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Abstract

Background/Aims: A new type of nanoparticle, called NP CB-EDA (Black Carbon modified
with ethylenediamine), is commonly used in the oil industry. In the literature, few studies are
found in biological models, making NP-EDA potential cytotoxicity in organisms unclear. As its
large surface area is capable of interacting with the biological system, that interaction could
lead to factors harmful to health. The objective of this study was to investigate the cytotoxic
effect of NP CB-EDA on fibroblasts LA-9 at 24 and 48 hours, at different concentrations of the
nanoparticle (1, 50, 250, 500 and 1000 ug/ml). Methods: NP CB-EDA was characterized by TEM
microscopy and its effect on cell viability (MTT method), cell morphology (optical microscopy),
cell membrane (lactate dehydrogenase release - LDH), oxidative stress pathways (species
levels reactive oxygen, ROS and nitrogen, NOS) and apoptosis/necrosis (flow cytometry) were
evaluated. Results: The results show that NP CB-EDA at concentrations of 500 and 1000 ug/
ml form clusters. The nanoparticle can be absorbed by cells decreasing cell viability. There was
damage to the cell membrane of fibroblasts LA 9, an increase in the production of ROS, NOS
and pro-inflammatory interleukins TNF-a and IL-6; it was also observed an increase in % of
cells in the state of apoptosis in the two periods analyzed, being this response more significant
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in 24 hours, and concentrations of 250, 500 and 1000 pg/ml presenting higher cytotoxicity.
Conclusion: The data suggest that NP CB-EDA in fibroblasts LA9 presents cytotoxic potential,

which is associated with oxidative stress and apoptosis.

© 2021 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Nanostructured materials are widely used in several industrial sectors. Among them
is Carbon Black (CB), with applications in the fields of nanotechnology, oil exploration and
reservoir characterization, in addition to use in medicine, catalysis and environmental
remediation [1].

To facilitate the interaction of the surface of the nanoparticle (NP) with the medium and
to improve their dispensability and compatibility, CB can be bonded to covalent polymers;
for that its surface is sequentially modified with ethylenediamine (EDA) generating the
nanoparticle called CB-EDA [2]. This modification with EDA can completely alter the
biological activity of NP, as it is a combination of modified physical-chemical properties,
making CB-EDA a substance with toxic potential [3].

However, few studies are found in the literature in biological models with the NP CB-
EDA that discuss its application and if the use can be potentially harmful, since its large
surface area can interact with different biological systems. Thus, considering the variety
of applications and the potential exposure of workers and consumers to this NP, it is of
fundamental importance to assess the risks of its cytotoxicity [4].

This leads to the urgent need to understand how NP CB-EDA acts in biological systems,
through in vitro/in vivo analysis, seeking to understand how oxidative pathways, such as the
production of reactive oxygen species (ROS) and reactive nitrogen species (NOS), are related
to synthesis and release of pro-inflammatory molecules, such as TNF-alpha, generating cell
death by apoptosis with release of death markers, such as membrane enzymes and reduction
of cytotoxicity [5-13].

Thus, it is necessary to evaluate the cytotoxic effects of NP CB-EDA in biological models.
Therefore, the aim of this study is to elucidate mechanisms responsible for cytotoxicity
in fibroblast cells lineage LA-9, after exposure to NP CB-EDA, to clarify the relationships
between inflammation, oxidative stress production and apoptosis.

Materials and Methods

Nanoparticle

The NP CB-EDA was provided by the petroleum industry Centro de Pesquisa Leopoldo Américo Miguez
de Mello CENPES/Petrobras, Rio de Janeiro, R], Brazil. PETROBRAS. The experimental design is illustrated in
Supplementary Fig. 1 (for all supplementary material see www.cellphysiolbiochem.com).

Characterization

The morphological and size features of NP CB-EDA samples was examined by transmission electron
microscopy TEM, and high-resolution TEM (HR-TEM) micrographs were performed with a FEI TECNAI F20
(Netherlands) microscope operating at 200 kV. The zeta potential of the NP CB-EDA suspended in water,
DMEM and DMEM + 10% was evaluated using a Malvern spectrometer Nano-ZS (Marvern Instruments). The
results are presented as mean * SD resulting from three different measurements.

Fibroblasts LA9 culture

Fibroblasts of the LA9 lineage of mouse adipose connective tissue from the cell bank of Rio de Janeiro
(BCRJ), code 0142, were used. Cultivation occurred in bottles containing Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma) supplemented with 10% fetal bovine serum (LGC Biotechnology) at 37°C and
with 5% CO,. A protocol was established with 3 independent experiments in biological triplicate with the
following concentrations of the NP CB-EDA modified with ethylenediamine (NP CB-EDA): 1, 50,250 500 and
1000 pg/mL, for 24 and 48 hours.
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Cytotoxicity assay with MTT and EC,,

The cytotoxic activity of NP CB-EDA was evaluated using the MTT colorimetric assay (MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylthetrazolium bromide] -Sigma-Aldrich, USA) (MOSMANN, 1983).
Initially, a preliminary test was performed to determine which concentrations of NP CB-EDA would be
included in subsequent tests, based on the literature, that reported the most studied concentrations for
nanoparticles vary from 1 to 1000 pg / ml [5, 6]. The concentrations of 1, 50, 250, 500 and 1000 pg/ml
were chosen to carry out the study. In a 96-well plate 6x10° cells/well were seeded. After 24 hours for cell
adhesion, concentrations of NP CB-EDA were applied. After the exposure time (24 and 48 hours) a 5 mg/
mL MTT solution was added to each well and the reaction occurred for 4 hours. In 100 pL of DMSO the
formazan crystals produced were solubilized and the absorbance was measured at 570 nm on the plate
spectrophotometer (Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer). The absorbance
values were used to calculate the EC,; (concentration that induces half the effect) and cell viability (% of
cytotoxicity = absorbance of the test groups x 100/absorbance of the control group). The percentage of cell
viability occurred by comparing the data obtained with the control group according to the equation below:

Experimental group x 100

% cytotoxicity =
Average control

Detection of reactive nitrogen species (RNS)

Nitric oxide (NO) production was evaluated using the Griess reaction [14, 15]. In a 96-well plate 1x10*
cells/well were cultured. After 24 hours for cell adhesion, concentrations 1, 50, 250 500 and 1000 pg/mL
of NP CB-EDA were applied. After the exposure times (24 and 48 hours), the supernatant was collected,
then 50 pL were added to a new 96-well plate; 50 pL of the Griess reagent (1: 1 mixture of solution A
[1% sulfanilamide in 5% phosphoric acid) and 50 pL of solution B [0.1% N-1-naphthylethylenediamine
dihydrochloride]) were added followed by incubation for 15 minutes. The absorbance was measured at 540
nm on the plate spectrophotometer (Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer). A
standard curve was constructed with sodium nitrite.

Quantification of IL-6 and TNF-a cytokines

The levels of cytokines IL-6 and TNF-a were measured using the ELISA quantification kit (BD
Biosciences). In a 96-well plate 1x10* cells/well were cultured. After 24 hours for cell adhesion,
concentrations 1, 50,250 500 and 1000 pg/mL of NP CB-EDA were applied. After the exposure time (24 and
48 hours), the pool of supernatant from each group was collected and 50 pL was added to a new 96-well
plate for ELISA. The absorbance was read at 450 nm on the plate spectrophotometer (Thermo Scientific™
Multiskan™ GO Microplate Spectrophotometer). The cytokine concentrations produced were calculated
using a standard kit curve for each sample.

LDH (Lactate dehydrogenase)

Cytotoxicity damage to the cell membrane was assessed by measuring LDH production according to
the CyQuant™ LDH Cytotoxicity Assay Kit (Invitrogen). In a 96-well plate 1x10* cells/well were seeded. After
24 hours for cell adhesion, concentrations of NP CB-EDA were applied. After the exposure times (24 and 48
hours), the supernatant from each group was collected and 50 pL was added to a new 96-well plate. The
reagent solution 50 pL was added to each well for 30 minutes. The absorbance was read at 490 nm and 680
nm on the plate spectrophotometer (Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer). To
determine LDH activity, the values obtained at 680 nm from 490 nm were subtracted and the % cytotoxicity
was calculated using the formula:

(Experimental group—spontaneous LDH activity) x 100
(Maximum LDH activity—spontaneous LDH activity)

% cytotoxicity =

The wells of spontaneous LDH activity contained 10 pL of water and the maximum LDH activity
contained 10 pL of lysis solution.
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Detection of reactive oxygen species (ROS)

The production of reactive oxygen species (ROS) was measured using the fluorescent probe DCFH-DA
(2',7'-Dichlorodihydrofluorescein Diacetate) (Sigma-Aldrich) [16]. In a 96-well plate 1x10* cells/well were
cultured. After 24 hours for cell adhesion, concentrations of NP CB-EDA were applied. After the exposure
times (24 and 48 hours), the DCFH-DA probe diluted in medium for 30 minutes was applied to each well. The
wells were washed with PBS 1X and the fluorescence emission was read at 485-530 nm on the Spectra MAX
i3 ® plate spectrophotometer (Molecular Devices). The values obtained were transformed into percentages
using the same formula previously mentioned in the MTT test.

Clonogenic assay

The capacity of fibroblasts LA 9 to recover (forming colonies) after exposure to NP CB-EDA was
assessed using the clonogenic assay [17]. In a 6-well plate 1000 cells/well were cultured. After 24 hours for
cell adhesion, concentrations of NP CB-EDA were applied. After the exposure times (24 and 48 hours) the
supernatant was removed and discarded and culture medium was added (1mL). After 7 days of recovery,
the cells were fixed with methanol and stained with 0.1% violet crystal. The wells were photographed and
using the Image] 1.53a software [18] colony counts were made. The absorbance reading was measured at
570 nm in a plate spectrophotometer (Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer).

Cell morphology

Fibroblasts LA9 morphology was evaluated after exposure to different concentrations of NP CB-EDA.
In a 96-well plate 1x10* cells/well were seeded. After 24 hours for cell adhesion, concentrations of NP CB-
EDA were applied. After the exposure times (24 and 48 hours), the cell morphology was observed in an
optical microscope Axiovert 40 CFL (Zeiss), which images were captured using the coupled camera model
LOD-3000 (Bio Focus) and analyzed by software Future WinJoe TM version 2.0.

Cell death by apoptosis/ necrosis using the Annexin V marker

Cell death by apoptosis and necrosis was assessed with the annexin V marker using the BD
Biosciences detection kit. In a 24-well plate 1x10° cells/well were cultured. After 24 hours for cell adhesion,
concentrations of NP CB-EDA were applied. After the exposure times (24 and 48 hours), the plates were
centrifuged and washed; then PE Annexin V and 7AAd antibodies (1 pl/well in binding buffer) were added.
The reaction took place for 15 minutes. An Accuri™ C6 BD Biosciences flow cytometer was used for analysis
(gate 10.000 events). Data analysis was made using the software flow]o 10.7.1 (BD Biosciences).

Cell death by apoptosis/necrosis with Acridine Orange and Propidium lodide

Cell death by apoptosis or necrosis was analyzed through an image stained with Acridine Orange
(LA) and Propidium Iodide (IP). In a 96-well plate 1x10* cells/well were cultured. After 24 hours for cell
adhesion, concentrations of NP CB-EDA were applied. After the exposure times (24 and 48 hours), the
supernatant from the wells was removed and 30 pL of LA/IP 0.1% (1:1) pigment were added to each well for
15 minutes. Then the wells were washed and medium was added (1mL). The images were obtained using an
automated high-resolution epifluorescent microscopy system ImageXpress Micro (Molecular Devices) with
a 40-x objective lens and FITC and Texas Red filters with image overlay.

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 tested using the normality (Shapiro-Wilk test) and equal variance
(Levene method). For the analysis of multiple comparisons, Two-way ANOVA with Tukey post hoc tests
were used to evaluate the variance between groups for parametric 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 was p <0.05.
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Results

The analysis of TEM was performed to observe the size of pure CB-EDA nanoparticles, CB-
EDA 500 pg/ml and CB-EDA 1000 pg/ml, as well as their profile of agglomeration, according
to the increase of their concentration in the culture medium (Fig. 1). It was observed for all
samples that there is no change in the size of the individual CB particles, which vary between
13 and 68 nm, with an average size of 48 nm. However, the increase in the concentration of CB
nanoparticles in the culture medium causes them to start to agglomerate, generating dense
regions in specific areas (Fig. 1B, C). The interaction of CB nanoparticles with the culture
medium causes the formation of protein corona on their surfaces, which can change not
only intrinsic characteristics of the nanoparticles, but also their available surface area. [19,
20]. This happens because of the change in the surface charge of the CB nanoparticles in the
culture medium, which becomes more positive, due to the presence of multivalent cations
that are a constituent part of the cell culture medium used [11]. The surface charge of NPCB-
EDA dispersed in different medium was compared by zeta potential measurements. The zeta
potential of the NP CB-EDA in water was approximately -13.3 + 1.59 mV, revealing a negative
charged nanoparticle due to the presence of carboxyl groups at their surface. Zeta potential
of CB-EDA in culture medium further confirmed the decrease of their negative charge due to
the corona protein formation. The zeta potential of CB-EDA changed from highly negative to
-12.5+1.05 mV in DMEM and -9.21 + 1.24 mV in DMEM + 10% FBS.

Fig. 2A and B shows the cell viability and EC, of fibroblasts LA-9 after 24 and 48 hours of
exposure to CB-EDA NP in the groups control, 1, 50, 250, 500 and 1000 pg / ml. Cell viability
decreased significantly in 24 hours in the groups exposed to 250 pg / ml, 500 ug / ml and
1000 pg / ml of CB-EDA NP, when compared to the control group, and in 48 hours in the
groups exposed to 250 pug / ml, 500 pg / ml and 1000 pg / ml of CB-EDA NP, when compared
to the control group. There was no significant difference between the two periods (Fig. 24).
EC,, was calculated according to each concentration and each stimulated time of exposure is
shown in (Fig. 2B). In 24 hours the EC,  was 16.19 pL, and in 48 hours it was 133.9 uL.

The rupture of the membrane is shown on the LDH assay at 24 and 48 hours, after
exposure of different concentrations of NP CB-EDA (1, 50, 250, 500 and 1000 pg/ml) in
fibroblasts LA9 (Fig. 2C). The data shows that there was a significant difference in 24 hours
in the group exposed to 1000 pg/ml when compared to the control group. Within 48 hours
there was a significant difference in the concentrations of 50 pg/ml and 1000 pg/ml, when
compared to the control group.

In Fig. 2D, it is observed the colony formation test (clonogenic assay) of the control
group and the groups exposed to NP CB-EDA 1.50, 250, 500 and 1000 pg/ml in 24 and 48
hours. The decrease in the number of colonies was observed both in 24 and 48 hours at
concentrations of 250, 500 and 1000 pg/ml of the NP CB-EDA, when compared with the

Fig. 1. Characterization of NP CB-EDA: TEM images of NP CB-EDA in Dmen medium: A) pure CB-EDA, B)
CB-EDA 500pg/mL and C) CB-EDA 1000ug/mL samples.
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control group (Fig. 2E). The concentrations of 500 and 1000 pug/ml showed similar number
of colonies compared to the control group (Fig, 2F). As a non-colorimetric test, it helps to
certify the feasibility of the other tests performed.

Fig. 2. Cell viability via MTT assay and EC50, LDH release and cell morphology. Viability cell: MTT (A and
B) and EC50 and LDH (C). Data are shown at 24 hours (in black) and 48 hours (in red) in the control groups
and exposed to concentrations of 1, 50, 250, 500 and 1000 pg/mL of NP CB-EDA. (D) the formation the colo-
nies of fibroblasts cells after 7 days of recovery after 24 hours of exposure of NP CB-EDA. (E) Quantification
of absorbance of recovered colonies represented in percentage (F) number of colonies (qualitative data).
* (p <0.05) vs Control in 24 hours. & (p <0.05) vs Control in 48 hours. ND (not detected).
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Fig. 3A shows the morphology of the fibroblasts LA-9 after exposure to NP CB-EDA in
the groups control, 1, 50, 250, 500 and 1000 pg / ml. It is possible to observe in the images
a decrease in the size and in the number of the cells in 24 hours as in 48 hours in the groups
treated with 250ug / mL, 500ug / mL and 1000 pg / ml, when compared to the control
group. (Fig. 3A).

Fig. 4A shows the production of NO detected by the Griss reaction after exposure of
different concentrations of NP CB-EDA (1, 50, 250, 500 and 1000 pg/ml), with a significant
difference in the period of 24 hours, when the cells were exposed to concentrations of 500
ug/ml and 1000 pg/ml; it was possible to observe an increase in the production of NO in
both concentrations when compared to control. In the 48 hours period, there is a significant
difference when the cells were exposed to concentrations of 500 pg/ml, where it was possible
to observe an increase in the production of NO in both concentrations.

Fig. 4B shows the production of reactive oxygen species (ROS) in the control group and
in the groups exposure to 1, 50, 250, 500 and 1000 pg/ml of NP CB -EDA, after 24 and 48
hours, assessed by fluorescence measurement using the DCF-DA probe. Significant difference
in the increase in ROS was observed at concentrations of 250 pg/ml and 1000 pg/ml, when
compared to the control, in the 24 hours exposure period. Regarding the evaluation of the
48 hours period, there is a significant difference in the concentrations of 250 pg/ml and
1000 pg/ml.

The expression of TNF-a and IL-6 cytokines is shown in Fig. 4C and D. No detection
was found within 24 hours. In the 48 hours exposure period, despite the expression of
TNF-a being present in all evaluated groups, no statistically significant difference was found
comparing with the control.

Cell death by apoptosis/necrosis was illustrated using the Dot Plot graph after 24 hours
(Fig. 5A) and 48 hours (Fig. 5B), in the control group and the groups exposed to 1, 50, 250,
500 and 1000 pg/ml of NP CB -EDA in fibroblasts LA9. Each marker is expressed by %
fluorescence. The marker 7AAD in the X axis, represents necrosis, and PE Annexin V in the y
axis, represents apoptosis.

The Dot Plot graph is represented by the upper left quadrant (Q1), in which are the cells
marked with 7AAD and in a state of necrosis. In the lower right quadrant (Q3) are the cells
marked with Annexin V (PE) and in an initial apoptosis state. In the upper right quadrant
(Q2) are the double positive cells, that are marked with both PE and 7AAD, showing late
apoptosis. Living cells are represented in the lower left quadrant (Q4). Fig. 5C and D shows
the fluorescence emission peaks of the Anexin PE and 7AAD markers, representing apoptosis
and necrosis in fibroblasts LA-9, after 24 and 48 hours of exposure to NP CB-EDA. Each
emission peak represents a group differentiated by color.

Fig. 3. Cell morphology: Cell morphology is represented by optical 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 NP CB-
EDA: (A) 24 h; (B) 48 h.
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Fig. 4. ROS / RNS oxidative
stress pathway and TNF-a
and IL-6 pro-inflammatory
markers. (A) NO produc-
tion in LA9 fibroblasts after
exposure to different levels
of NP CB-EDA (1; 50; 250;
500; and 1000 pg/mL) and
Control (cells + medium)
in the periods of 24 and
48 hours. (B) Production
of ROS in LA9 fibroblasts
after 24 and 48 hours of
exposure to NP CB-EDA.
Cells exposed to 1; 50;
250; 500 and 1000 pg/mL,
Control (cells + medium).
The results show both the

comparison of the concen-

trations evaluated in relation to the control and the comparison of the groups in relation to the time of ex-
posure (24 and 48 hours), (C) Production of IL-6 cytokines after exposure of NP CB-EDA in LA-9 fibroblasts
for 24 and 48 hours, (D) TNF-a cytokine production after exposure of NP CB-EDA to LA-9 fibroblasts for 24

and 48 hours. * p <0.05 and vs Control 24h. & p <0.05vs 48h Control.

Fig. 5. Flow cytometry for analysis of cell death due to apoptosis / necrosis in LA-9 fibroblasts. (A, B). LA-9
cells were exposed to the following concentrations of NP CB-EDA 1, 50, 250, 500 and 1000 pg/mL and
analyzed for the percentage of necrotic or apoptotic cells. (C, D). Histogram graph represents each peak of
fluorescence emission in the control group (red) and in the groups exposed to 1(blue), 50 (orange), 250

(light green), 500 (dark green) and 1000 pg/mL (lilac), NP CB-EDA after 24 and 48 hours.
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Fig. 6. Images of apoptosis / necrosis in LA-9 Fibroblast: High resolution fluorescence images to demon-
strate LA-9 cells undergoing apoptosis/necrosis cell death 24 and 48 hours after treatment with NP CB-EDA
in the control group and in the groups exposed to 1, 50, 250, 500 and 1000 pg/ml. Images obtained using an
automated high resolution epifluorescent microscopy system with LA and IP fluorophores.

Fig. 6A shows high resolution epifluorescent microscopy images of fibroblasts LA-9, after
24 and 48 hours of exposure to different concentrations 1, 50, 250, 500 and 1000 pL/mL of
NP CB-EDA, 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 reddish nucleus indicates late apoptosis and necrosis.
The overlapping of images shows that the groups control, 1 ug/mL and 50 pg/mL in 24
hours, and control in 48 hours do not present cellular damage, with preserved morphology,
green color and high number of cells. The other groups have altered morphology, decreased
number of orange cells and nucleus showing late apoptosis and necrosis, both in 24 and 48
hours.

Fig. 7A and D shows the % of each apoptosis/necrosis marker after 24 and 48 hours
of exposure to NP CB-EDA, according to each concentration analyzed. The necrotic cells are
represented in Fig. 54, in which, within 24 hours, showed a significant increase in cell % in
the group exposed to 500 pg/ml, when compared with the control group. After 48 hours,
there was a significant increase in the % of cells exposed to 50 and 1000 pg/ml.

Apoptotic cells are represented in Fig. 7D. After 24 hours, there was a significant increase
in the % of apoptotic cells in the groups exposed to 50, 250, 500 and 1000 pg/ml of NP CB-
EDA, when compared to the control group. In 48 hours, there was a significant increase in
the % of apoptotic cells in the groups exposed to 250, 500 and 1000 pg/ml of NP CB-EDA.

Fig. 7B and C show the heatmap graph with the comparison between the average number
of cells. Fig. 7B shows the comparison between necrotic cells between the 24 and 48 hours.
Fig. 7C represents the comparison of apoptotic cells between the periods of 24 and 48 hours.
Such comparisons make it possible to understand which group has more apoptotic/necrotic
cells, where the green color represents the minimum and the red color the maximum value
obtained. Representative scheme of the results can be found in the Supplementary Fig. 2.

Discussion

This study was designed to elucidate the biological effect of the CB-EDA nanoparticle in
fibroblasts LA-9, the impact of this effect on the pathways of apoptosis / necrosis, oxidative
stress, and inflammation, at 24 and 48 hours. The size of the NP CB-EDA was confirmed
by transmission electron microscopy (TEM) at 13 and 68 nm, with an average size of 48
nm. However, it was observed that increasing concentration in the culture medium leads
to agglomeration and densification rate of the, NP CB-EDA at 1000pug/ml sample. Since the
rate of agglomeration, as well as the interaction of carbon nanoparticle with the culture
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Fig. 7. Apoptosis / Necrosis in LA-9 cells after 24 and 48 hours of exposure to different concentrations of
NP CB-EDA. (A, B) Volumes quantified in% of apoptotic/necrotic cells compared to values quantified in the
control group. (C, D) Correlation between apoptosis and necrosis of the groups analyzed in the periods of 24
and 48 hours. Green represents low % necrosis / apoptosis expression and red represents high % necrosis/
apoptosis expression. * p <0.05 and vs Control 24h. & p <0.05vs 48h Control.

medium for the formation of the protein corona, depends on the concentration and size
of the individual particles, this pronounced agglomeration for the NP CB-EDA 1000 pg/ml
sample was expected [19]. This happens due to the change in the surface charge of the NP
CB-EDA particles in the culture medium, which becomes more positive, due to the presence
of multivalent cations that are a constituent part of the cell culture medium used (DMEM)
[20]. Itis important to note that this aggregation does not change the intrinsic characteristics
of the NP CB-EDA nanoparticle in the culture medium, as well as their surface area [21].

The NP CB-EDA, based on its doses and physico-chemical characteristics, can modulate
different cellular destinations, including cell viability, oxidative stress pathway such as ROS
and RNS, some inflammatory factors, necrosis and apoptosis [7].

An important issue about the size of NP CB-EDA is its ability to easily penetrate through
cell barriers, which can alter the integrity of the cell membrane, leading to the processes
of apoptosis and/or necrosis. Our data obtained in 24 and 48 hours of exposure to NP CB-
EDA in fibroblasts LA-9 suggest a higher potential for formation of apoptotic cells than for
necrotic cells, since this type of death occurs due to the reduction of cells, fragmentation
of the internucleosomal DNA, vacuoles in the membrane, and formation of small vesicles
called apoptotic bodies [22]. Apoptosis may be associated with an increase in ROS and its
antioxidant capacity, which may generate oxidative stress. Redox regulation has numerous
implications for cells, as it maintains the balance between formation and elimination of
excess ROS [7].

The high levels of RNS may be related to the increase in TNF-a, which can lead to
mutations in the DNA, rupture of the membrane and induces cell signaling for apoptosis.
The increase in TNF favors the production of IL-6 through the generation of active oxygen
metabolites from the oxidative stress pathway ROS/RNS, triggering the entire process of
cellular apoptosis [7].
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With all these factors, apoptosis is totally related to the excessive production of ROS,
since the mitochondria of cells plays a fundamental role in homeostasis and the redox
system, a fact that affects cell proliferation or cell death by apoptosis [10].

To maintain cell balance or stability in the medium, cell apoptosis becomes a key
event for some physiological and pathological processes, with a significant impact on the
pathogenesis of various diseases. According to [11-13], NPs with carbon structures induce
apoptosis in different cell types.

We observed that the results of this study may be correlated with the oxidative stress
pathways, with the high levels of ROS/RNS produced by the NP CB-EDA, at 24 and 48 hours of
exposure in fibroblasts LA-9. It is already clarified in the literature that when the production
of ROS is exacerbated and exceeds the limit of the cells’ capacity for antioxidant defenses,
proteins and lipids are totally damaged, which can lead to a pathophysiological condition
and to apoptosis [23]. Studies have shown the increase in the expression of ROS in A549 cells
(human lung carcinoma) exposed to carbon nanotubes. In 24 hours, there was an increase
in ROS levels at concentrations of 50 pg/mL and 100 pg/mL. After 48 hours, this increase
occurred in the concentrations of 128 ug/mL and 256 pg/mL. The increase in ROS levels is
related to the production of nitric oxide (or NO), produced in the cytosol or mitochondria
[21, 22].

In the present study, the production of RNS shows characteristics similar to ROS, in
which the 24 hours exposure showed higher induction when compared to the 48 hours
In the study of [24] with induction of MWCNTs (Multi-walled carbon nanotubes) in RAW
macrophages it was reported a significant increase in their highest concentration. Other
studies [25] reported the importance of observing ROS/RNS levels, since in large quantities
they can cause apoptosis.

Suggesting that there is an increase in the levels of the oxidative stress pathway when
there is exposure of NP CB-EDA, it is important to correlate the beginning of the cellular
response, since the nanoparticle can lead to a change in activation of conformational proteins
that transmit the signals to the receptors. The production of TNF-a and IL-6 was analyzed
in the fibroblasts LA-9 as indicator of inflammatory response. Both the production of TNF-«
and IL-6 were significant after 48 hours of exposure to NP CB-EDA, which corroborates
the study of [26], in which no significant increase in TNF-a was observed in macrophages
exposed to carbon positively loaded for 24 hours. High levels of TNF-a can induce RNS
activation, resulting in the generation of NO. The RNS can react with membrane lipids and
can cause DNA mutations. In addition, it can induce lipid peroxidation and signal cell death
by apoptosis [7].

It is worth mentioning that, when exposed to 1000 ug/ml concentration of NP CB-EDA,
the macrophages produced a greater amount of IL-6. This fact can be important since IL-6
is considered as a fundamental mediator in several stages of inflammation [27]. Secreted
by fibroblasts, their concentration levels may be related to the acute phase suggesting an
inflammatory response and toxic potential for cells [28]. IL-6 can induce the oxidative stress
pathway of ROS/RNS through the generation of active oxygen metabolites, produced after
stimulation with TNF-q, triggering the entire process of cell apoptosis [8].

The immune response may have been triggered from the release of LDH from cells
exposed to NP CB-EDA, which means that its causes cell damage due to toxicity. This can be
explained by the number of electrons that are relocated on the surface of the nanoparticle
carbon nanotubes (CNTs). Fewer defects in CNTs result in many electrons being relocated
which can generate hydrophobicity causing damage to lipid membranes [25]. In our study,
LDH was released in fibroblasts LA-9 in both 24 and 48 hours when exposed to NP CB-EDA
in the highest concentrations of 500 and 1000 pg/ml.

The correlation of the data begins with MTT assays suggesting a decrease in cell
viability in the tested times of 24 and 48 hours in fibroblasts LA-9 fibroblast. The MTT assay
data showed that in the two times observed (24 and 48 hours) the NP CB-EDA significantly
inhibited the viability of the cells exposure t0o250 pg/ml, 500 pg/ml and 1000 pg/ml.
The studies by [26, 30], with A549 and 3T3 cells, showed that with exposure to carbon
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black (CB) for 24 hours, there was a reduction in cell viability in the highest concentrations
when compared to the control group. The results of [29], reported that in longer exposure
times to CB there was a reduction in A549 cell viability by up to 40% in a dose-dependent
response; these data corroborate our findings, to confirm the cytotoxicity observed by the
MTT method [30].

Our results showed a reduction in cell viability at the two periods analyzed, at
concentrations of 250 pg/ml and 1000 pg/ml of NP CB-EDA. There were observed reductions
in the number of colonies and in the quantification obtained [31]. Therefore, it is possible
to perceive that the highest concentrations of NP CB-EDA, when in contact with fibroblasts
LA-9, seem to induce the oxidative stress pathway such as ROS and RNS, leading to an
inflammatory response of IL-6 and TNF-a and affecting integrity cell membrane, causing
decreased in cell viability, and apoptosis/necrosis, showing a possible cytotoxic effect.

Conclusion

The results presented here show a cytotoxic potential of NP CB-EDA in murine fibroblasts
LA-9, being dependent on the 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, an inflammatory profile leading to an increase in apoptotic
cells in the exposure periods of 24 and 48 hours. These analyzes are extremely important, as
this nanoparticle was synthesized for use in industry, which makes it able to circulate in the
environment and in contact with organisms, it can cause irreparable damages.
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