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Abstract: Multiwalled carbon nanotubes (MWCNTs) are used in many areas of industry
and medicine. However, there is evidence suggesting profibrogenic action of MWCNTs,
probably via the epithelial-mesenchymal transition mechanism (EMT). The aim of this
study was to evaluate the prometastatic activity of 5-20 nm and 50-80 nm MWCNTs against
cells of the MDA-MB-436 line. We used MTT and NR assays to determine MWCNTs’
cytotoxicity and the level of malonylodialdehyde and thiol compounds as indicators of
oxidative stress. qRT-PCR was used to examine the expression of EMT markers. The
QCM Chemotaxis Cell Migration Assay was used to assess cell migration, while the
Cytokine Array Kit and Apoptosis Array Kit were used to determine cytokine expression
and induction of apoptosis. The interleukin 6, C-X-C motif chemokine ligand 8, and
tumor growth factor beta 1 (TGFB1) secretion was determined by ELISA. MWCNTs were
toxic to MDA-MB-436 cells and induced cell death via the apoptosis pathway. MWCNTs
induced a low level of oxidative stress and were associated with increased secretion of
pro-inflammatory cytokines and chemokines, including proteins important in breast cancer
metastasis. Cells incubated with MWCNTs showed increased expression of mesenchymal
EMT markers. However, in contrast to these results, the migration of MWCNT-treated cells
increased only modestly relative to untreated cells. Also, the secretion of TGFB1, a key
inducer and regulator of EMT, increased only slightly. In summary, the multifaceted effect
of MWCNTs on cancer cells encourages further work on the safety of nanomaterials.

Keywords: MDA-MB-436; breast cancer; multiwall carbon nanotubes; cytotoxicity;
oxidative stress; inflammation; apoptosis; metastasis; epithelial-mesenchymal transition

1. Introduction

Carbon nanotubes (CNTs) are an allotropic version of carbon, created by folding
a single-atom graphite plane, which makes them resemble a hollow cylinder. They are
a one-dimensional nanomaterial. The basic technique for obtaining them is the slow
condensation of hot vapors of carbon atoms. A characteristic feature of CNTs are excellent
mechanical properties—they have very good tensile strength, flexibility, and elasticity.
CNTs also have unique electrical properties. Depending on the parameters of diameter and
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twist degree, they exhibit the properties of conductors or semiconductors. Moreover, they
are characterized by resistance to high temperatures and have good thermal conductivity.
They also have strong absorption properties, are diamagnetic, and have good chemical
properties. Due to the above-mentioned properties, CNTs have been used in many areas
of the economy. Pristine, unfunctionalized CNTs are used, e.g., in nanoelectronics and
nanoengineering, e.g., as molecular transistors, field emitters, and STM tips [1].

Recent research indicates a broad spectrum of toxic effects of CNTs. One of the
best explained mechanisms of their toxicity is oxidative stress induction, which may
result in cell cycle disruption, geno- and cytotoxicity, and consequently, mutagenicity and
carcinogenicity. CNTs absorbed into the body through the respiratory tract can translocate
to other tissues and organs and potentially cause systemic effects, such as neurotoxicity
or toxicity of the cardiovascular system. Studies have also shown immunomodulatory
effects of CNTs, which leads to immune system dysregulation [2-4]. A documented adverse
effect of CNTs is also the secretion of increased amounts of inflammatory mediators and
pulmonary fibrosis that, as proposed by some authors, may occur through an epithelial-
mesenchymal transition (EMT) mechanism [5,6]. This transition is a process involving
a cascade of events that leads to acquisition of mesenchymal phenotype by epithelial
cells. Epithelial cells are characterized by apico-basal polarization, strong intercellular
adhesion, and limited migration potential. Strong intercellular adhesion is the result of
several types of junctions, e.g., tight junctions, desmosomes, adhesion zones, and gap
junctions. During EMT, epithelial cells acquire a mesenchymal phenotype, and their
morphology becomes similar to that of fibroblasts (spindle shape). Apico-basal polarization
is replaced by anteroposterior polarization. Tight intercellular junctions are replaced by
cell—cell contact junctions and integrin-dependent adhesion to the extracellular matrix.
Cells after EMT are characterized by increased motility and invasiveness. EMT occurs in
physiological conditions, but also in pathological situations, such as organ fibrosis (EMT
leads to the transformation of cells of non-mesenchymal origin, becoming a source of
myofibroblasts, mainly responsible for the synthesis of extracellular matrix components,
which play a central role in the pathophysiology of fibrosis) or cancer metastasis. Several
reports suggest that carbon-based and other nanomaterials (NMs) can modulate EMT in
cancer cells in vitro [7-15].

Triple-negative breast cancer (TNBC) is characterized by an aggressive course: rapid
growth and low histological differentiation of the primary tumor, high risk of distant
metastases, poor response to treatment, and early relapse after treatment. It has been
shown that in breast cancers, cells in hybrid EMT stages are responsible for lung metastasis,
while cells that have undergone a full transformation and reached a mesenchymal state are
responsible for increased resistance to chemotherapy treatment [16,17].

Considering the current state of knowledge on this topic, this study aimed to assess
the prometastatic potential of multi-wall CNTs (MWCNTs) in human MDA-MB-436 breast
cancer cells. We examined the effect of MWCNTs on MDA-MB-436 cell viability and the
level of oxidative stress. Then, we determined the effect of MWCNTs on the expression
of a number of EMT markers, as well as the level of cell migration and the secretion of
TGEFBL1. Finally, we tested the effect of MWNTs on secretion of proinflammatory cytokines
and apoptosis markers.

2. Results
2.1. Effect of MWCNTS5 on Viability of MDA-MB-436 Cells

The cytotoxicity of MWCNTs against MDA-MB-436 cells was measured by two methods,
namely MTT and Neutral Red assays. To eliminate possible interference of MWCNTs with
the assays, we chose assays based on different principles. MWCNT treatment caused a
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statistically significant reduction in MDA-MB-436 cell viability when measured by MTT as-
say. For 5-20 nm MWCNT5, a plateau in toxicity was observed after 24 h for 25-100 ug/mL
concentrations. After 48 h incubation and for 50-80 nm MWCNTs the trends were similar,
although less pronounced (Table 1). Cytotoxicity measured by the NR assay was smaller
than that measured by MTT assay. The 5-20 nm MWCNTs were clearly toxic at a concen-
tration of 100 ug/mL, and the 50-80 nm MWCNTs only after 48 h (Table 2). Since MWCNT
cytotoxicity was relatively low only in the case of 100 pg/mL 50-80 nm MWCNTs measured
with the MTT test after 48 h of incubation, which dropped slightly below 50% survival,
the IC50 value was not determined, as it might not reflect real values. Concentrations of
10 pg/mL and 50 pg/mL were selected for further testing.

Table 1. Effect of MWCNTs on MDA-MB-436 cell viability measured by MTT assay.

MTT
5-20 nm MWCNTs 50-80 nm MWCNTs
24 h 48 h 24 h 48 h
10 pg/mL 81+6* 73+4* N0+3 70+ 4*
25 ug/mL 67 £4* 67 £5* 78+ 6* 60+5*
50 pg/mL 67 +6* 60+6* 69 £ 7% 56 £6*
100 pg/mL 69 +5* 57 £5* 63 +8* 48 +£3*

* Data are presented as mean of percentage of untreated control + SD (n = 3). The asterisk denotes statistical
significance at p < 0.05.

Table 2. Effect of MWCNTs on MDA-MB-436 cell viability measured by NR assay.

NR
5-20 nm MWCNTs 50-80 nm MWCNTs
24 h 48 h 24h 48 h
10 pg/mL 83+£1* 83 £3* 96 £+ 2 94+3
25 ug/mL 80+4* 80+5* 88 +7 85+ 4
50 ug/mL 80+ 6* 81+1* 88 +4 74 +4*
100 pg/mL 72 +5*% 67 £4* 83+ 7* 67 £11*

* Data are presented as mean of percentage of untreated control + SD (1 = 3). The asterisk denotes statistical
significance at p < 0.05.

2.2. Effect of MWNCTs on Oxidative Stress Markers

To assess the impact of MWCNTs on oxidative stress induction, we determined the
level of malonyldialdehyde (a lipid peroxidation marker) and free -SH groups (a marker of
global oxidative stress). The results revealed a modest, although statistically significant,
increase in MDA level (Figure 1). In line with this, MWCNTs slightly reduced the number
of free -SH groups (Figure 2).

2.3. Effect of MWCNTSs on Expression of Markers EMT, Migration, and TGFB1 Secretion

Analysis of the level of mRNA of EMT markers revealed that MWCNTs increased
expression of all tested markers. The relative mRNA expression of CDH2, VIM, and
MMP9 increased approximately twofold, whereas MMP2 mRNA expression increased
threefold as compared to the untreated control. Furthermore, smaller MWCNTs had a much
stronger effect on MMP2 and VIM expression than their larger counterparts (Figure 3A-D).
The studies showed also that MDA-MB-436 cells were characterized by a relatively low
expression of CDH]I, as indicated by the high Ct values. The expression of this marker was
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decreased by MWCNT treatment; however, due to high standard deviations, the effect was
not statistically significant (Figure 3E).
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Figure 1. Relative malonyldialdehyde level (MDA) in MDA-MB-436 cells treated with MWCNTs. The
presented graph shows the fold change of MDA in samples incubated with MWCNTs as compared
with the untreated control. The data were expressed as a mean & SD (n = 3). The asterisk denotes
statistical significance at p < 0.05.
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Figure 2. The level of free -SH groups in MDA-MB-436 cells treated with MWCNTs presented as a
fold change of free -SH groups in samples incubated with MWCNTs in comparison to the untreated
control. The data were expressed as mean & SD (n = 3). The asterisk denotes statistical significance at
p <0.05.
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Figure 3. Expression of EMT markers: CDH2 (A), VIM (B), MMP2 (C), MMP9 (D), and CDH1 (E) in
MDA-MB-436 cells treated with MWCNTs. The graph shows the fold change in the level of the tested
gene calculated for samples incubated with MWCNTs in relation to the untreated control. (3-actin was
used as a reference gene. Mean + SD (1 = 3). The asterisk denotes statistical significance at p < 0.05.

Our research showed also that migration of MDA-MB-436 cells treated with MWCNT,
measured using a Boyden chamber, was similar that of the control cells. A statistically
significant increase in migration was observed only for the higher concentration of 5-20 nm
MWCNTs; however, migration was only 1.15 times higher than that of the control cells
(Figure 4).

A key factor responsible for the stimulation of EMT in cancer cells is TGFB1; thus, we
determined its secretion using the ELISA technique. The results revealed a small, although
statistically significant, increase in secretion of this protein in cells incubated with MWCNTs
compared to the untreated control (Figure 5).
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Figure 4. Migration of MDA-MB-436 cells treated with MWCNTs for 24 h. The graph shows the fold
change in the migration calculated for samples incubated with MWCNTs relative to the untreated
control. Mean =+ SD (n = 3). The asterisk denotes statistical significance at p < 0.05.
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Figure 5. Relative level of TGFB1 secretion by MDA-MB-436 cells treated with MWCNTs for 48 h.
Fold change of protein level calculated for samples incubated with MWCNTs as compared to the
untreated control. Mean + SD (1 = 3). The asterisk denotes statistical significance at p < 0.05.

2.4. Effect of MWCNTS on Secretion of Pro-Inflammatory Proteins

The Human Profiler Cytokine Array (R&D Systems, Minneapolis, MN, USA) was
used to access secretion of pro-inflammatory proteins. The array allows for a simultaneous
determination of 36 proteins related to the inflammatory process (Supplementary Materials
Table S1). Using the profiler, we were able to demonstrate secretion of seven proinflam-
matory proteins by MDA-MB-436 cells treated with MWCNTs. The analysis revealed that
MWCNTs changed the secretion level of six of them: CC motif chemokine ligand 2 (CCL2),
chemokine (CC motif) ligand 1 (CXCL1), chemokine (CC motif) ligand 5 (CXCL5), inter-
leukin 6 (IL6), C-X-C motif chemokine ligand 8 (CXCLS) (previously known as interleukin
8), and serpin family E member 1 (SERPINEL). In addition, colony-stimulating factor 3
(CSF3) was detected in the supernatant of MWCNT-treated MDA-MB-436 cells, whereas it
was absent in the control cells (Figure 6).
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Figure 6. Pro-inflammatory proteins secreted by MDA-MB-436 cells treated with 50 ug/mL MWCNTs
for 48 h. The semi-quantitative Proteome Profiler Human Cytokine Array Kit was used in a mixture
of cell mediums from three independent experiments. Protein levels are presented as a mean spot
pixel density of two individual measurements, normalized to the reference spots and subtracted for
background control.

For two pro-inflammatory proteins crucial in breast cancer metastasis and EMT pro-
cess, IL6 and CXCLS, semi-quantitative results of the Human Profiler Cytokine Array
Kit were verified by ELISA in a wider range of concentrations and incubation times.
ELISA studies confirmed the results obtained in the profiler, indicating that both 5-20 nm
MWCNTs and 50-80 nm MWCNTs increased secretion of both cytokines. Shorter MWCNTs
were more potent inductors of the cytokines (Figure 7).

2.5. Effect of MWCNTs on Apoptosis Markers in MDA-MB-436-Treated Cells

The Human Cytokine Array Kit (R&D Systems, Minneapolis, MN, USA) was used to
assess the level of apoptosis-linked proteins. The array allowed for simultaneous determi-
nation of 35 proteins related to programmed cell death (Supplementary Materials Table S2).
Using the profiler, we were able to demonstrate the presence of 17 apoptosis-linked proteins
in MDA-MB-436 cells treated with MWCNTs. The analysis revealed that MWCNTs changed
the secretion level of 12 of them: heme oxygenase 1 (HMOX1), paraoxonase 2 (PON2),
diablo IAP-binding mitochondrial protein (DIABLO), baculoviral IAP repeat containing
5 (BIRCS), heat shock protein family D (Hsp60) member 1 (HSPD1), heat shock protein
family A (Hsp70) member 1A (HSPA1A), hypoxia inducible factor 1 subunit alpha (HIF1A),
TNF receptor superfamily member 10b (TNFRSF10B), TNF receptor superfamily member
10a (TNFRSF10A), cytochrome C (CYCS), claspin (CLSPN), and pro-caspase 3 (pro-CASP3).
In addition, the presence of five proteins—BCL2-associated X, apoptosis regulator (BAX),
cytochrome C (CYCS), X-linked inhibitor of apoptosis (XIAP), Fas-associated death domain
(FADD), and TNF receptor superfamily member 1A (TNFRSF1A)—was induced by the
treatment with MWCNTs, as these proteins were absent in the untreated control (Figure 8).
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Figure 7. Relative levels of IL6 (A) and CXCLS8 (B) secreted by MDA-MB-436 cells treated with
MWCNTs for 24 or 48 h. The graph shows the fold change in protein level calculated for samples
incubated with MWCNTs in relation to the untreated control. Data are expressed as mean =+ standard
deviation (1 = 3). The asterisk denotes statistical significance at p < 0.05.
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Figure 8. Expression of apoptosis-linked proteins measured in lysates of MDA-MB-436 cells treated
with 50 ug/mL MWCNT5 for 48 h. The semi-quantitative Proteome Profiler Human Apoptosis Array
Kit was used in a mixture of cell lysates from three independent experiments. Protein levels are
presented as a mean spot pixel density of two individual measurements, normalized to reference
spots and subtracted for background control.
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2.6. Impact of MWCNTs on Actin Filaments

In cells treated with MWCNTs, we observed primarily a reduction in the number
of cells compared to untreated cells. In many living cells, serious disturbances of their
actin cytoskeleton were visible. This was closely related to the previously demonstrated
cytotoxicity. Nevertheless, in cells treated with the tested MWCNTs, a reduction in the
number of cell clusters and an increase in the percentage of single cells was observed, but
also, an elongated shape and the formation of actin clusters was observed at the ends of
some of the cells (Supplementary Materials Figure S1).

3. Discussion

The relationship between exposure to NMs and the EMT process in cancers, although
present in the literature, has not yet been adequately studied and requires further, ex-
tensive analysis. So far, such a relationship has been demonstrated for several types of
metallic nanoparticles, e.g., titanium dioxide [9], copper oxide [14], nickel [15], cobalt [18],
and silver [7,13,19]. Due to their profibrogenic properties, carbon-based nanomaterials
should be analyzed in the context of EMT-mediated metastasis. Thus, the aim of our work
was to assess the prometastatic potential of MWCNTs in relation to MDA-MB-436 breast
cancer cells.

Existing studies proved the cytotoxicity of MWCNTs against cells derived from both
normal and neoplastic lines. However, the assessment of cytotoxicity should be carried
out individually for each experimental model due to significant deviations in results de-
pending on, e.g., length and diameter, dose, surface area, level of dispersion in the cellular
medium, and tendency to form agglomerates [20]. In our research, for a broader perspec-
tive, all experiments were carried out on two sizes of MWCNTs. It is generally assumed
that biological activity of NMs increases as their size decreases, as smaller ones have a
larger surface area on which interactions with cellular components can occur and the
smaller size facilitates entry into cells. However, in the case of MWCNTs, which are a
nanomaterial with two dimensions in the nanoscale, the results remain unclear. Some
authors have shown that the cytotoxicity of MWCNTs decreases with the increase in diam-
eter [21,22], while others have reported the opposite relationship [23]. Our studies have
shown that both tested MWCNTs reduced the MDA-MB-436 cells viability in two assays
differing in principle: the mitochondrial activity test (MTT) (Table 1) and the cytoplasmic
membrane integrity test (NR) (Table 2). The present study showed the cytotoxic effect
of non-functionalized MWCNTs on MDA-MB-436 cells for the first time in the literature;
however, Fahrenholtz et. al. [24] demonstrated the cytotoxicity of MWCNTs function-
alized with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine with conjugated methoxy
polyethylene glycol. Among TNBC lines with a low content of claudins, the most frequently
used were MDA-MB-231-line cells, for which the cytotoxic effect of non-functionalized
MWCNTs [25-27] and MWCNTs functionalized with polyethylene glycol [25], carboxyl
groups [28], or chitosan [29] was demonstrated. In our studies, MDA-MB-436 cells were
selected, which are capable of forming mammospheres during cultivation in non-adherent
conditions and, compared to the MDA-MB-231 line, are less aggressive and characterized
by reduced tumorigenic potential.

The main mechanism of NM toxicity is their interaction with mitochondria, which
leads to production of free radicals such as reactive oxygen (ROS) and/or nitrogen species.
In line with this, ROS production is considered a major cause of MWCNT cytotoxicity [30].
However, some reports indicate that depending on the physicochemical parameters of
MWCNTs, ROS generation may be insufficient for the explanation of MWCNTs’ overall
cytotoxicity [23,31]. To the best of our knowledge, oxidative stress markers in MDA-MB-436
cells treated with MWCNTs have not yet been studied; however, results revealing direct
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induction of ROS by MWCNTs were obtained for MDA-MB-231 cells [26,28]. In our study,
incubation of MDA-MB-436 cells with MWCNTs resulted in a distortion of the oxidative
imbalance manifested by an increase in the MDA level (Figure 1) and a decrease in the
free -SH groups (Figure 2).

As the main goal of our study was to assess the effect of MWCNTs on the metastatic
potential of MDA-MB-436 cells, the expression of EMT markers, cell migration, and TGFB1
secretion were determined. We have shown that in MDA-MB-436 cells incubated with
MWCNTs, the relative mRNA expression of mesenchymal markers CDH2, VIM, MMP2,
and MMP9 increased (Figure 3A-D), while the expression of epithelial CDHI decreased
(Figure 3E). The obtained results indicated the EMT-stimulating effect of the tested MWC-
NTs. In line with this, MDA-MB-436 cell migration increased as a result of incubation
with MWCNTs (Figure 4), but only to a small extent. Also, secretion of TGFB1, which
is a key regulator of EMT and a strong profibrogenic factor, did not exceed 1.5 times the
secretion noted for the control cells (Figure 5), which further confirms only a limited effect
of the MWCNT treatment. In other TNBC models, while developing a MWCNT-coated
scaffold for 3D culture of MDA-MB-231 cells, Akinoglu et al. showed an increase in the
levels of mesenchymal EMT markers MMP9 and PIK3K kinase, which is a component
of the EMT-related signaling pathway. However, the levels of AKT, MMP2, and NF-xK
were similar to the control values [32]. Apparently, the impact of CNTs of EMT and the
metastatic potential of cancer cell lines depends on nanotube characteristics and the cellular
model used. In Graham et al.’s study, after culturing MDA-MB-231 cells on plates coated
with collagen-functionalized MWCNTs, a slight increase in CDH1 expression and reduced
migration at MWCNT concentrations of up to 20 pg/mL were shown, while the opposite
trend was observed for higher MWCNT concentrations [33].

It is worth noting that the results obtained for other carbon-based NMs are ambiguous.
MDA-MB-436 cells incubated with PEG-modified graphene oxide nanoplatelets showed
reduced migration and invasion, likely due to impaired mitochondrial respiration and
disruption of the actin cytoskeleton. However, the levels of EMT markers were not tested
in this study [34]. Liu et al. showed that MDA-MB-231 cells incubated with gadolini-
umfullurene were characterized by reduced migration and invasion, reduced expression
of epithelial markers, and increased mesenchymal EMT markers. The authors suggest
inhibition of TGF-f3 signaling as a mechanism. However, polyhydrolyzed fullurene alone
used in the synthesis of gadoliniumfullurene had no significant effect on studied parame-
ters [35]. Nevertheless, graphene and fullerenols are specific carbon NMs characterized by
low toxicity and strong antioxidant properties, which most likely translates into the results
obtained by the researchers [36]. In non-TNBC breast cancer models, MWCNTs did not
change the level of migration of estrogen-dependent breast adenocarcinoma cells of the
MCF7 line [37,38].

Interestingly, the EMT-stimulating effect of MWCNTs and other carbon NMs has
been shown in several non-breast cancer cell models and normal cells. This effect was
observed, e.g., in lung-derived cells of the non-cancerous BEAS-2B line [39-41] and can-
cerous A549 cells [6,11,42], in MeT-5A mesothelial cells [43,44], and in prostate PC3 cancer
cells [45]. Furthermore, in vivo studies have shown that CNTs are capable of inducing
pulmonary [5,6,46-49], pleural [50], and liver [51,52] fibrosis, which is related directly to
the EMT subtype Il mechanism. Lu et al. showed that MWCNTs promote breast cancer
metastasis to the lung in a mouse model by inducing a generalized inflammatory process ac-
companied by an increase in the levels of prometastatic and proangiogenic factors [53]. As
a mechanism of MWCNTs induced metastasis promotion, activation of the TGF-1/Smad2
signaling pathway [6,40] or Smad-independent TGF-31/AKT/GSK-3f pathway [39] was
proposed. In our studies, however, as already mentioned, TGFB1 secretion as a result
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of MWCNT treatment increased only modestly compared to control cells. It is therefore
possible that other mechanisms may be responsible for the increased expression of mes-
enchymal EMT markers in the studied system. Although the TGF-$31 signaling pathway
is crucial for EMT, many others have been described to be involved in this process, e.g.,
Wnt, Notch, Hedgehog, RTK, and TNF-alpha [54]. The obtained results are ambiguous
and do not sufficiently explain the mechanism that causes the increase in the level of
a number of mesenchymal markers as a result of treatment of MDA-MB-436 cells with
MWCNTs. In the future, it would be worthwhile to focus on a broader analysis of EMT
signaling pathway proteins, assess the level of 3-catenin phosphorylation and its possible
intracellular translocation, and also examine the expression of EMT transcription factors.

The tumor microenvironment is closely related to metastasis. Therefore, the impact
of MWCNTs on the secretion of pro-inflammatory proteins by MDA-MB-436 cells was
determined. Our study has shown that MDA-MB-436 cells treated with MWCNTs secreted
an increased amount of several proteins that are essential for breast cancer metastasis
(Figure 6). In cells treated with MWCNTs, increased secretion of IL6 and CXCLS, the
two cytokines of essential importance in EMT, was observed, which stimulate it via a
feedback loop interaction. CXCLS8 binds to CXCR1 and CXCR?2 receptors and activates
several EMT-related signaling pathways, including PI3K-Akt and MAPK [55]. However,
the potential of IL6 to induce and maintain EMT in breast cancer cell lines depends on
activation of the JAK/STAT3 pathway [56]. Furthermore, the profile of pro-inflammatory
proteins secreted by MDA-MB-436 cells treated with MWCNTs (primarily IL6, CXCLS, and
CCL5) mimics the action of tumor-associated macrophages (TAMs), the largest population
of inflammatory cells in the tumor stroma, associated with tumor progression, EMT stim-
ulation, and promotion of metastasis [57]. At the same time, CXCL8, CXCL1, CCL5, and
MIF may act as recruitment factors that enable the recruitment of monocytes/macrophages
and their polarization to TAMs [58]. Moreover, it has been shown that MDA-MB-436 cells
treated with MWCNTs produce a chemotactic gradient of CXCL1 and CXCL8, which may
act as a potential attractant for myeloid-derived suppressor cells. These cells may in turn
activate signaling pathways associated with EMT [59]. In line with this, MWCNTs have
been shown to induce a pro-inflammatory response in immune cells, such as macrophages,
monocytes, and dendritic cells in vitro [60-62]. Sustained inflammation has also been
demonstrated in animal models as a result of CNT treatment [63]. Our results indicate
that MWCNTs increase the secretion of a number of cytokines and chemokines of key
importance in the metastasis process.

The next stage of research was to determine the level of apoptosis markers, since it
has been shown that apoptosis is suppressed in cancer cells during EMT, which facilitates
the induction of cancer stem cells, enhances immunosuppression in the tumor microen-
vironment, and stimulates the angiogenesis process [64]. Our results revealed that the
expression of a number of proapoptotic proteins increased in MDA-MB-436 cells treated
with MWCNTs, which indicates that some cells entered the programmed death pathway
as a result of exposure (Figure 8). The observed increase in pro-apoptotic proteins was
expected and corresponds to observed MWCNT cytotoxicity. This is in line with other
studies conducted on MDA-MB-231 cells [28,29]. Interestingly, in MWCNT-treated MDA-
MB-436 cells, we observed an increase in the expression of several potentially anti-apoptotic
proteins (HSPD1, HSPA1A, PON2, HMOX1, XIAP, BIRC5, and CLSPN). Thus, it seems
that the faith of cells exposed to MWCNTs is a matter of a balance between anti- and
proapoptotic signals, likely depending on the actual state of the cell. The appearance of
antiapoptotic mechanisms has been demonstrated for different NMs and various cellular
models, e.g., silver, zinc, or selenium nanoparticles [65-67]. Furthermore, development of
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anti-apoptotic mechanisms by cancer cells that have entered the EMT process may be an
effect of avoidance of anoikis [68-70] or entering anastasis [71,72].

Finally, we would like to emphasize once again that the results of studies on the bio-
logical activity of CNTs should be assessed individually. Sometimes it is very problematic
to compare the results of individual experiments. The source of discrepancies between the
results of individual studies are primarily the physicochemical parameters of the tested
materials. CNTs are an extremely heterogeneous group, which differ, for example, in length,
shape, or type of metal impurity, which makes risk assessment difficult. A very important
feature of MWCNTs, determining their nature and influence on biological structures, is
also the type of surface functionalization. Moreover, the final cellular response may change
as a result of aggregation and agglomeration of the tested materials. Moreover, MWCNTs
may exhibit structural defects, which may affect the increased induction of oxidative stress
and cytotoxicity [73-75].

In summary, we have studied for the first time the effect of MWCNTs on TNBC
cells of the MDA-MB-436 line. We have shown that MWCNTs reduce cell viability and
induce oxidative stress, inflammation, and apoptosis. These optimistic results, which could
potentially indicate an anti-cancer effect of the studied MWCNTs, are in contrast to further
results indicating a potentially prometastatic effect. A significant increase in the level of
mesenchymal markers of the EMT process was observed, although the level of migration
increased only slightly. An increase in the level of several antiapoptotic proteins was also
noted, and some of the pro-inflammatory proteins secreted by the studied cells have a
proven role in the metastasis process. The obtained results, although ambiguous, indicate
that CNTs have the potential to stimulate metastasis via the EMT process. The effect of
MWCNTs on MDA-MB-436 breast cancer cells is multifaceted and requires further, detailed
analysis, especially due to the dynamic development of nanotechnology and the fact that
cancer is the second leading cause of death in the world.

4. Materials and Methods
4.1. MDA-MB-436 Cell Culture

All experiments were performed on MDA-MB-436 cells purchased from Cell Line
Service (CLS, Hamburg, Germany). These triple-negative breast cancer cells derive from
pleural effusions of infiltrating ductal carcinoma. The cells belong to the molecular subtype
with low claudin expression. The cells were grown in a 1:1 mixture of DMEM and Ham'’s
F-12 media supplemented with L-glutamine, penicillin-streptomycin, and 10% fetal bovine
serum (all reagents were purchased from Sigma Aldrich, Saint Louis, MO, USA).

4.2. MWCNT Preparation

Commercially available, pristine, not functionalized MWCNTs with two outer
diameters—5-20 nm and 50-80 nm—were bought from PlasmaChem GmbH (Berlin, Germany).
For a more detailed description, see Supplementary Materials Table S3. MWCNT stock
solutions (2 mg/cm?) were prepared by the dispersion of 2 mg of MWCNTs in 800 pL of
distilled water. Then, 100 uL of phosphate-buffered saline (10x) and 100 uL of 15% bovine
serum albumin solution were added. In order to achieve an optimal MWCNT dispersion
in the cell culture media prior to addition to cell cultures, all solutions were sonicated
on ice using a VCX 130 ultrasonic processor (Sonics & Materials Inc., Newton, CT, USA).
After sonication, intermediate dilutions were immediately carried out by diluting the stock
solution in an appropriate cell medium.
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4.3. MTT Assay

MDA-MB-436 cells were plated on 96-well microplates (TPP, Trasadingen, Switzerland)
at a density of 1 x 10* cells/well in 100 uL of culture medium. The cells were allowed
to grow for 24 h, and culture medium was replaced with the same medium containing
MWCNTs at a final concentration in the range of 0-100 ug/mL for 24 h or 48 h. Then,
15 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) of 5 mg/mL
stock solution were added to each well and incubated for 3 h at 37 °C. After incubation,
the fluid was poured out and 100 pL of dimethyl sulfoxide were added to each well and
vigorously shaken for 2 min. Finally, absorbance was read at 570 nm using a FLUOstar
Omega multi-mode microplate reader (BMG LABTECH, Ortenberg, Germany).

4.4. Neutral Red Assay

MDA-MB-436 cells were plated on 96-well microplates (TPP, Trasadingen, Switzerland)
at a density of 2 x 10* cells/well in 200 uL of culture medium. The cells were allowed to
grow overnight, and the culture medium was replaced with the same medium containing
MWCNTs at a final concentration in the range of 0-100 pg/mL for 24 h or 48 h. After
treatment, the MWCNT solutions were aspirated, and the cells were washed with 150 uL
of PBS and incubated with 100 puL of 50 pug/mL neutral red (NR) solution for 4 h at 37 °C.
After removing the NR solution, the cells were washed with PBS (150 pL), and 200 pL of
50% ethanol: 49% water: 1% acetic acid solution were added to each well. Absorbance was
red at 540 nm after 20 min of rocking using an FLUOstar Omega multi-mode microplate
reader (BMG LABTECH, Ortenberg, Germany).

4.5. Sample Preparation for Analysis

Cells of the MDA-MB-436 line (2 x 10° cells/mL) were seeded into 6-well plates and
incubated overnight to reached an appropriate level of attachment to the surface. The next
day, the cells were treated with freshly prepared appropriate MWCNT solutions in the
culture medium. Medium without the addition of MWCNTs was used as a control. After
24 or 48 h of treatment, the supernatant was collected and frozen for further experiments.
The cells were then washed with PBS, trypsinized, harvested, and centrifugated (12,000 g)
for 10 min at 4 °C. Cell pellet was washed twice with PBS and frozen at —80 °C for
subsequent analysis. Cell lysates were made by suspending the cell pellets in RIPA buffer
additionally containing a cocktail of protease and phosphatase inhibitors (both Thermo
Fisher Scientific Inc., Waltham, MA, USA).

4.6. QuantiChromTM TBARS Assay Kit

The level of malondialdehyde in MDA-MB-436 cells lysates was determined us-
ing a commercially available QuantiChrom™ TBARS Assay Kit (BioAssay Systems,
Hayward, CA, USA). The test was performed according to the instructions provided by the
manufacturer, and the amount of reaction product was determined spectrophotometrically
(OD 535 nm) using a FLUOstar Omega multi-mode microplate reader (BMG LABTECH,
Ortenberg, Germany).

4.7. Fluorometric Thiol Assay Kit

The level of free thiol groups in MDA-MB-436 cells lysates was determined using a
commercially available Fluorometric Thiol Assay Kit (Sigma-Aldrich, Saint Louis, MO, USA),
according to the instructions provided by the manufacturer. A FLUOstar Omega multi-
mode microplate reader (BMG LABTECH, Ortenberg, Germany) was used for fluorimetric
analysis of the obtained reaction product (Aex = 490/Aem = 535 nm).
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4.8. Proteome Profiler Human Cytokine Array Kit and Proteome Profiler Human Apoptosis Array Kit

The conditioned media from three independent experiments were pooled together and
spotted on membranes of the Proteome Profiler Human Cytokine Array Kit, while similarly
mixed cell lysates were used to employ the Proteome Profiler Human Apoptosis Array Kit
(both from R&D Systems, Minneapolis, MN, USA). The membranes were developed as rec-
ommended by the manufacturer. The resulting spots were visualized using a Carestream®
BioMax® (Kodak, Rochester, NY, USA). Image ] 1.54 software (National Institutes of Health,
Bethesda, MD, USA) was used to quantify the intensity of specific spots. The average of the
two spots corresponding to the same protein was calculated and the value corresponding
to the intensity of background was subtracted. Protein intensity was then normalized to
reference points, included in the test by a producent to align the transparency overlay
template and to demonstrate that the array had been incubated with Streptavidin-HRP
during the assay procedure. Both profilers were used to assess the expression of proteins in
the experiments where the cells were incubated for 48 h with 50 ng/mL MWCNTs.

4.9. ELISA

The Human IL-6 ELISA Kit, Human TGF beta 1 Kit (both Sigma-Aldrich, Saint Louis,
MO, USA), and Human IL-8 ELISA Kit (Abcam, Cambridge, UK) were used to determine
the level of IL6, TGFB1, and CXCLS8 secretion in the culture media of MDA-MB-436 cells
treated with MWCNTs. The kits were used as recommended by the manufacturers.

4.10. Real-Time Reverse Transcription Polymerase Chain Reaction

CDH2, VIM, CDH1, MMP2, and MMP9 mRNA expression analysis in MWCNT-treated
MDA-MB-436 cells after 24 h of incubation was performed using qRT-PCR. Total RNA was
isolated using a high-purity RNA isolation kit (Roche, Basel, Switzerland), as recommended
by the manufacturer. The quality and quantity of isolated RNA was measured using a
NanoDrop® spectrophotometer (Thermo Fisher Scientific, Inc.). Reverse transcription was
performed using a high-capacity cDNA reverse transcriptase (Thermo Fisher Scientific,
Inc.). qRT-PCR was performed using an Applied Biosystems® 7500 Fast Real-Time PCR
System thermal cycler (Applied Biosystems, Waltham, MA, USA). For optimal results,
PowerUp SYBR™ Green Master Mix (Thermo Fisher Scientific, Inc.) and Dual-Lock Taq
DNA polymerase were used. Primer pairs specific for human CDH2, VIM, MMP2, MMP?9,
CDH]1, and (-actin (ACTB) were purchased from Sino Biological Inc. (Beijing, China), Cat
No. HP100018, HP100124, HP100168, HP100367, and HP100067, respectively. Relative

27AACt

expression of nRNA was calculated using the method with ACTB as an endogenous

control to normalize the expression of the studied markers.

4.11. Chemotaxis Cell Migration Assay

To determine the effect of the tested MWCNTs on the relative level of migration of
MDA-MB-436 cells after 24 h of incubation, the QCM™ Chemotaxis Cell Migration Assay
(Sigma-Aldrich, Saint Louis, MO, USA) was used as recommended by the manufacturer.
This assay is performed in a migration chamber that is based on the Boyden chamber
principle. The 5 pm pores in the chamber membrane are suitable for testing the migration
rate of cancer cells such as MDA-MB-436.

4.12. Phalloidin—-TRITC Staining

The MDA-MB-436 cells were cultured on 8-well Nunc® Lab-Tek® Chamber Slide™
culture slides (Thermo Fisher Scientific Inc., Waltham, MA, USA) for 24 h and then
treated with appropriate solutions of the tested MWCNTs. After 48 h, the cells were
fixed with 3.7% paraformaldehyde and permeabilized with 0.1% Triton X. Phalloidin—
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tetramethylrhodamine B isothiocyanate (Sigma Aldrich, Saint Louis, MO, USA) was used
to stain actin filaments, and DAPI was used to stain cell nuclei (both Sigma Aldrich,
Saint Louis, MO, USA). Images were taken with an Olympus BX51 fluorescence micro-
scope (Olympus Corporation, Tokyo, Japan).

4.13. Statistical Analysis

Statistical analysis of the obtained results was performed using GraphPad Prism 9.0
software (GraphPad Software Inc., San Diego, CA, USA). For all analyses, at least three
independent experiments were included. The obtained results were expressed as mean
=+ standard deviation. The Shapiro-Wilk test confirmed the normality of the distribution
of the analyzed data. Then, statistical significance was assessed using one-way ANOVA.
Tukey’s test was applied for post hoc comparison. Differences were defined as statistically
significant when p < 0.05. Semi-quantitative results of the Proteome Profiler Human
Cytokine Array and Proteome Profiler Human Apoptosis Array assays were excluded
from the statistical analysis. All graphs presented in the manuscript were prepared using
GraphPad Prism 9.0 software.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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