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Abstract

Background/Aims: The development of new nanomaterials has been growing in recent
decades to bring benefits in several areas, especially carbon-based nanoparticles, which have
unique physical-chemical properties and allow to take on several applications. Consequently,
the use of new nanomaterials without previous toxicological studies raises concern about
possible harmful health effects. The aim of this study was to investigate the cytotoxic profile of
a new multi-walled carbon nanotube (MWCNT) functionalized with tetraethylenepentamine
called OCNT-TEPA using in vitro assays in murine macrophage cells linage J774 A.1. Methods:
OCNT-TEPA was characterized by transmission electron microscopy (TEM) and high resolution
TEM (HR-TEM), scanning electron microscopy (SEM), zeta potential and dynamic light scattering
(DLS), and its cytotoxic effects were evaluated at 24 and 48 hours by cell viability assays (MTT
and NR), morphology and cell recovery (optic microscopy and clonogenic assay), formation
of reactive oxygen (ROS) and nitric oxide (NO) species, inflammatory profile (IL-6 and TNF
cytokines), mitochondrial membrane potential analysis (MMP), activation of the caspase 3
pathway and cell death (flow cytometry). Results: The data showed a significant decrease in
cell viability, increased production of ROS and NO, alteration of mitochondrial membrane
potential, increased levels of inflammatory cytokines, alteration of cell morphology, activation
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of the Caspase 3 pathway and consequently cell death, in the highest concentrations of OCNT-
TEPA tested in the periods of 24 and 48 hours. Conclusion: The analyses showed that OCNT-
TEPA has a dose-dependent cytotoxic profile, which may be harmful to murine macrophages
(J774 A.1) and may represent a health risk.
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Introduction

Nanotechnology represents a very broad research area and is the latest and most
advanced manufacturing technology on the rise worldwide. It is associated with the
production of a variety of materials on a nanoscale by different chemical and physical
methods. With dimensions below 100 nm, nanostructured materials have a growing interest
in the field of nanotechnology and form the basis of this type of research. Nanomaterials
allow access to various new options of magnetic, electronic, mechanical or optical properties.
Nanotubes belong to a promising group of nanomaterials and currently carbon nanotubes
(CNTs) represent the most important group [1, 2].

CNTs are a class of carbon allotropes with interesting properties, which makes their
use relevant in several areas of nanotechnology [3]. Among its main chemical and physical
properties, the high tensile strength, ultralight weight, special electronic structures and high
chemical and thermal stability stand out. Due to these exceptional properties, scientists
have developed an immense interest in these nanomaterials, which makes them the most
widely explored carbon materials for various applications [1]. A CNT can be as thin as a few
nanometers and as long as hundreds of microns. The structure, length, and number of layers
vary in different shapes. Multi-walled carbon nanotubes (MWCNTSs) consist of a collection of
tubes with increasing diameters ranging from 3 to 30 nm [3].

This study addresses the use of a carbon nanoparticle, called OCNT-TEPA. For its
production, there was the insertion of a surface tetraethylenepentamine (TEPA) ligand after
the nanoparticle was synthesized from an OCNT oxidized MWCNT. The insertion of this
ligand allows the generation of a nanofluid with greater thermal stability, better viscosity,
resistant to high temperatures and salinity. With this modification, it was possible to obtain
more attractive characteristics when considering the application of this nanoparticle, since
nanofluids are widely used in the oil and gas industry [4].

Today, nanotechnology impacts human life every day. In recent decades there has been
the prosperous development and extensive applications of nanomaterials in many fields,
including energy, aerospace, agriculture, industry, biomedicine and others [5]. The potential
benefits are great and diverse, however, due to high human exposure to nanoparticles, there
is significant concern about possible risks to health and the environment. These concerns
led to the emergence of nanotoxicology, which is the study of the potential adverse effects of
nanoparticles [6].

In this context, and based on the scarcity of studies with the nanoparticle OCNT-TEPA,
a concern arises about the consequences that the modification of the carbon nanotube
with the TEPA polymer can bring in terms of toxicity. It is necessary to evaluate possible
undesirable effects, since this functionalization of the carbon nanotube can alter its surface
area, conformation and physical-chemical properties. In view of this, it is important that
the potential cytotoxic effects of OCNT-TEPA be evaluated in biological models. For this, this
study elucidates the cytotoxic profile of OCNT-TEPA when exposed to a lineage of murine
macrophages]774 A.1. Thus, it was possible to identify cellular damage by analyzing oxidative
and inflammatory profiles, in addition to determining which metabolic mechanisms and
pathways may be involved in these processes.

The representative scheme ofthe results delimited in this article is demonstrated in Fig. 1
at the moment when the OCNT-TEPA comes into contact with the J774 A.1 cell. Macrophages,
in the presence of carbon nanotubes, activate defense systems generating an increase in the
production of pro-inflammatory cytokines (IL-6 and TNF). The release of these cytokines
can generate an inflammatory environment causing oxidative and nitrosative stress to cells,
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Fig. 1. Effects triggered by exposure of
OCNT-TEPA in Macrophages ]774. Al.

which leads to the formation of reactive oxygen and nitric oxide species. In addition, the
production of TNF is related to cell death by apoptosis, which also occurs with the presence
of free radicals in the cell. The apoptosis process is also activated by the caspase pathway
(Caspase 3) and any imbalance that occurs in the cell can generate membrane changes and
cellular damage sufficient to reduce the viability of these cells in the presence of OCNT-TEPA.

Materials and Methods

Nanoparticle
The OCNT-TEPA sample was provided by Petrobras (Brazil). According to the manufacturer, the length
of the particles varies between 2-10 um and the diameter between 7 and 20 nm.

Characterizations

The samples were characterized by transmission electron microscopy (TEM) and high-resolution TEM
(HR-TEM) using a Jeol 2100F microscope operating at 200 kV. The TEM sample was prepared by dripping
an aqueous solution onto a carbon and copper grid, and dried at room temperature. Scanning electron
microscopy (SEM) analyzes were performed using the Inspect F50 microscope operated at 5kV. The SEM
sample was prepared by dropping an aqueous solution with the particles onto a silicon substrate. For the
analysis of zeta potential and dynamic light scattering (DLS), the Malvern spectrometer Nano-ZS equipment
was used.

Corona formation

Corona formation on the particles was evaluated through the increase in particle size obtained by DLS
after incubation of the particles with the culture medium. First, the particles were incubated for 24 and 48
h with RPMI medium. These particles were centrifuged and DLS analysis was performed. After this analysis,
the same particles were washed three times in distilled water and the DLS analysis was performed again.

Cell culture

The cell line of murine macrophages J774 A.1 (code 0121) obtained from Rio de Janeiro Cell Bank
(BCR]) was cultivated in RPMI medium (Roswell Park Memorial Institute Medium, Sigma-Aldrich, USA)
supplemented with 10% fetal bovine serum (SFB, LGC Biotechnology) and incubated at 37 °C and 5% CO,,.
The tests were performed with the following concentrations of OCNT-TEPA: 1, 50, 250, 500 and 1000 pg/ml
for 24 and 48 hours.
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Determination of OCNT-TEPA concentrations, MTT cytotoxicity assay, neutral red dye (VN) and EC,,

determination

The cytotoxicity of OCNT-TEPA was evaluated by the colorimetric assay with MTT salt and with the dye
VN (Neutral Red) independently. MTT salt [3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide]
- Sigma-Aldrich, USA) assesses the integrity of mitochondrial function through the formation of formazan
crystals, the higher the crystal production, the greater the cell viability [7]. The VN (Scientific Exodo) assay
is based on dye® accumulation in lysosome membranes, the more viable cells, the greater the diffusion of
the dye by the membrane [8].

Initially, the MTT assay was applied to determine which concentration would be tested based on the
literature that reported that the concentrations of nanoparticles most commonly tested ranged from 1 to
1000 pg/ml [9, 10]. The selection criteria was to use the most toxic and non-toxic concentrations (1, 10, 50,
100, 250, 500, 750 and 1000 pg/ml) between the concentrations initially tested. Concentrations of 1, 50,
250,500 and 1000 pg/ml were selected to perform the study.

In a plate of 96 wells 1x10* cells/well were seeded and exposed to different concentrations of OCNT-
TEPA. After 24 and 48 hours of exposure the wells were washed with PBS 1X (saline phosphate buffer) and
100 pl of MTT solution (0, 5 mg/ml in PBS 1X plus incomplete RPMI medium and without phenol [1:5]) and
100 pl of VN dye (30 pg/ml in DMEM medium supplemented with 1% SBF and without phenol) were added
and the reaction occurred for 4 hours (MTT) and 2 hours (VN) at 37 °C and 5% CO,. The formazan crystals
were solubilized with 100 pl of DMSO (MTT) and for the VN 200 pl test of the diluent containing 50%
ethanol and aceticacid 1% (1:1 1) were added and the reading was performed at 570 nm (MTT) and 540 nm
(VN) in a plate spectrophotometer (Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer). The
MTT absorbance data were used to calculate EC,; (concentration that induces half of the maximum effect).
The percentage of cell viability (MTT and VN) was calculated by comparing the values obtained with the
control mean according to equation 1:

Experimental Group x 100
CTRL group SD

% cytotoxicity =

Cellular morphology by optical microscopy

For the analysis of cell morphology in a plate of 96 wells, 1x10* cells per well were seeded and exposed
to different concentrations of OCNT-TEPA. After 24 and 48 hours of exposure, the wells were washed with
PBS 1X and the morphology was observed in an Optical Microscope Axiovert 40 CFL (Zeiss), with objective
lens 10X, which images were captured with the camera coupled model LOD-3000 (Bio Focus) and analyzed
by future winjoetm software version 2.0 in final resolution of 100X.

Detection of reactive nitrogen species (RNS)

The detection of RNS was made through the Griess Reaction, which assess the indirect production of
nitric oxide (ON) by the production of nitrate ion (NO,) [11, 12]. In a plate of 96 wells were seeded 1x10*
cells/well and exposed to different concentrations of OCNT-TEPA. After exposure time of 24 and 48 hours,
50 pl of antinatant was collected and transferred to a new 96-well plate, followed by the addition of 50 pl
of Griess solution (1:1 mixture of solution A [1% sulfanilamide in 5% phosphoric acid] and solution B
[0.1N-1-naphtilein diamine]) at room temperature for 15 minutes. Absorbance was read at 554 nm with
plate spectrophotometer (Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer). The nitrite
concentration in the supernatant is quantified using the standard curve provided in the kit and the nitrite
concentration is shown in mM.

Detection of reactive oxygen species (ROS)

The detection of ROS production was performed using the DCFH-DA fluorescent probe
(2',7'-Dichlorodihydrofluorescein Diacetate, Sigma-Aldrich, USA). In a plate of 96 wells, 1x10* cells/well
were seeded and exposed to different concentrations of OCNT-TEPA. After exposure of 24 and 48 hours,
the medium was removed, and the DCFH-DA probe (100 mM) was solubilized in RPMI medium without
FBS and without phenol and was added to each well; the reaction occurred for 30 minutes at 37 °C and
5% OF CO, protected from light. Then the wells were washed with PBS 1X. Fluorescence emission reading
was measured at 485-530 nm in spectrophotometer of Spectra MAX 13 VR (Molecular Devices) plates. The
percentage of cell viability was calculated using equation 1.
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Cell recovery

The cell recovery capacity after the proposed treatment was evaluated by the clonogenic assay, which
analyzes the ability of cells to recover through colony formation [13]. In a plate of 6 wells were seeded
1x10?2 cells per well and exposed to different concentrations of OCNT-TEPA. After exposure of 24 and 48
hours, the wells had the medium discarded, were washed with PBS 1X and new culture medium was added.
After 7 days of recovery, with 2 changes of medium, the cells were fixed with methyl alcohol P.A. (absolute
methanol) and dyed with 0.1% violet crystal (diluted in distilled water). The wells were photographed
and the colony count performed in the Software Image] version 1.532. Colony count was also performed
by dilution of colonies with SDS 1% (sodium dodecyl sulfate). Absorbance was read at 570 nm in plate
spectrophotometer (Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer).

Detection of IL-6 and TNF

I1-6 and TNF cytokine levels were measured using the ELISA quantification kit following manufacturer’s
standards (BD Biosciences). In a plate of 24 wells, 5x10° cells/well were seeded and exposed to different
concentrations of OCNT-TEPA for 24 and 48 hours. After the exposure period, the antinatant was collected
and 50 pl from the pool were added to a 96-well ELISA plate, already sensitized with capture antibodies and
blocked with 0% fat milk proteins. Then, the secondary antibody conjugated with the enzyme peroxidase
was added. After 2 hours, the enzymatic substrate TMB (3,30,5,50-Tetramethylbenzidine) was added to the
wells revealing the reaction. The absorbance reading was measured at 450 nm in a plate spectrophotometer
(Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer) and the concentrations were calculated
from a standard curve for each sample provided by the kit.

Mitochondrial membrane potential analysis

Rhodamine 123 is a fluorochrome specific to mitochondrial marking in living cells. Because it is a
cationic fluorochrome is attracted by the high negative electrical potential of the mitochondrial membrane,
incorporating itself inside these organelles, presenting green fluorescence. Changes in the level of
mitochondrial integrity can be detected by increased cytosolic green fluorescence, indicating a diffusion of
Rhodamine 123 from mitochondria to the cytosol [14]. In a plate of 24 wells, 1x10° cells/well were seeded
and exposed to different concentrations of OCNT-TEPA for 24 and 48 hours. After exposure times, the plates
were centrifuged and washed with PBS 1X and 100 pl/well of Rhodamine 123 antibody (5 mg/ml diluted in
ethanol) were added. The reaction occurred for 30 minutes at 37 °C, with 5% CO, and protected from light.
Then, the cells were removed with the aid of a scraper and resuspended in 300 pl of PBS 1X. The reading
was performed in a Flow Cytometer Accuri™ C6 BD Biosciences) with 10,000 events using Flow]Jo™ version
X software (BD Biosciences).

Caspase 3 levels dosage

For the detection of apoptosis via increased caspase-3 activity, the EnzChek ® Caspase-3 Assay Kit
#1 was sown 1x105 cells/well and exposed to different concentrations of OCNT-TEPA for 24 and 48 hours.
After the exposure period, the plaque was centrifuged and the cells were removed with the aid of a scraper
and PBS 1X. Cell extract was lysed with lysis buffer for 30 minutes at -20 °C and centrifuged at 5000 g
for 5 minutes. Then, 50 pl of the antinatant was added to 50 pl of the reagent solution (Z-DEVD-AMC in
reaction buffer) in a 96-well plate. The reaction occurred for 30 minutes at room temperature. Fluorescence
emission was read at 342 - 441 nm in Spectra MAX i3TM (Molecular Devices) equipment.

Cell death by apoptosis

Cell death by apoptosis was identified by means of the Anexin V PE and 7AAD marker detection kit (BD
Biosciences). In a plate of 24 wells, 1x10° cells/well were seeded and exposed to different concentrations of
OCNT-TEPA for 24 and 48 hours. After the exposure period, the plates were centrifuged at 1500 rpm at 4 °C,
washed with PBS 1X and the antibodies PE Anexin V and 7AAd [1:1] (1 ml/well in 1:10 binding buffer) were
added. The reaction occurred for 15 minutes at room temperature protected from light. Subsequently, the
cells were removed with the aid of a scraper and resuspended in microtubes with 300 pl of binding buffer.
The analyses were performed in a flow cytometer (Accuri™ C6 BD Biosciences) with 10,000 events per gate,
using Flow]Jo™ version X (BD Biosciences) software.
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Statistical analyses

The data obtained in this study were expressed on * SD and analyzed using GraphPad Prism 7.0 (San
Diego, California, USA) and sigmaplot software (version 14). The entire study was carried out in at least
two biological triplicates and in two independent experiments. The data were analyzed by the Shapiro-Wilk
test, analysis of variance by the Brown-Forsythe test followed by the analysis with One Way RM ANOVA to
verify the parametric or non-parametric nature of the data. For this, the ANOVA test (variance analysis) was
applied to parametric data and the Tukey multiple comparation scan (the results were presented in mean
and standard deviation). For nonparametric data, the Kruskal-Wallis test and Dunn’s multiple comparison
post-test were used (the results were presented as the median with the upper and lower quartiles: Me [Q1;
Q3]). Statistical significance was established at p <0.05.

Results

Through Fig. 2A it is possible to observe in the SEM images a good uniformity in the
morphologies of the OCNT-TEPA sample. From the TEM image of Fig. 2B, a small dispersion
of the internal diameter of the sample is observed, obtaining an average value of 12.9 +
4.7 nm (Fig. 2D). The OCNT-TEPA was observed in details through HR-TEM images (Fig.
2C), obtaining an average internal diameter value of 4.9 + 1.8 nm (Fig. 2E). Experimentally,
it is difficult to estimate the average length of the particles, since the tangle of nanotubes
ends up overlapping one on the other. However, according to the manufacturer, the length
varies between 2 and 10 pm. The zeta potential values for the particles in the water and
in the culture, medium was -6.74 + 1.21 and -4.93 + 0.82 mV, respectively. These slightly
negative values are related to the presence of carboxylic groups on the surface of the sample,
in addition this small decrease in the zeta potential values may be related to the formation
of corona in the samples, which can lead to their aggregation. To confirm the formation of
corona +on the surfaces of the particles, the sample was incubated with the culture medium
for 24 and 48 hours, and their size was analyzed using DLS technique (Fig. 2F).

Fig. 2. (A) SEM, (B) TEM, and (C) HR-TEM images of the OCNT-TEPA sample. (D) Length and (E) Width size
distribution of the nanoparticles. (F) Particle size variation obtained by DLS after incubation (24 and 48
hours) with the culture medium (RMPI) and after washing with distilled water (RMPI+C).
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For the sample in water, the value obtained was 128 * 11 nm, showing that the even
dispersed material presents an aggregation rate. After 24 and 48 hours of incubation with
the culture medium, a large increase in DLS values is observed, increasing to 694 + 48 and
729 + 88 nm, respectively. Furthermore, after washing with water, the size remains much
larger than the initial size in water, obtaining values of 565 * 38 and 624 + 2 2 nm. This high
stability size increases the evidence of the sample particles aggregation due to the formation
of corona, which agrees with the results obtained in previous work [15]. This excessive
aggregation due to corona formation can significantly alter the physicochemical properties
of the particles, in addition to altering their behavior in a biological environment [16].

Fig. 3 shows cell viability in % of different concentrations of OCNT-TEPA in macrophages
J774 A.1 after 24 and 48 hours exposure periods. Analyzes performed using the MTT assay
showed a significant decrease in cell viability when exposed to 50, 250, 500 and 1000 pg/
ml of OCNT-TEPA in a 24 hours period compared with the control group. Within 48 hours of
exposure, there was also a decrease in viability for concentrations of 250, 500 and 1000 pg/
ml of OCNT-TEPA (Fig. 3A). EC50 was calculated for each concentration and exposure time
(24 and 48 hours) and the results were EC50 24.84 at 24 hours and EC50 30.44 at 48 hours
of exposure (Fig. 3B). Data using VN assay (Fig. 3C) resulted in a significant reduction in cell
viability at concentrations of 250, 500 and 1000 pg/ml of OCNT-TEPA in the periods of 24
and 48 hours of exposure when compared with the control group showing possible OCNT-
TEPA cytotoxicity in macrophages ]774 A.1 from a concentration of 250 pg/ml.

The colony formation test (clonogenic assay) of Fig. 4 showed a significant decrease
in the number of colonies formed (qualitative data), when exposed to concentrations of
250, 500 and 1000 pg/ml of OCNT-TEPA in the intervals of 24 and 48 hours compared to
the control (Fig.4A and B). The data to Fig. 4C indicates the quantification of these colonies
by absorbance reading, after detachment of the colonies from the plates, which showed a
significant decrease in the concentrations of 250, 500 and 1000 ug/ml of OCNT-TEPA for
24 and 48 hours (quantitative data), showing similar results to the analysis of the number
of colonies. As a non-colorimetric test, the clonogenic assay allows us to certify all of our
viability tests.

The cellular morphology of macrophages J774 A.1 after periods of 24 and 48 hours of
exposure to OCNT-TEPA at different concentrations (1, 50, 250, 500 and 1000 pg/ml and
control group) is demonstrated through qualitative data in Fig. 5. The images showed
changes in the cell structure when in contact with the highest concentrations of OCNT-TEPA
(250,500 and 1000 pg/ml), visibly registering a reduce number of cells in the two analyzed
periods in relation to the control. These results corroborate the tests applied to cell viability,
because at the highest concentrations tested, we observed few intact cells, with probable
occurrence of cell lysis.

Fig. 3. Cellular viability of ]774. Al
on exposure to OCNT-TEPA. Data
sampled by (A) MTT, (B) EC50 and
(C) NR in the periods of 24 and 48
hours of exposure. (*) vs. Control
in 24 hours; * p <0.05; ** p<0.01;
p <0,001; p<0.0001. (#) vs. Control
in 48 hours; # p <0.05; ## p<0.01;
##4# p <0,001; #### p<0.0001.
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Fig. 4. Formation of 774 A.1 colo-
nies on exposure to OCNT-TEPA.
Data sampled by (A) Colonies of
cells formed after 7 days of recov-
ery, (B) Number of colonies formed,
(C) Quantification of absorbance of
recovered colonies, in the periods
of 24 and 48 hours of exposure.
(*) vs. Control in 24 hours;
* p <0.05; ** p<0.01; p <0,001;
p<0.0001. (#) vs. Control in 48
hours; # p <0.05; ## p<0.01; ###
p <0,001; #### p<0.0001.

Fig. 5. Cellular Morphology of J774. A1 on exposure to OCNT-TEPA. Cell morphology is represented by opti-
cal microscopy images with a total increase of 100X in the control groups and exposed to concentrations of
1, 50, 250, 500 and 1000 pg/ml of OCNT-TEPA for 24 and 48 hours.

Fig. 6 relates the oxidative stress (ROS) and nitrosative (RNS) pathway and the
inflammatory profile through the cytokines IL-6 and TNEF. Fig. 6 shows the ability of different
concentrations of OCNT-TEPA to induce the formation of intracellular reactive oxygen species
(ROS) in macrophages J774 A.1 using DCF-DA fluorescence as an inducer of intracellular
oxidant production. The periods of 24 and 48 hours of exposure showed a significant
increase in ROS production at concentrations of 250, 500 and 1000 pg/ml of OCNT-TEPA
when compared to the control group. Fig. 6B shows the analysis of nitrosative stress through
the production of nitric oxide (NO) by the Griess reaction in macrophages ]774 A.1 cells
when exposed to OCNT-TEPA concentrations for 24 and 48 hours. There was a significant
increase in 24 hours of exposure for the concentration of 1000 pg/ml and in the period
of 48 hours the increase occurred for the concentrations of 500 and 1000 pg/ml of OCNT-
TEPA. These ROS and RNS production data at the highest concentrations of the nanoparticle
demonstrate the presence of free radicals being formed in macrophages J774 A.1. Fig. 6C
and 6D show quantification data for IL-6 and TNF cytokines, respectively. The production
of IL-6 in macrophages J774 A.1 showed a significant increase at concentrations of 250, 500
and 1000 pg/ml of OCNT-TEPA in the periods of 24 and 48 hours, while the production of
TNF had significant changes in the two periods at concentrations of 500 and 1000 pug/ml
when compared to the control group, demonstrating a possible inflammatory response in
the presence of the highest concentrations of OCNT-TEPA.
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Fig. 6. Analysis of ROS, RNS, IL-6
and TNF in J774 A.1 when exposed
to OCNT-TEPA. (A) ROS production
in %; (B) PRODUCTION of RNS
in %; (C) IL-6 cytokine produc-
tion; (D) TNF cytokine produc-
tion. All data analyzed in 24 and 48
hours of exposure. (*) vs. Control
in 24 hours; * p <0.05; ** p<0.01;
p <0,001; p<0.0001. (#) vs. Control
in 48 hours; # p <0.05; ## p<0.01;
### p <0,001; ###4# p <0.0001.

Fig. 7. Evaluation of mitochondrial
membrane potential (MMP) and
Activation of Caspase3 in ]J774 A.1
exposed to OCNT-TEPA. (A) Quan-
tification of Rhodamine 123(%) to
evaluate MMP; (B) Production of
Active Caspase 3. Data presented
in periods of 24 and 48 hours of
exposure to OCNT-TEPA. (*) vs.
Control in 24 hours; * p <0.05;
** p<0.01; p <0,001; p<0.0001.
(#) vs. Control in 48 hours; # p <0.05; ## p<0.01; ### p <0,001; #### p<0.0001.

The cellular alterations caused by the exposure of OCNT-TEPA at different concentrations
(1, 50, 250, 500 and 1000 pg/ml) and control are demonstrated in Fig. 7 by evaluation
methods of Rhodamine123 and Caspase 3. Changes in mitochondrial membrane potential
(MMP) were detected by analysis of Rhodamine 123 fluorescence in macrophages 774 A.1 at
24 and 48 hours of exposure to OCNT-TEPA, at concentrations of 1,50, 250,500 and 1000 ug/
ml (Fig. 7A) suggesting possibles damage to the mitochondrial membrane of cells. Caspase 3
is responsible for clogging and initiating the degradation of various cellular proteins. The
activation of Caspase 3 is demonstrated in Fig. 7B only in the period of 24 hours of OCNT-
TEPA exposure, highlighting a significant increase in concentrations of 50, 250, 500 and
1000 pg/ml in relation to the control. The 48 hours display interval of OCNT-TEPA showed
no significant data on Caspase 3 production when compared to the control group.

Cell death pathway analyzes were performed by flow cytometry and illustrated by Dot
Plot graphs (Fig. 8). Expressed as % cellular fluorescence, the 7AAD marker was used to detect
late apoptosis/necrosis and Annexin V/PE to mark cells in initial apoptosis after exposure
to OCNT-TEPA from J774 A.1 macrophages for 24 and 48 hours. 7AAD is demonstrated in
quadrant Q1 (late apoptotic/necrotic cells), Anexin V/PE demonstrated in quadrant Q2/
Q3 (initial apoptotic cells) and living cells demonstrated in quadrant Q4 (Fig. 8A). The
histograms are demonstrated by fluorescence peaks of both markers according to each
concentration of OCNT-TEPA analyzed (Fig. 8B). For the 24 hours period of exposure, there is
a progressive increase for both initial apoptosis and late apoptosis/necrosis according to the
increase in concentrations tested, the higher the concentration of OCNT-TEPA, the higher the
fluorescence peak of these markers. Data obtained at 48 hours of exposure showed peaks of
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initial apoptosis up to the concentration of 250 pg/ml and higher peaks of late apoptosis/
necrosis for concentrations of 500 and 1000 pg/ml.

The graphs of Fig. 9 show that in the 24 hours period there was a significant increase
in initial apoptotic cells in concentrations from 50 pg/ml of OCNT-TEPA in relation to
the control. In 48 hours of exposure, only concentrations of 50 and 250 pg/ml presented
significant initial apoptosis (Fig. 9A). In relation to late apoptotic cells/necrosis, there was
a significant increase in groups 50, 250, 500 and 1000 pg/ml of OCNT-TEPA in 24 hours and
250, 500 and 1000 pg/ml in 48 hours (Fig. 9D), when compared with the control group.
These data detail the results presented in the fluorescence peak analyzes for the markers
(Fig. 8B).

In Fig. 9B and 9C the heatmap graphs are demonstrated, presenting the correlation in
the mean amount of initial and late apoptotic cells/necrosis, in 24 and 48 hours of exposure
to OCNT-TEPA, at concentrations of 1, 50, 250, 500 and 1000 pg/ml using the cell line
macrophages J774A.1. The green color represents the minimum value and the red value
obtained from the average number of cells.
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Fig. 8. Analysis of cell death in J774 A.1 exposed to OCNT-TEPA with PE anexin V and 7AAD markers.
(A) Histograms of each concentration in 24 and 48 hours. (B) Fluorescence emission peak charts for initial
and late apoptosis/necrosis.
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Fig. 9. Analysis of cell death in J774 A.1 exposed to OCNT-TEPA. (A) Initial apoptosis in % of each con-
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represents a significant difference. (B) Correlation of the periods of 24 and 48 hours for initial apoptosis.
(C) Correlation of 24 and 48 hours periods for late apoptosis/necrosis. (D) Late apoptosis/necrosis in %
of each concentration in relation to the control for 24 and 48 hours of exposure to OCNT-TEPA. The gray
background represents a significant difference. (*) vs. Control in 24 hours; * p <0.05; ** p<0.01; p <0,001;
p<0.0001. (#) vs. Control in 48 hours; # p <0.05; ## p<0.01; ### p <0,001; #### p<0.0001.

Discussion

The widespread and frequent use of carbon nanomaterials, which make up from industry
to medicine and biotechnology, currently raises concerns about health risks when exposed
to the properties of these materials [17, 18]. These issues make it increasingly important to
develop research to assess the potential toxic effects of nanomaterials before their spread
through the environment [17].

The cellular mechanisms of nanomaterial-induced cytotoxicity are being evaluated
preferably by assays using in vitro models, as they offer greater control over the experimental
variables that occur most frequently in in vivo assays. Carbon nanoparticles are studied in
several cell types, with emphasis on macrophages, which are the most used cells because
they present as the first line of defense of the immune system [17]. Thus, in this study, we
used the macrophage lineage of murine J774 A.1 to perform cytotoxicity tests in the presence
of a functionalized multi-chain carbon nanotube (MWCNT) called OCNT-TEPA.

Several studies using carbon-based nanomaterials have shown some cytotoxic effects,
including increased ROS production, damage to genetic material, alteration of mitochondrial
activity and cell death [19]. The same was observed in the present study in relation to cell
viability analyses using Neutral MTT and Red assays for macrophages ]774 A.1 exposed to
various concentrations of OCNT-TEPA for periods of 24 and 48 hours. There was a significant
reduction in the viability of J774 A.1 in the highest concentrations of OCNT TEPA tested,
indicating possible cytotoxic effects dependent on mitochondrial enzymes, since there was
a decrease in MTT metabolism in cells. Neutral red has the same purpose, but is able to be
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absorbed by living cells and concentrate inside lysosomes for quantification of living cells
[20, 21]. These data corroborate other experiments carried out with MWCNTs using lines
of murine alveolar macrophages (MH-S) and murine peritoneal macrophages (raw264.7),
which showed decreased cell viability in the presence of higher concentrations of MWCNTSs
[22]. Nahle et al. also observed CNT cytotoxicity using rat alveolar macrophages (NR8383)
in cell viability experiments [23].

Cell proliferation analyses through colony formation and microscopy of the morphology
of J774 A.1 confirm the results of cellular viability, since the clonogenic assay analyzes the
long-term recovery capacity of cells after exposure, being considered an useful tool among
cytotoxicity tests by CNTs. Louro et al. analyzed the decrease in the proliferation of different
cell lines when exposed to several MWCNTSs [24]. Cell morphology images also visibly show
a decrease in the number of cells in the highest concentrations of OCNT-TEPA. These results
corroborate studies that used the same OCNT-TEPA nanoparticle in murine fibroblast cells
(LA-9) [15].

Several studies suggest that the contact of nanoparticles with the cellular environment
of macrophages may alter the mechanism of absorption of these cells, such as the presence
of long-chain CNTs, which can induce unsuccessful phagocytosis in macrophages, generating
inflammatory response, increased production of cytokines and ROS [17, 25, 26]. In this
study, the generation of reactive oxygen and nitrogen (ROS/RNS) species in 24 and 48 hours
of exposure to OCNT-TEPA was also evaluated to analyze oxidative/nitric stress in 774 Al.
The results showed a significant increase in nitric oxide (NO) and ROS production in the
two periods tested, but the ROS production in 24 h was even higher when compared to the
results in 48 hours of exposure. The ROS quantification data corroborate the findings by
Sabido et al., who tested CNTs in RAW murine macrophages and observed an increase in
ROS production initially and subsequently decrease in the production of this compound
after exposure for longer periods of CNTs, characterizing oxidative stress as a rapid and
transitory process [27]. Oxidative stress has the ability to trigger and maintain inflammation
mechanisms, generating possible toxic effects on cells, as well as overproduction of ROS can
act directly on biological structures causing damage to cellular functions [27-29].

The induction of oxidative stress in J774 A.1 cells may be related to the presence of
inflammatory cytokines, since the increase in the level of TNF in cells favors the production of
IL-6, contributing to cell death [30, 31]. The analyses indicated an increase in the production
of IL-6 and TNF in J774 A.1 in the presence of OCNT -TEPA in 24 and 48 hours, as well as the
data obtained by Zhang et al., which showed significant production of TNF and IL-6 in RAW
264.7 macrophages, in the presence of functionalized MWCNTSs [17, 32]. In general, IL-6 is
present in various stages of inflammation and can activate ROS pathways through active
oxygen metabolites that will be formed after the production of TNFE. All these steps lead to
the activation of the cellular apoptosis pathways [31, 33].

The effects of OCNT-TEPA in ]J774 A.1 were also investigated in relation to mitochondrial
activity, which is responsible for cell viability and proliferation by evaluating mitochondrial
membrane potential (MMP), characterized by regulating mitochondrial functions. Changes
in macrophage membrane potential were observed when exposed to OCNT-TEPA for 24 and
48 hours from the quantification of Rhodamine 123 (Rh123) present in the samples. These
alterations may also evidence subsequent signaling for cellular apoptosis [34, 35].

Visalli et al. analyzed the MMP of human lung cells when exposed to CNTs and observed
a drop in Rh123 quantification in the period of 1 to 7 days of exposure. Several studies have
reported that CNTs may alter mitochondrial membrane potential through exaggerated ROS
formation, cytochrome C release, and changes in mitochondrial electron chain complexes
[29, 34, 36, 37]. In addition, the release of cytochrome C from the inside of the mitochondrial
membrane triggers a pathway of cellular apoptosis by activating the Caspases pathway [34,
38].

The Caspases pathway is formed by a set of proteases that are activated one by one
during apoptotic signaling [39, 40]. Initially, caspases called initiators (caspases 8, 9 and 10)
are activated, which will later activate effector caspases (caspases 3, 6 and 7), responsible
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for the degradation of proteins important for homeostasis and cellular function, causing the
death of target cells [40-43]. The activation of caspase 3 was analyzed after exposure to
OCNT-TEPA in macrophages J774 A.1 and the result demonstrated induction of caspase 3
only within 24 hours of exposure, suggesting caspase-induced apoptosis 3 under these
conditions. At the end of 48 hours of exposure to OCNT-TEPA there was no activation of
caspase 3 and consequently the apoptosis pathway was not activated. The comparison of
the different parameters obtained between the periods of 24 and 48 hours in this assay may
suggest that in longer exposure periods there is an increase in the damage caused in the cell
membrane. These damages can cause the activation of the signaling cascade that favors cell
death by necrosis [44].

Data from cell death analyses of the present study contribute to a better understanding
of the results discussed to date, since experiments using apoptosis markers reveal that
exposure of the nanoparticle OCNT-TEPA in 24 and 48 hours resulted in apoptosis of
macrophages J774 A.1. This result presents the same pattern of cell death analyses performed
with MWCNT OCNT-TEPA in murine fibroblast cells (LA-9), which demonstrated incidence of
initial apoptosis at the first moment (24 hours of exposure), progressing to late apoptosis or
possible cellular necrosis in longer periods of exposure, or higher concentrations of OCNT-
TEPA, due to the fact that these concentrations present nanoparticle aggregates that can
alter mechanisms of cell death through membrane damage [15, 45].

Conclusion

In general, the results presented in this study suggest a potential cytotoxic effect of OCNT-
TEPA for the macrophage cell line J774 A.1 that depends on the dose and time of exposure.
The analyses showed that concentrations of this nanoparticle generate possible cell death
of ]774 A.1 because of several factors such as high production of cellular oxidative stress,
possible damage to the mitochondrial membrane, inflammatory profile and activation of the
caspases 3 for the purpose of apoptotic signaling, causing a decrease in cell viability. Given
these data, the importance of research that addresses the toxicity of nanoparticles before the
mass use of these nanomaterials in whatever application is indisputable.
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