillo et al. 2020)

Carbon nanotubes (CNTs) can be classified into two main
forms that will differ in structure, length and number of
layers: single-walled CNTs (SWCNTs) and multiple-walled
CNTs (MWCNTs) (DI Cristo et al. 2019; Mohanta et al. 2019).

Since their discovery, MWCNT have attracted much inter-
est due to their excellent physical-active, electrical and mech-
anical properties, also being increasingly used in a wide
range of applications, such as microelectronics, energy stor-
age, biosensors, oil wells and biomedicine (Endo 1988; Iijima
1991; Michael et al. 2013; Prajapati et al. 2020). However,
despite having potential in applications in modern science
and technology (Yuan 2019), some characteristics of their
fibers, such as extreme aspect ratio, low specific density, and
low solubility are worrisome, since that can trigger undesir-
able cytotoxic reactions, as observed for example, in asbestos
fibers (Kobayashi et al. 2017).

In turn, cytotoxicity is related to the interaction of CNTs in
the cellular environment, which in this case occurs in differ-
ent ways (endocytosis, phagocytosis or needle-shaped pene-
tration), which can trigger changes in cell cycle signaling and
regulation (Aschberger et al. 2010; Firme and Bandaru 2010).
The penetration of CNTs through the cell lipid bilayer mem-
brane induces oxidative stress, free radical production, dam-
age to proteins, impairment of genetic material and
inflammation (Clichici et al. 2012; Mohanta et al. 2019;
Prajapati et al. 2020). In addition, from a physicochemical
point of view, this cytotoxicity is directly influenced by the
type of nanoparticle, size, composition, surface charge,
morphology, porosity, aggregation and solubility (Holsapple
et al. 2005; Khan et al. 2019).

The current literature points to some of these toxic char-
acteristics triggered by MWCNTs in different cell (fibroblasts,
macrophages, keratinocytes, and lung cells) in in vitro models
(Mannerstr€om et al. 2016; Binelli et al. 2018). However, the
diversity in the investigated protocols must be taken into
account, such as differences between the type of carbon,
sizes and morpho functional characteristics, concentration
used and also the type of cells evaluated. As a result, it
becomes imperative to highlight the difficulty in comparing
the results found and to clearly demonstrate its effects on
human beings and the environment. Therefore, it is consid-
ered that the use of CNTs in the industrial scope and the
concern related to biosafety increase linearly (DI Cristo et al.
2019; Yuan 2019), and that is why it is essential to make a
careful assessment of the main aspects and possible cellular
interactions of a newly synthesized nanoparticle, for later
inclusion of its market use (Yoksan and Chirachanchai 2008;
Beer et al. 2012; Jain et al. 2012; Torresan and
Wolosiuk 2021).

In the present study, a new carbon nanoparticle of indus-
trial interest, called OCNT-TEPA, will be used, synthesized
from a MWCNT oxidized to OCNT and subjected to the inser-
tion of a tetraethylenepentamine (TEPA) ligand on its surface,

giving rise to OCNT – TEPA. The insertion of this binder had
the intuition to improve some characteristics of the nanopar-
ticle for its application, generating a nanofluid with greater
thermal stability, better viscosity, resistant to high tempera-
tures and salinity, since nanofluids are widely used in the oil
and gas industry (Lima et al. 2018). However, the consequen-
ces caused by the modification with the TEPA polymer is of
great concern because this functionalization of the CNT can
alter conformation, surface area and physic-chemical proper-
ties, making OCNT-TEPA a nanoparticle with the potential to
trigger undesirable toxicity mechanisms. Therefore, this study
presents an exclusive evaluation of the OCNT-TEPA cytotoxic
profile in the LA9 murine fibroblast lineage with acute expos-
ure phase, to identify possible damage through the oxidative
and inflammatory profile, in addition to determining which
metabolic pathways are involved in this process.

Materials and methods

Nanoparticle

The OCNT-TEPA carbon nanoparticle was provided by the
petroleum industry PETROBRAS.

Characterization and potential zeta of OCNT-TEPA

The OCNT-TEPA samples were analyzed by field emission
scanning electron microscope (FE-SEM), using a Supra 35-VP
(Carl Zeiss) operated at 2 kV. The samples were washed with
water three times to remove organic residues, dripped onto
a Si plate and dried at 60 �C. A high-resolution transmission
electron microscope Jem-2100 LaB6 (Jeol) (HR-TEM) with a
voltage of 200 kV acceleration coupled to an INCA Energy
TEM 200 (Oxford) was used to obtain larger magnifications
and to clearly verify the MWCNT samples. The samples were
prepared by ultrasonic dispersion of the MWCNTs samples in
water depositing small amounts in Cu grades coated with
drilled C.

The zeta potential of the OCNT-TEPA) was evaluated using
a Malvern spectrometer Nano-ZS (Marvern Instruments). The
results are presented as mean± SD resulting from three dif-
ferent measurements.

The experimental design is inserted in the Supplementary
Figure 1.

Absorption and fluorescence spectroscopy

The absorption spectroscopy measurements of the OCNT-
TEPA samples were adjusted using the UV-Vis Cary 50
(VarianVR ) double-beam spectrophotometer with a
190–1100 nm spectrum, 1 cm plastic cuvettes and coupled to
a microcomputer. Detection was made from 400 to 800 nm.
The photoluminescent behavior of OCNT-TEPA was evaluated
by fluorescence spectroscopy. Measurements were per-
formed on a Cary Eclipse Spectrofluorometer (Fluorescence
Spectrophotometer – Agilent Technologies), using a 96-well
white plate to reduce cross interference in luminescent
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assays. The acquisitions were made by stimulating the sam-
ples at 450 nm and collecting data from 470 to 800 nm.

Cell culture

The fibroblast cell line LA9 (code 0142) from mouse adipose
tissue obtained from the Rio de Janeiro cell bank (BCRJ), was
grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Sigma-Aldrich, USA) supplemented with 10% fetal bovine
serum (FBS) (LGC Biotechnology) and incubated at 37 �C and
5% CO2. The experimental protocol established was 3 inde-
pendent experiments in and the concentrations of OCNT-
TEPA tested were 1, 50, 250, 500, and 1000mg/ml
for 24 hours.

Determination of concentrations of OCNT-TEPA,
cytotoxicity assay with MTT and EC50 determination

The cytotoxic activity of OCNT-TEPA was evaluated with the
aid of the MTT colorimetric assay (MTT- [3- (4,5-dimethylthia-
zol-2-yl) 2,5-diphenyltetrazolium bromide] – Sigma-Aldrich,
USA) that analyzes the integrity of mitochondrial function
through the production of formazan crystals, proportionally,
the lower the crystal production, the lower the cell viability
(TIM Mosmann 1983). Initially the test was applied to deter-
mine which concentrations would be tested, based on the
literature, which reported that the most studied concentra-
tions for nanoparticles vary from 1 to 1000 mg/ml. The selec-
tion criterion was to use concentrations that proved to be
more toxic and nontoxic among those initially tested (1, 10,
50, 100, 250, 500, 750 e 1000 mg/ml). The concentrations of
1, 50, 250, 500 and 1000 mg/ml were chosen to carry out the
study. In a 96-well plate, 6� 03 cells/well were seeded and
exposed to OCNT-TEPA. After the exposure period, the wells
were washed with PBS (phosphate buffered saline) 1X and
the MTT solution (5mg/ml) was added and the reaction
occurred for 4 hours at 37 �C and 5% of CO2. The formazan
crystals formed were solubilized with 100 ll of DMSO and
the absorbance was measured at 570 nm in a plate spectro-
photometer (Thermo Scientific TM Multiskan TM GO
Microplate Spectrophotometer). From the absorbance data,
the EC50 (concentration that induces half the maximum
effect) was calculated. The percentage of cytotoxicity
occurred by comparing the data obtained with the Control
group according to the equation below:

% cytotoxicity ¼ Experimental group
Control group mean

� 100

LDH (lactate dehydrogenase)

Cytotoxicity damage to the cell membrane was measured
according to the CyQuant TM LDH Cytotoxicity Assay Kit
(Invitrogen). In a 96-well plate, 1� 104 cells/well were seeded
and exposed to OCNT-TEPA for 24 hours. After the exposure
period, the wells were washed with PBS 1X and the super-
natant from each group was collected and 50 mL was added
to a new plate. Then, 50 mL of the reagent solution was

added to each well for 30minutes in the absence of light
and absorbance reading was measured at 490 nm and at
690 nm in a plate spectrophotometer (Thermo Scientific TM

MultiskanTM GO Microplate Spectrophotometer). To deter-
mine LDH activity, the values obtained at 680 nm from
490 nm were subtracted and the % cytotoxicity was calcu-
lated using the formula:

% cytotoxicity

¼ Experimental group � spontaneous LDH activity
Maximum LDH activity � spontaneous LDH activity

� 100

The wells of spontaneous LDH activity contained 10ml of
water and the maximum LDH activity contained 10 ml of
lysis solution.

Clonogenic assay

The evaluation of the capacity of a single cell to form colo-
nies, which demonstrates the ability of cell recovery, after
exposure to OCNT-TEPA occurred according to the adapted
protocol of Franken et al (Franken et al. 2006). In a 6-well
plate 1000 cells/well were seeded and exposed to
OCNT–TEPA for 24 hours. Then, the wells were washed with
PBS 1X and new DMEM was added. After 7 days, the cells
were fixed with methanol and stained with 0.1% violet crys-
tal. Each well was photographed and colonies were counted
using the ImageJ 1.53a software. Plating efficiency was deter-
mined by dividing the number of colonies formed by the
number of cells initially seeded. The survival fraction was
determined by dividing the mean plating efficiency of cells
exposed to OCNT-TEPA by the plating efficiency of the nega-
tive control. After cell counting, 1ml of 1% SDS was added
to the wells for colony solubility and possible quantification.
The absorbance reading was measured at 570 nm in a plate
spectrophotometer (Thermo Scientific TM Multiskan TM GO
Microplate Spectrophotometer).

Cell morphology by optical microscopy

The morphology of LA9 cells was observed after 24 hours of
exposure to OCNT-TEPA using an optical microscope
Axiovert 40 CFL (Zeiss), with a 10X objective lens, whose
images were captured using the coupled camera model
LOD-3000 (Bio Focus) and analyzed by the software Future
WinJoeTM version 2.0 (Schindelin et al. 2012).

Detection of reactive nitrogen species (RNS)

The production of nitric oxide was measured through the
Griess reaction (Green et al. 1982; Saltzman 1954). In a 96-
well plate, 1� 104 cells/well were seeded and exposed to
OCNT-TEPA for 24 hours. After the exposure time the super-
natant from the wells was collected and 50 ll of the super-
natant well pool was added in a 96-well plate and mixed
with 50 ll of Griess reagent (1:1 mixture of solution A [1%
sulfanilamide in acid phosphoric 5%] and solution B [0.1% N-
1- naphthylethylenediamine dihydrochloride]), and
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absorbance was measured at 540 nm in a plate spectropho-
tometer (Thermo Scientific TM Multiskan TM GO Microplate
Spectrophotometer) after 15minutes of reaction at room
temperature. Sodium nitrite was used to construct the stand-
ard curve.

Detection of reactive oxygen species (ROS)

The detection of the production of ROS was performed
through the use of the fluorescent probe DCFH-DA (20, 70-
Dichlorodihydrofluorescein Diacetate) (Sigma-Aldrich) (Wan
et al. 1993). In a 96-well plate, 1� 104 cells/well were seeded
and exposed to OCNT-TEPA. After the exposure period, the
medium was removed from the wells and the DCFH-DA
probe solubilized in DMEM without FBS and without phenol
was added to each well, the reaction took place for
30minutes at 37 �C and 5% CO2 protected from light. After
that, the wells were washed with PBS 1X. The fluorescence
emission reading was measured at 485-530 nm in a Spectra
MAX i3 VR plate spectrophotometer (Molecular Devices). The
percentage of cell viability was calculated using the same
formula applied in the MTT test and described above.

Images of the LA9 cells were also produced with the
DCFH-DA probe using the equipment ImageXpressVR Micro
XL Widefield High Content Screening System by Molecular
DevicesVR ) with a 20X objective lens.

Quantification of TNF-a cytokines

The levels of cytokine TNF-a were measured using the ELISA
quantification kit following the manufacturer’s standards (BD
Biosciences). In a 96-well plate, 1� 104 cells/well were
seeded and exposed to OCNT-TEPA for 24 hours. After the
exposure period, the supernatant was collected and 50 ll of
the pool of the supernatant well were added to a 96-well
ELISA plate, already sensitized with capture antibody and
blocked with milk proteins. Then, the secondary antibody
conjugated with the peroxide enzyme was added and
after 2 hours the enzymatic substrate (3,30, 5,50-
Tetrametilbenzidina, TMB) was added to the wells revealing
the reaction. The absorbance reading was measured at
450 nm in a plate spectrophotometer (Thermo Scientific TM

MultiskanTM GO Microplate Spectrophotometer) and the con-
centrations were calculated from a standard curve for
each sample.

Apoptosis – ImageXpress micro

The analyzes to determine cell death through images were
performed using an automated high resolution epifluores-
cent microscopy system ImageXpressVR Micro by Molecular
DevicesVR equipment. In a 96-well plate, 1� 104 cells/well
were seeded and exposed to OCNT-TEPA for 24 hours. After
the exposure time, the medium has been discarded and the
wells were washed with PBS 1X. The plates were centrifuged
centrifuged at 1500 g and at 4 �C and stained with an
Acridine Orange (AO) and Propidium Iodide (PI) solution
(Sigma-Aldrich) 1:1 ratio for 15minutes at room temperature.

Then, the wells were washed with PBS 1X and DMEM
medium without FBS and without phenol was added. The
images were obtained ImageXpress Micro with 40X objective
lens and FITC and TexasRed filters with image overlay.

Apoptosis – flow cytometry

The identification of cell death by apoptosis and necrosis
occurred using the annexin V (PE and 7AAD) marker detec-
tion kit (BD Biosciences). In a 24-well plate, 1� 105 cells/well
were seeded and exposed for 24 hours to OCNT-TEPA. After
the exposure period, the plates were centrifuged at 1500 g
and at 4 �C and washed with PBS 1X and antibodies PE
Anexin V and 7AAd [1: 1] (1 ml/well in 1:10 binding buffer)
were added. The reaction lasted 15minutes at room tem-
perature protected from light. Then, the cells were removed
with the aid of a scraper and resuspended in microtubes
with 300 ml of binding buffer. Analyzes were performed on a
flow cytometer (AccuriTM C6 BD Biosciences) with 10,000
events per gate using the software FlowJoTM version X (BD
Biosciences).

Statistical analysis

The results were analyzed using GraphPad Prism 7.0 (San
Diego, California, USA) and Sigmaplot software (version 14).
The identification of the discrepant data was performed
through the Grubbs analysis, followed by the distribution of
variables was tested using the normality (Shapiro-Wilk test)
and equal variance (Levene method). For the analysis of mul-
tiple comparisons, one-way ANOVA with Tukey post hoc tests
were used to evaluate the variance between groups for para-
metric data (results were presented in mean and standard
deviation) and nonparametric data, the Kruskal–Wallis test
was used with post hoc Dunn (results were presented as the
median with the upper and lower quartiles: Me [Q1; Q3]).
The statistical significance established is p< 0.05.

Results

Characterization of OCNT-TEPA

The Figure 1 shows the FE-SEM images at 100000X magnifi-
cation. The Figure 1(a) shows OCNT-TEPA without contact
with the culture medium, observing nanotubes with a low
degree of agglomeration and an average diameter of
12.7 ± 3.0 nm. When OCNT-TEPA come into contact with the
culture medium (Figure 1(b–f)), agglomerations of OCNT-
TEPA are observed for all concentrations, being higher with
the increase in the concentration of OCNT-TEPA. In addition,
an increase in the average diameter of the OCNT-TEPA is
observed, which decreases with the increase in the concen-
tration of the OCNT-TEPA (27.3 ± 9.2, 20.6 ± 4.5, 18.0 ± 3.5,
17.4 ± 5.7 and 15.5 ± 4.8 for concentrations of 1, 50, 250, 500,
and 1000 lg/ml). For the concentration of 1000 lg/ml of
CNTs, there is still a compaction of OCNT-TEPA. To comple-
ment the FE-SEM images, HR-TEM images were performed to
confirm the effects of agglomeration and densification of the
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samples due to interaction with the proteins of the culture
medium and subsequent corona formation.

For OCNT-TEPA, a good dispersion is observed among the
OCNT-TEPA samples (Figure 2(a)). In contrast, the aggrega-
tion factor is confirmed by the TEM images for concentra-
tions of 500 and 1000 lg/ml (Figure 2(c,e)). In addition, dark
regions of CNTs densification are observed for both concen-
trations, with greater emphasis on the concentration of
1000lg/ml. These results are in line with those obtained by
FE-SEM. For all samples, it is observed that the OCNT-TEPA
found have more than one layer on their walls, characteriz-
ing them as multi walled (MWCNTs) (Figure 2(b,d,f)). The
internal diameter of the OCNT-TEPA varies between 3.5 and
6.0 nm in all samples, and it is possible to observe the
increase in the total diameter of the OCNT-TEPA when in
contact with the culture medium.

The surface charge of OCNT-TEPA dispersed in different
medium was compared by zeta potential measurements. The
zeta potential of the suspension in water was approximately
�13.3 ± 1.59mV, revealing a negative charged nanoparticle
due to the prevalence presence of carboxyl groups at
MWCNT surface even after TEPA modification. Zeta potential
of OCNT-TEPA in culture medium further confirmed the
decrease of their negative charge due to the corona protein
formation as revealed by microscopies analyses. The zeta
potential values indicated that charge has changed from less
negative �12.5 ± 1.05mV in culture medium to
�9.21 ± 1.24mV in culture medium þ 10% FBS.

Absorption and fluorescence spectroscopy

The absorption and fluorescence spectroscopy of OCNT-TEPA
is shown in Figure 3. In absorption spectroscopy, the spec-
trometer casts a beam of light into the cuvette, collects the
remaining light on the other side, so that we can see which
wavelengths were absorbed or not at a given wavelength.
This analysis then becomes important considering the

objective of checking the fluorescence of OCNT-TEPA, since
to understand the fluorescence spectrum it is also necessary
to understand the absorption spectrum. In the absorption
spectra we observed that the cuvette and the water remain
as a baseline, but analyzing the OCNT-TEPA, we observed
the scattering of the absorption light, with no peak or
absorption bands in this range (400–800 nm) which is in
agreement with this class of nanomaterial (Figure 3(a))
(Shetty et al. 2009; Yang et al. 2016). Analyzing the various
concentrations of the OCNT-TEPA nanoparticle, we observed
that the fluorescence curve pattern did not change com-
pared with water. At higher concentrations the spectrum
decreases their signal due to greater scattering of light that
OCNT-TEPA can induce, decreasing the fluorescence emission
signal (Figure 3(b)).

MTT assay and EC50 determination

The cytotoxicity in % of the different OCNT-TEPA nanopar-
ticle concentrations in LA9 fibroblasts after 24 hours exposure
made by the MTT assay is shown in Figure 4. A significant
decrease in the values obtained related to cell viability was
observed in the concentrations of 250, 500 and 1000 mg/ml
of OCNT-TEPA when compared to the values obtained in the
Control group, which represents a percentage of 45.04, 35.04
and 29.77%, respectively (Figure 4(a)). The EC50 of the OCNT-
TEPA nanoparticle was determined to be 115.5 mg/ml (Figure
4(b)) from the results obtained in the MTT assay.

LDH (lactate dehydrogenase)

The cell viability shown from the measurement of LDH levels
released from the OCNT-TEPA nanoparticle after 24 hours of
exposure is shown in Figure 5. There was a significant
increase in the values obtained in the group exposed to
1000 mg/ml when compared to the Control group, which rep-
resents a percentage of 18.79% (Figure 5(a)). Although there

Figure 1. FE-SEM images at 100000� magnification for (a) pure OCNT-TEPA and at concentrations (b) 1, (c) 50, (d) 250, (e) 500 and (f) 1000lg/ml.
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is no significant difference in the values of the other groups,
it is possible to notice a slight increase in the LDH values
released when analyzing the increase in concentrations.

The correlation between the MTT and LDH tests is
because both complement each other, that is, the concentra-
tion that showed less mitochondrial activity was the same
that increased the release of LDH, which is a membrane indi-
cator disability (Figure 5(b)).

Clonogenic assay

In the colony formation test (qualitative data), the results of
the cell viability test (MTT and LDH) were confirmed and are
shown in Figure 6. A significant decrease in the number of
colonies was observed when exposed to concentrations of
250, 500, and 1000 mg/ml of OCNT-TEPA for 24 hours, com-
pared to the control (Figure 6(a)). The Figure 6(b) reveals

Figure 2. TEM and HR-TEM images for (a, b) pure OCNT-TEPA, and at concentrations (c, d) 500 and (e, f) 1000lg/ml.

Figure 3. Spectroscopy of the OCNT-TEPA nanoparticle. (a) Spectral absorbance of OCNT-TEPA nanoparticle in water. (b) Autofluorescence (AF) emission spectrum
of the OCNT-TEPA nanoparticle in different concentrations.
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that the concentrations of 250, 500, and 1000mg/ml when
quantified, by absorbance reading, after the colonies are
detached from the plate, presented results similar to the
image and the number of colonies (Figure 6(c)). As it is a
non-colorimetric test, it allows us to certify all of our viabil-
ity tests.

Cell morphology

Cell morphology (qualitative data), was observed after
24 hours of exposure to different concentrations of OCNT-
TEPA and is shown in Figure 7. The images demonstrated
some changes in cell morphology when in contact with the
highest concentrations of OCNT-TEPA, registering a smaller
number of viable cells (250, 500, and 1000 mg/ml). When
exposed to low concentrations of OCNT-TEPA, a greater
number of cells is found, but with altered morphology com-
pared to the control. These results corroborate the tests
applied to cell viability, since in the highest concentrations

we observed few whole intact cells, with probable cell
lysis occurring.

Effect of functionalization density on RNS/ROS –
Production reactive nitrogen species (RNS), reactive
oxygen species (ROS) and immune responses

The analysis to detect RNS in % was performed by measur-
ing the production of nitric oxide (NO) by the Griess reaction
in fibroblast cells LA9 exposed to different concentrations of
OCNT-TEPA for 24 hours and is shown in Figure 8(a). There is
a significant difference in the values obtained at concentra-
tions of 500 and 1000 mg/ml of OCNT-TEPA when compared
to the Control. The Figure 8(b) shows the ability of different
concentrations of OCNT-TEPA to induce the formation of
reactive intracellular oxygen species (ROS) in fibroblasts LA9
using DCF-DA fluorescence as an inducer of intracellular oxi-
dant production. The exposure of the concentrations of 250,
500, and 1000 mg/ml of OCNT-TEPA generated significant dif-
ference in ROS production values in % when compared to

Figure 4. Concentration-response of cytotoxicity (%) in fibroblast LA-9 after 24 hours of exposure to different concentrations of OCNT-TEPA nanoparticle. Each ana-
lyzed concentration (1; 50; 250; 500 e 1000 mg/ml); Controlþ (Extran 5%); Control (cellsþmedium). (a) Cell viability (%). (�) vs. Control; �p< 0.5; ��p< 0.01;���p< 0.001; ����p< 0.0001. (b) Demonstration of EC50 values (curves). The results were presented as the median with the upper and lower quartiles: Me
[Q1; Q3].

Figure 5. Response to cytotoxicity concentration (%) of fibroblasts LA-9 in 24 hours of exposure to OCNT-TEPA nanoparticle with LDH. Each analyzed concentration
(1; 50; 250; 500 and 1000 mg/ml); Control (cellsþmedium). (a) Cell viability (%). (b) correlation between the MTT and LDH tests. (�) vs. Control; �p< 0.5 and��p< 0.01. The results were presented as the median with the upper and lower quartiles: Me [Q1; Q3].
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the Control. It was reported by means of images in Figure
8(d), the presence and intensity of production of ROS accord-
ing to each concentration (qualitative data). It is worth men-
tioning that the production of ROS in the largest
contractions of MWCNT ONCT-TEPA remained above the con-
trol levels (100%), that is, the production of ROS generated
an approximate percentage of 1320, 1832, and 1884%,

respectively, for the concentrations of 250, 500, and
1000 mg/ml.

The Figure 8(c) shows the dosage of the pro-inflammatory
mediator TNF-a in response to 24-hour exposure to OCNT-
TEPA in the fibroblast lineage LA9. TNF-a production was sig-
nificantly observed at concentrations of 250, 500, and
1000 lg/ml when compared to the Control.

Figure 6. Effects of exposure to different concentrations of OCNT-TEPA on the formation of fibroblasts LA9 colonies after 24 hours. Each analyzed concentration (1;
50; 250; 500 and 1000mg/ml); Control (cellsþmedium). (a) Colonies of fibroblasts cells after 7 days of recovery. (b) Quantification of absorbance of recovered colo-
nies represented in percentage. (c) Number of colonies. (�) vs. Control; �p< 0.5 and ��p< 0.01. The results were presented as the median with the upper and
lower quartiles: Me [Q1; Q3].

Figure 7. Cell morphology of fibroblast LA-9 24 hours of exposure to different concentrations of OCNT-TEPA: (a) control, (b) 1mg/ml, (c) 50 mg/ml, (d) 250 mg/ml,
(e) 500mg/ml, and (f) 1000 mg/ml.
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Figure 8. Effects of different concentrations of OCNT-TEPA exposure on fibroblasts LA9 related to RNS, ROS and TNF-a production and images intensity of produc-
tion of ROS after 24 hours of exposure in LA9 cells. Each analyzed concentration (1; 50; 250; 500; and 1000 mg/ml); Control (cellsþmedium). (a) RNS generation in
%; (b) ROS generation in %; (c) Production of TNF-a cytokines; (d) Imagens of intensity of production of ROS. (�) vs. Control; �p< 0.5; ��p< 0.01; ���p> 0.001;����p< 0.0001. The results were presented as the median with the upper and lower quartiles: Me [Q1; Q3].

Figure 9. Demonstrative analysis of LA 9 fibroblasts stained with LA and IP fluorophores 24 hours after exposure to different concentrations of OCNT-TEPA showing
apoptosis/necrosis death through overlapping images obtained using an automated high resolution epifluorescent microscopy system: (a) control, (b) 1 mg/ml, (c)
50mg/ml, (d) 250 mg/ml, (e) 500mg/ml, and (f) 1000mg/ml.
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Apoptosis – ImageXpress micro

The Figure 9 shows the high resolution epifluorescent
microscopy images made with overlapping from the FITC
and TexasRed filters of LA9 cells exposed to different concen-
trations of OCNT-TEPA for 24 hours and stained with acridine
orange, which marks living and dead cells and emits green
and with propidium iodide that marks dead cells in which
the reddish cytoplasm indicates initial apoptosis and the red-
dish nucleus indicates late apoptosis and necrosis. A reduc-
tion in the number of cells at concentrations of 50, 250, 50,
and 1000 mg/ml was observed, in addition to the presence of
necrotic cells stained in red.

Apoptosis – flow cytometry

The characterization of the pathway of death (apoptosis/
necrosis) of the LA9 fibroblasts was carried out after the cells
were exposed to the different concentrations of OCNT-TEPA
for 24 hours. The interaction between OCNT-TEPA and the
cell death pathway was analyzed by apoptosis (early/late)
and necrosis. A panel (qualitative data), containing the pro-
portion of the expression PE Anexina V and 7AAD markers
was assembled for all concentrations tested (control, 1, 50,
250,500, and 1000 mg/ml) (Figure 10(a)) and represent the
histograms according to each concentration analyzed in
24 hours. The Figure 10(b,c) represents each peak of fluores-
cence emission from both markers. For apoptosis (Figure
10(c)), it was observed that at concentration of 250mg/ml
there was a significant increase in expression when com-
pared to the control. The Figure 10(e) shows the results for
the necrosis analysis, which indicates a significant increase
for the 1000 mg/ml OCNT-TEPA concentration compared to
the control. The Figure 10(f) represents the correlation
between apoptosis and necrosis pathways.

Discussion

The evaluation of the cytotoxicity of nanomaterials has been
carried out, in large part, by cell viability assays, mainly in
the acute phase of exposure. These assays can be deter-
mined by several pathways such as mitochondrial activity,
membrane integrity and cell proliferation (Luanpitpong et al.
2014). Currently, many studies with nanoparticles in bio-
logical systems have been reported, since the dispersion of
these materials on micro and nanoscale in the environment
is inevitable (Azari and Mohammadian 2020).

The new carbon nanotube used in this study, was func-
tionalized by the tetraethylpetamine ligand (TEPA) to
improve its physical-chemical characteristics (viscosity, tem-
perature and salinity resistance, stability), making it more
interesting for industrial use. However, the consequences
that this modification in the nanoparticle can generate, in
biological environments, have not been elucidated. The pre-
sent study was the first to test this functionalized nanotube
in a murine fibroblast lineage LA9.

Cellular responses to OCNT-TEPA were assessed by meas-
urements of cell cytotoxicity, oxidative stress, apoptosis and

necrosis. In addition, nontoxic doses of the nanoparticle
were also investigated in order to assess the safety of the
use of these materials. During the characterization of OCNT-
TEPA phenomena of change in size, morphology and surface
charge change were observed. This can occur due to the
interaction of CNTs with the environment, because the
reactivity of CNTs is high and there are numerous biomole-
cules that can interact with them, such as proteins, polysac-
charides, peptidoglycans, lipids, humic acid, etc.(Lawrence
et al. 2016). In this way, the environment in which CNTs are
been used play a fundamental role in observed changes,
with the formation of superficial protein corona in CNTs
being the main factor for the agglomeration and morpho-
logical changes of these nanoparticles (Lynch and Dawson
2008; Cai et al. 2013; Lanone et al. 2013; Zhang et al. 2013)

Analyzes of cell viability of LA9 fibroblasts when exposed
to OCNT-TEPA for 24 hours, showed that at concentrations of
250, 500, and 1000 lg/ml there was a change in viability in a
dose-dependent manner. This data corroborates the findings
by Azari and Mohammadian (2020), who also used the MTT
technique to relate the comparison of cell viability of human
lung cells A549 after exposure to MWCNTs (Azari and
Mohammadian 2020). Studies with human dermal fibroblasts
and NIH 3T3 murine fibroblasts also found a significant
decrease in cell viability when exposed to 50 e 100 lg/ml of
MWCNTs, with human fibroblasts being more sensitive when
in contact with MWCNTs (Zhang et al. 2011). In addition, the
cytotoxic effects observed by exposure to OCNT-TEPA to
MTT assay were also observed during optical microscopy
analysis in the morphology assay.

The MTT assay in that study also determined the EC50
value of 115 mg/ml for OCNT-TEPA. Similarly, Ali-Boucetta
et al. (2011), observed that the reduction in the viability of
fibroblasts cells A549 was 125 mg/ml of MWCNT, being con-
sidered very close to what was determined in our study (Ali-
Boucetta et al. 2011). In contrast, Zhang et al. (2011), demon-
strated in the cell line HeLa after 24 hours of exposure to
MWCNTs, different EC50 values (341.5, 179.8, and 71.8 mg/ml)
for CNTan, CNTir and CNTox (MWCNT with oxidation pre-
pared using deferral methods) (Zhang et al. 2011).

A possible explanation for the different results described
above may be related to the functional groups and the sur-
face area of each CNTs, which are able to modify the inter-
action with the cellular lipid bilayer, which significantly alters
the biocompatibility (such as pharmacokinetics and toxicity)
of the these nanomaterials (Lopez et al. 2004; Sharma
et al. 2019).

Vukovi�c et al. (2009), point out the relationship between
cytotoxicity and decreased proliferative activity of fibroblasts
L929 when exposed to two different types of MWCNTs, one
primary and one functionalized with amino (DETA, TETA,
HAD and PDA) (Vukovi�c et al. 2009). In addition, the high
concentrations of carbon nanotube generate accumulation
of nanoparticles forming clusters, varying the size and mak-
ing these concentrations more toxic, as seen in the OCNT-
TEPA characterization analyzes.

In order to confirm the data from the cell viability, we
used the clonogenic assay, which is considered a useful tool
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in the cytotoxicity of NTCs. Several authors suggest this
methodology within nanotoxicology, as long as an appropri-
ate cell line is used (Herzog et al. 2007; Gellein et al. 2009).
In this study, the use of the murine fibroblasts LA9 strain
was ideal for carrying out the clonogenic assay, since this
cell type grows in the form of colonies. The results of our
study report the great difficulty of fibroblasts proliferation
when exposed to concentrations of OCNT-TEPA for 24 hours.
The same effect occurred in the data obtained by Louro
et al. (2016), who described that all the MWCNTs tested
caused significant decreases in the proliferative capacity of
cells A549, 8 days after exposure (Louro et al. 2016).

It is important to highlight that one of the main causes of
NTC-induced cytotoxicity is oxidative stress (Shvedova et al.
2012; Liu et al. 2013; Yan et al. 2019). The process of cellular
metabolism that occurs in mitochondria naturally generates
ROS that are of great importance for cellular homeostasis,
and can be easily altered by external environmental stress
and consequently produce excessive amounts of ROS that
lead to instability of mitochondrial functions (Xie et al. 2016).
To confirm the mechanism of mitochondrial dysfunction
induced by OCNT-TEPA, the capacity of this CNTto induce
oxidative stress by detecting levels of intracellular ROS
was evaluated.

The production of ROS occurs when carbon nanotubes
are internalized in the cells. At this moment, there is an
increase in ROS levels, which can cause cellular damage,
such as the destruction of the cell structure, break of the
DNA strand and peptide chain and lipid peroxidation, lead-
ing to cell death (Dong and Ma 2015; Hiraku et al. 2016;
Chestkov et al. 2018; Luceri et al. 2018; Dey et al. 2019; Yan
et al. 2019).

As expected, In the present study, an increase in ROS pro-
duction levels was detected in concentrations above 50 mg/
ml of OCNT-TEPA in a dose-dependent manner, as well as in
the study by Azari and Mohammadian (2020), who tested dif-
ferent carbon nanotubes in human A549 lung cells and
observed an increase in ROS production at all concentrations
tested (Azari and Mohammadian 2020). Zhou et al. (2017)
also demonstrated the presence of ROS, using human A549
lung cells in contact with 3 different carbon nanotubes that
produced ROS at a concentration of 20 mg/ml in the 3
MWCNTs (Zhou et al. 2017).

Along with the ROS, the Reactive Nitrogen Species (RNS)
act in the accumulation of damage to the cells, causing
nitrosative stress (Singh et al. 2012). The production of nitric
oxide (NO) alters the cell’s metabolic profile by inhibiting
mitochondrial activity via the cytochrome c oxidase pathway

Figure 10. Analysis of cell death by apoptosis and necrosis in flow cytometry with the PE Anexin V and 7AAD markers. Each analyzed concentration (1; 50; 250;
500; and 1000 mg/ml) and Control (cellsþmedium). (a) Histograms of each concentration. (b, c) Each peak of fluorescence emission. (d, e) Percentage of apoptotic
and necrotic cells. (f) Represents the correlation between apoptosis and necrosis pathways. (�) vs. Control; �p< 0.5; ��p< 0.01; ���p> 0.001; ����p< 0.0001. The
results were presented as the median with the upper and lower quartiles: Me [Q1; Q3].
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(inhibiting its IV complex) and promoting glycolytic activity,
causing cell damage (Almeida et al. 2004; Tauffenberger and
Magistretti 2021). Therefore, the measurement of RNS
through the production of NO, was carried out in this study
to complement the results of ROS since there was produc-
tion of RNS in the LA9 fibroblasts in the concentrations of
500 and 1000 mg/ml of OCNT-TEPA.

Adding to these pathways, there is also evidence of the
involvement of ROS in the extrinsic pathway of apoptosis.
This pathway involves death receptors of the tumor necrosis
factor (TNF) superfamily (Marchi et al. 2012). In the present
study, the measurement of TNF-a was evaluated in LA9 mur-
ine fibroblasts and showed a significant increase for concen-
trations of 250, 500 and 1000 mg/ml of OCNT-TEPA indicating
possible inflammatory levels. Research including several
types of cells, such as macrophages, bronchial and alveolar
epithelia, keratinocytes and fibroblasts, demonstrated that
MWCNT stimulated the production of inflammatory media-
tors, such as TNF-a (He et al. 2011, Schindelin et al. 2012).

In general, there is a correlation between viability data for
mitochondrial activity, oxidative stress and TNF-a pathway, in
concentrations of 250, 500 and 1000 mg/ml of OCNT-TEPA.
Remembering that TNF-a is an apoptosis-mediating cytokine,
the cell death pathway was also evaluated in this study by
flow cytometry using apoptosis and necrosis markers for LA9
fibroblast cells exposed to OCNT-TEPA for 24 hours. The
results showed a high apoptosis index for the concentration
of 250 mg/ml of OCNT-TEPA, which decreased in the concen-
trations of 500 and 1000 mg/ml. On the other hand, the
necrosis marker showed low detection at 250 mg/ml and
increased necrosis at concentrations of 500 and 1000mg/ml
of OCNT-TEPA. This shows us that there is apoptosis in up to
250mg/ml of OCNT-TEPA and in the above concentrations
(500 and 1000 mg/ml) there is cell death due to necrosis.
These data were also observed by Zhou et al. (2017) when
they analyzed the exposure of MWCNT in lung A549 cells
and observed that in the lowest concentrations there was
the presence of apoptosis and in the highest concentrations
there was necrotic cell death. The reduction in apoptosis can
be explained by the aggregation of MWCNT, because in
lower concentrations, where the nanotubes are more dis-
persed, there is a predominance of cell death due to apop-
tosis. When the concentration increases, the aggregates in
the medium increase and this can alter the mechanism of
cell death by rupture of the membrane, causing necrosis of
the cells (Zhou et al. 2017). The complementary images of
the IMAGE XPRESS equipment (Figure 12F) confirm these
data for the LA9 strain.

Considering that the 1000 mg/ml concentration of OCNT-
TEPA in this study presented significant data for necrosis of
LA9 cells, we can correlate this data with the data obtained
by measuring lactate dehydrogenase (LDH), which is an
enzyme present in the cytoplasm of cells and is released into
the cell culture supernatant when the cell membrane breaks.
LDH release characterizes cells in necrosis and was signifi-
cantly increased at the concentration of 1000 mg/ml from
OCNT-TEPA to LA9 (Kumar et al. 2018).

In general, the data presented in this study revealed that
OCNT-TEPA altered the viability of LA-9 at concentrations
above 50 mg/ml, modifying the mitochondria activity of cells
through the overdose of ROS and RSN in these considera-
tions, causing inflammatory activity due to high dosages of
TNF-a and promotes cell apoptosis. However, the extent of
apoptosis was reduced when the concentration of OCNT-
TEPA increased to 1000 mg/ml. This reduction can be
explained by the aggregation of nanotubes, which altered
the mechanism of cell death from apoptosis to rupture of
the membrane, generating necrosis.

Conclusion

The results obtained in the study of the OCNT-TEPA carbon
nanoparticle to determine its biological effect through well-
established cytotoxicity tests on LA9 murine fibroblasts,
show that the analyzed carbon nanotube showed cytotoxic
potential, being dependent on concentration. In general,
there was a reduction in cell viability, damage to the cell
membrane, a decrease in proliferative capacity, an increase
in reactive oxygen and nitrogen species and an inflammatory
profile for a 24-hour exposure period. These analyzes are
extremely important, as this nanoparticle was synthesized for
use in industry, which makes it able to circulate in the envir-
onment and in contact with organisms, can cause irrepar-
able damage.
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