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Abstract: Despite multiple advances in the diagnosis of brain tumors, there is no effective
treatment for glioblastoma. Multiwalled carbon nanotubes (MWCNTs), which were previously
used as a diagnostic and drug delivery tool, have now been explored as a possible therapy against
neoplasms. However, although the toxicity profile of nanotubes is dependent on the physico-
chemical characteristics of specific particles, there are no studies exploring how the effectivity
of the carbon nanotubes (CNTSs) is affected by different methods of production. In this study,
we characterize the structure and biocompatibility of four different types of MWCNTs in rat
astrocytes and in RG2 glioma cells as well as the induction of cell lysis and possible additive
effect of the combination of MWCNTs with temozolomide. We used undoped MWCNTs (labeled
simply as MWCNTs) and nitrogen-doped MWCNTs (labeled as N-MWCNTs). The average
diameter of both pristine MWCNTs and pristine N-MWCNTs was ~22 and ~35 nm, respectively.
In vitro and in vivo results suggested that these CNTs can be used as adjuvant therapy along
with the standard treatment to increase the survival of rats implanted with malignant glioma.
Keywords: carbon nanotubes, glioblastoma therapy, temozolomide, malignant glioma

Background

The incidence of primary tumors of the central nervous system (CNS) is 30,000 cases
per year in the USA. Glioblastoma (GBM) is the most frequent primary malignant
tumor in adults and constitutes about 30% of all tumors of the CNS.! Every year, GBM
accounts for 2.3% of all cancer-related deaths. Despite several clinical trials during
the last decades, the improvement in therapy has been faint.? Currently, the best treat-
ment available consists of surgery followed by radiotherapy and chemotherapy with
temozolomide (TMZ);* however, even with this multimodal approach, the overall
survival is about 12—15 months with a tumor recurrence rate of 60%—90% after surgery
and radiotherapy; less than 5% of patients have a survival longer than 5 years.*

Due to the lack of response to treatment, new therapeutic options are being devel-
oped. Recently, the use of nanoparticles as a possible therapeutic option has been
studied due to their biocompatibility and low toxicity. Carbon nanotubes (CNTs) are
graphene sheets rolled in a cylindrical manner with a high aspect ratio relation which
represent an important group of nanomaterials with geometric, mechanical, electrical
and chemical properties that are ideal for diverse applications.’ There are two structural
types of CNTs: single-walled CNTs (SWCNTs), constituted by a single graphite sheet
rolled in a cylindrical tube, and multiwalled carbon nanotubes (MWCNTSs), constituted
by two or more graphite layers folded around an axis;® CNTs have been used as drug
carriers of various chemotherapeutic agents to induce selective toxicity in tumor cells.”
Also, CNTs can be functionalized to increase their bioavailability, and because of their
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size, they can flow freely through the bloodstream and inside
organs such as the spleen, liver and kidneys.?

However, functionalization methods need to be carefully
applied to carbon nanomaterials to achieve biocompat-
ibility with the cells. Depending on application, there are
two types of functionalization of CNTs, namely covalent
and non-covalent. Hong et al reviewed the subject and
produced an extended discussion about these two types of
functionalization.’ Sayes et al showed that the functionaliza-
tion of the SWCNTs influences the toxicity response of cells
in culture, and found that the SWCNT sample had larger
cytotoxic effect if its surface was functionalized.!® Coccini
et al studied the cytotoxicity of both pristine MWCNTs and
MWCNTs functionalized with carboxyl and amine groups
in human astrocytoma D384 and lung carcinoma A549
cells using MTT assay and calcein/propidium iodide (PI)
staining; they showed that CNTs increased cytotoxicity.'
To overcome the multidrug resistance of some forms of
cancer, Yao et al proposed the use of distearoylphosphati-
dylethanolamine—hyaluronic acid conjugate to functionalize
and increase the biocompatibility of SWCNTSs, in this case,
combined with epirubicin.'? Using thermal and microwave
methods, Tahermansouri and Ghobadinejad functionalized
carboxylated short MWCNTs (sh-MWCNTs) with creatinine
and aromatic aldehydes for treatment of human breast and
gastric cancer cells; they found that the functionalized
Sh-MWCNTs had less toxicity on the breast cancer cells than
on the gastric cancer cells.”® To combat cancer multidrug
resistance and radioresistance in hepatocellular carcinoma,
non-covalent-functionalized MWCNTs have been used as
carriers of anticancer ruthenium polypyridyl complexes.'
One of the most resistant neoplasms to treatment is the
peritoneal metastases of colorectal cancer; chemotherapy
has not been effective in eliminating these malignant cells.
Graham et al proposed the use of folic acid-functionalized
MWCNTs to target colorectal cancer cells and reduce them
by photothermal therapy.”> As MWCNTSs can transform
near-infrared laser radiation into heat, they have been used as
immunoconjugates for cancer phototherapy.'¢ Functionalized
MWCNTs have also been intravenously administrated, after
they were transformed in a drug delivery system with dieth-
ylenetriaminepentaacetic dianhydride molecules attached to
their surface. This molecule has also served as a substrate
to anchor the gamma-emitting radionuclide, and this nano-
system was followed by a microSPECT/computer tomogra-
phy; the authors proposed that the elimination mechanism
of MWCNTs observed was due to the rapid desorption of
the radionuclide attached to the MWCNTs in the blood.!”

Marega et al used functionalized Fe-filled MWCNTs as
multifunctional scaffolds for magnetization of cancer cells;
they anchored monoclonal antibodies (mAbs) against can-
cer cells on the surface of Fe-filled MWCNTs to evaluate
the confinement of magnetically active Fe phases and the
immobilization of mAbs on MWCNTs surface.!® de Faria
et al investigated the efficiency of a hybrid supramolecule
as an anticancer vaccine; it included MWCNTs as a delivery
system for NY-ESO-1, which is a cancer antigen, and a Toll-
like receptor agonist; this strategy restrained the tumoral
growth.!” Previous studies have proved that functionalized
CNTs (CNTFn) may be more easily internalized into cells;
moreover, CNTFn are able to cross the plasmatic membrane
and reach the perinuclear region after 2 h of incubation,?
which makes them a relevant possible therapeutic agent
for GBM treatment. The above-mentioned studies are few
examples of the immense amount of investigations that are
carried out on the use of MWCNTs as a potential biomedical
system for cancer therapies. The objective of this work was to
determine the cytotoxic effect of CNTs in normal astrocytes
and in cultured RG2 cells as well as to explore the mechanism
by which CNTs induce this effect.

Materials and methods

Chemicals

Dulbecco’s Modified Eagle’s Medium (DMEM) was
purchased from Fisher Scientific (Waltham, MA, USA).
Penicillin, streptomycin, PI, RNase, MTT and TMZ were
purchased from Sigma-Aldrich. TMZ was dissolved in
dimethylsulfoxide (DMSO; Sigma Chemicals Co., Perth,
Mexico) for assays. Acridine orange was obtained from
Polysciences (Warrington, PA, USA).

Nanotubes fabrication

Nitrogen-doped multiwalled carbon nanotubes (N-MWCNTs)
were fabricated by pyrolyzing a solution of ferrocene
(Fe(C,H,),) and benzylamine (C.H,CH,NH,) by the method
of aerosol-assisted chemical vapor deposition (AACVD).
The solution was obtained as 2.5% of ferrocene by weight
in benzylamine. First, the solution was mixed using an ultra-
sonic cleaner (Bronson 2510 with output 100 W, 42 Hz) for
30 min. Benzylamine was used to include nitrogen atoms to
the graphitic network of MWCNTs, and it is also a source of
carbon atoms. Ferrocene was used to generate iron or iron—
carbon nanoparticles which are the catalyst for CNTs produc-
tion. Ferrocene also contributed with the carbon atoms of
N-MWCNTs. The CVD system consisted of two tube furnaces
placed together, and within them was a quartz tube, where the
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reaction was carried out. The mixed solution was placed inside
a vessel (Pyrex) with a piezoelectric sensor on its base. The
synthesis started when the furnaces were at 850°C. Then, a
cloud of the mixed solution was formed and transported to the
quartz tube by a mixture of argon and hydrogen (95%—5%).
The flow of this mixture was set to be 2.5 L/min during the
synthesis process. The fabrication of N-MWCNTs was car-
ried out for 30 min, and then the furnaces were turned off,
the operation of frequency generator was terminated and the
gas flow was kept till the temperature of the system reached
200°C. To quench the fabricated materials, the furnaces were
cooled by two fans. The pristine material produced within
quartz tube was carefully scraped from the furnaces surface
and collected in weighing paper, and then it was weighed and
stored in aluminum foil or in glass vials for characterization.
Undoped MWCNTs were fabricated using the same equip-
ment and same operating conditions but with a different
mixed solution. Instead of benzylamine, toluene was used as
the source of carbon. The same proportions were employed
in the mixed solution, namely 2.5% of ferrocene by weight
in toluene. The temperature and the time of synthesis were
changed; the temperature was 825°C for 15 min. The sample
was collected by scraping, similar to the N-MWCNTs.

Nanotubes functionalization

The chemical functionalization of N-MWCNTSs was per-
formed using a 4 M aqueous mixture of sulfuric acid and
nitric acid (3:1, v/v), giving a total of 400 mL homogeneous
mixture. The ratio of N-MWCNTs and the acid mixture was
1:1 (same volume [mL] of acid for same amount [mg] of
N-MWCNTs). This substance was sonicated for 30 min in
an Erlenmeyer flask. Then, extensive washing with distilled
water was carried out until the pH value of the flushed solu-
tion was ~7. The material obtained after this procedure was
named N-MWCNTs-ox. The same process was applied for
the functionalization of undoped MWCNTs, but the time of
sonication was 2 h and 30 min. The resultant material was
called MWCNTs-ox.

Characterization

The fabricated or pristine samples were characterized by
using an FEI Helios 600 Nanolab apparatus operating at
5kV, and a high-resolution transmission electron microscope
operating at 300 kV (FEI Tecnai F30 STWIN G2). To have
homogeneous material for characterization, 20 mg of the
sample was dissolved in 100 mL ethanol and sonicated in
an ultrasonic cleaner. Then, the solution was filtrated using
the known vacuum filtration technique employing nylon

membrane filters (Whatman) with 0.2 pum pore size and
25 mm diameter. The resultant material was dried at 66°C for
24 h. A self-supporting MWCNT membrane was separated
from the nylon membrane and used for scanning electron
microscopy. A small part of this membrane was again dis-
persed in ethanol in an ultrasonic cleaner for 5 min. Several
small drops of this suspension were placed on a holey-carbon
grid and dried at 66°C for 24 h for characterization by high-
resolution transmission electron microscopy (HRTEM).

Cell cultures

Cell culture studies were performed using RG2 cell line,
which is commonly used as a rat brain tumor model. It
grows well in cell culture and provides a simple reproduc-
ible glioma model when it is inoculated in Fisher syngenic
rats, and it is one of the more similar cell groups to human
glioma. Also, primary astrocytes in cell culture were used as
nonmalignant control cells as the origin of GBM tumors is
from transformed astrocytes. Astrocytes were isolated from
3-day-old Fisher rats, as previously described.?!’ Animal
care and use of all experimental animals were performed
in accordance with institutional ethical guidelines. RG2
GBM tumor cell lines (RG2 cells) were acquired from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). The cells were cultured with DMEM (Thermo Fisher
Scientific) and supplemented with 10% bovine fetal serum
(Thermo Fisher Scientific), 4 mM glutamine and 100 U/mL
of penicillin—streptomycin. They were cultured under sterile
conditions at 37°C in a humid atmosphere with 5% CO..

Cytotoxicity determination

The cytotoxicity was determined for all CNTs in rat astro-
cytes and RG2 cells. Briefly, cells were cultured in 24-well
plates (1x10° cells) and treated with different concentra-
tions of MWCNTs (10, 20, 30, 40, 50, 60, 70, 80, 90 and
100 pg/mL). After 24 h, cells were collected. Cell suspen-
sions were incubated with PI in 100 uL of binding buffer.
After gently vortexing, cells were incubated for 15 min at
room temperature in darkness. Then, 400 uL of binding
buffer was added, and cells were analyzed by flow cytom-
etry within 1 h after treatment evaluating 10,000 events.
Data were collected on a FACSCalibur instrument (BD
Biosciences). Cell QuestPro and FlowJo ver. 7.6.1 software
were used for data analysis.

Cell viability analysis
As the effect on cellular cytotoxicity was not dependent on
CNTs concentration, we used a concentration of 50 pg/mL
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for each MWCNT, and cell viability was evaluated in the
following groups: Group 1: pristine N-MWCNT; Group 2:
N-MWCNT-ox; Group 3: pristine MWCNT; Group 4:
MWCNT-o0x; Group 5: TMZ (10 uM) and Groups 6-9: TMZ
with the four different MWCNTSs. (Where appropriate, we use
“MWCNTSs” to refer to any of these nanotubes in a generic
way.) Cell viability was determined by two experimental
strategies: Pl and MTT reduction assays. Briefly, after 24 h
of incubation, cells were rinsed with PBS and resuspended
in 1 mL of filtered PBS, and adjusted to a final concentration
of 1x10° cells/mL. Then, cells were incubated with PI and
evaluated as described (1 pg/mL).

MTT reduction assay

Cellular function was evaluated by the MTT reduction assay,
as reported in previous reports.’>? This method is currently
employed either as a functional status index of the respira-
tory chain or as an index of overall functional status in the
whole cell. The formation of formazan salts occurs through
the action of dehydrogenases in viable cells. After treat-
ment, the medium was removed, and the cells were washed
with Hanks medium, and then 200 uL of MTT (5 mg/mL in
PBS) was added to each well. The reaction was allowed to
proceed for 4 h at 37°C, and then the medium was removed
and the blue formazan product was eluted with isopropanol.
Quantification of formazan was done by optical density at
a wavelength of 570 nm in a plate reader (EON; BioTek).
Results were expressed as the percentage of MTT reduction
in relation to control values.

Determination of cell death mechanisms
Apoptosis detection with AnnexinV assay and

Pl double stain

After the experimental treatments, the cells were rinsed
and resuspended in 1 mL of filtered PBS and adjusted to
a final concentration of 1x10° cells/mL. Cell suspensions
were incubated with APC-labeled Annexin V (Annexin V
Apoptosis Detection Kit I; BD Pharmingen) and 7AAD in
100 uL of binding buffer. After gentle vortexing, cells were
incubated for 15 min at room temperature in darkness, and
400 pL of binding buffer was added to analyze the cells
by flow cytometry within 1 h after treatment. A total of
10,000 events were evaluated. Data were collected on a
FACSCalibur instrument (BD Biosciences). Cell QuestPro
and FlowJo ver. 7.6.1 software were used for data analysis.
The dot plot of the four quadrants in the figures was used to
distinguish the viable (Annexin V-/7AAD-), early apoptotic
(Annexin V+/7AAD-), late apoptotic (Annexin V+/7AAD+)
and necrotic (Annexin V—/7AAD+) cells.*

Mitochondrial membrane potential (Aym)

Aym in glioma cells was assessed by flow cytometry
(Becton-Dickinson, Franklin Lakes, NJ, USA) using the
JC-1 aggregate-forming lipophilic cation (Thermo Fisher
Scientific) as previously described.”® When mitochondria has
low membrane potential, JC-1 is in its monomeric form and
displays green fluorescence (FL-1 channel, emission length
at 525 nm), whereas in the mitochondrial matrix, with high
membrane potential, JC-1 forms red fluorescence aggregates
(FL-2 channel, emission length at 590 nm). Briefly, after 24 h
of treatment, cells were collected by adding 70 uL/well of
trypsin (0.025%), centrifuged at 2,000 rpm for 5 min and
decanted. RG2 glioma cells were labeled with JC-1 at a final
concentration of 3 UM at 37°C for 30 min. Treated cells were
gated in the corresponding cell region. Data were expressed
as mean fluorescence intensity in FL-2 channel (Aym).?

Autophagy assays

Autophagy analysis by LC3

The microtubule-associated protein 1 light-chain 3 (LC3) is
essential for amino-acid starvation-induced autophagy, and
it is associated with the autophagosome membrane.?*2 RG2
cells (1x10°) were cultured on six-well plates. After treat-
ment, the cells were fixed in 4% paraformaldehyde, blocked
with 3% normal goat serum and incubated in 1% BSA/10%
normal goat serum/0.3 M glycine in 0.1% PBS-Tween for 1 h
to permeabilize the cells and to block nonspecific protein—
protein interactions. Afterwards, cells were incubated with
the goat polyclonal anti-LC3A/B (Abcam, Cambridge, UK)
for 30 min. Then, cells were washed twice with PBS and
incubated for additional 30 min in darkness with an anti-goat
IgG antibody coupled with APC (Abcam), washed again
with PBS and finally acquired using a FACSCalibur flow
cytometer using the CellQuest software and FlowJo 10x for
the final analysis (Becton-Dickinson).

Acridine orange vesicles (AVOs)

Autophagy is characterized by the formation and promotion
of acidic vesicular organelles (AVOs).?? We used the lyso-
somotropic agent acridine orange that moves freely across
biological membranes when it is uncharged; its protonated
form accumulates in acidic cell compartments, where it
forms aggregates that fluoresce bright red.**! Flow cytom-
etry with acridine orange staining was employed to detect
and quantify the AVOs. In acridine orange-stained cells, the
cytoplasm and nucleus fluoresce bright green and dim red,
respectively, whereas acidic compartments fluoresce bright
red.?” Therefore, we measured the change in the intensity
of the red fluorescence to obtain the percentage of cellular
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acidic compartments. After the treatments with MWCNTs,
TMZ alone or TMZ combined with MWCNTs, 1x10° cells
were collected in phenol red-free RPMI 1640 medium. The
green (FL-1) and red (FL-3) fluorescence of acridine orange
was measured with a flow cytometer using the CellQuest
software (Becton-Dickinson). The sum of the upper-left
and the upper-right quadrants of the dot plot was used to
represent the percentage of autophagy. These assays were
done in triplicate.

Reactive oxygen species determination

Reactive oxygen species (ROS) production was detected by
fluorescence of dichlorofluorescein (DCF).**** RG2 cells
were preincubated with 75 uM DCFH-DA for 10 min to
allow DCFH-DA to diffuse into cells. Immediately thereafter,
RG2 cells were incubated in the absence (control) or presence
of the different CNTs alone or combined with TMZ at 37°C
for 1 h when ROS levels were detected at the intracellular
domain, and at variable times (30 and 60 min and 3 and
6 h) when the ROS levels were detected at both intracellu-
lar and extracellular domains. Intracellular ROS formation
was assessed by flow cytometry, considering 10,000 total
events for determination of the medium fluorescence index
in the FlowJo program. Extracellular ROS was convention-
ally detected in supernatants by fluorescence spectrometry
using a Perkin-Elmer LS50 spectrometer at 488 nm (excita-
tion wavelength) and 532 nm (emission wavelength). Then,
final DCF concentrations were calculated by interpolation of
curve of a DCF standard incubated in parallel. Results were
expressed as percent of ROS formation vs control.

Cell cycle analysis

The cells were seeded at 3x10° per well in six-well plates.
After incubation for 24 h, cells were treated with each group
of MWCNTSs, TMZ alone or TMZ combined with the four
groups of MWCNTs. After 24-h incubation, cells were
harvested, fixed in 70% ethanol and stored at —20°C. Cells
were then washed twice with pre-cold PBS and incubated
with RNase and PI for 30 min at dark, and cell cycle phase
analysis was performed using the FlowJo analysis software
(Becton Dickinson Immunocytometry Systems, San Jose,
CA, USA).

In vivo treatment

Before intracranial implantation, RG2 cells were briefly
treated with trypsin to detach them from culture bottle,
centrifuged and resuspended in the corresponding medium.
The cell suspensions were regularly shaken to prevent cell

sedimentation and kept in a sterile vial at 4°C until stereot-
actic implantation.

Orthotopic glioma model

For the rat RG2 glioma cell implantation model, Fischer
344 male rats (Biolnvert, Mexico City, Mexico), 3 months old
(n=50), were fed ad libitum. The cell implantation procedure
was conducted as described by Kobayashi et al.** Briefly,
each animal was anesthetized (ketamine 40-90 mg/kg
intraperitoneally administered plus xylazine 5-10 mg/kg
subcutaneously administered) and immobilized on a ste-
reotaxic unit (Stoelting Co., Wood Dale, IL, USA). After
disinfection and incision of the head skin with a scalpel, a
hole was drilled on the right-hand side of the skull 2 mm
lateral and 2 mm anterior to the bregma. RG2 cells (1x10°)
suspended in 10 pL of saline solution were injected at 3 mm
in depth from the dura at a rate of 2 uLL/min, using a 25-gauge
Hamilton needle mounted on a 25 uL. Hamilton glass syringe
(Hamilton, Reno, NV, USA). Two min after injection, the
needle was retired.

Seven days after the implant, animals were separated
into five groups (n=10 for each group), according to the
treatment: the first group (control) was untreated, the second
group was intratumorally injected with pristine N-MWCNTs
(25 ngin 25 uL), the third group was injected intratumorally
with N-MWCNTs-ox (25 g in 25 uL), the fourth group was
injected intratumorally with pristine MWCNTs (25 ug in
25 uL) and the fifth group was injected intratumorally with
MWCNTs-ox (25 pug in 25 uL). Animals were fed with food
and water ad libitum until signs of tumor affection appeared
or until the rats died as a consequence of brain tumor.
We recorded the time of survival and performed a Kaplan—
Meier survival analysis using the software SPSS ver. 10.

All animal experiments were approved by the Bioethics
Committee and the Institutional Review Board (Number
78/13) of the National Institute of Neurology and Neurosur-
gery (NINN) and followed the regulations of the Mexican
Standard for the production, care and use of laboratory
animals (NOM-062-Z00-1999).

Drug toxicity on hematic and biochemical

param eters

For studies of blood count and blood chemistry screen
(glucose, BUN, creatinine and liver function tests), five rats
from each group were anesthetized, and blood samples were
obtained by intracardiac puncture. The same parameters
were measured in five healthy rats whose values were taken
as control.
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Statistical analysis

Data were expressed as mean + SD. Statistical significance
was evaluated by analysis of variance and the Tukey’s
range test using the SPSS software (ver. 11.5). P<<0.05 was
considered statistically significant. Cumulative survival was
determined from day of implantation until death. Data were
analyzed by the Kaplan—Meier test.

Results
AACVD method allowed the production
of symmetric MWCNTs

Figure 1 shows the scanning electron microscope images
of N-MWCNTs (A and B) and MWCNTs (C and D).
N-MWCNTs and MWCNTs produced by the AACVD
method had spaghetti-like shape and were aligned.
N-MWCNTs (Figure 1A and B) showed metallic com-
pounds over their surface; probably, the acid treatment
reduced the amount and size of nanoparticles. In the case of
MWCNTs (undoped), the result was different (Figure 1C);
at the observed magnification, only very small detect-
able metallic nanoparticles (white points) were observed,
and after acid treatment, such nanoparticles disappeared
(Figure 1D). Figure S1 shows the transmission electron
microscopy (TEM) images of N-MWCNTs before (A and
B) and after (C and D) the acid treatment. In Figure S1A

Figure | SEM images of N-MWCNTs (A and B) and MWCNTs (C and D): pristine
(A and C) and after acid treatment (B and D).

Notes: The N-MWCNTs well aligned with large amounts of iron carbide
nanoparticles adhered on their surface (A). After acid treatment, the N-MWCNTs
present almost no metallic nanoparticles attached to their outer carbon layer
(B and D). The case of MWCNTs is different; few iron carbide nanoparticles
are present adhered to their external surface (A and C). The acid treatment of
MWCNTSs induced serious disruption in their morphology (B and D).
Abbreviations: N-MWCNTs, nitrogen-doped MWCNTs; MWCNTs, multiwalled
carbon nanotubes.

and B, one can see several metallic nanoparticles attached to
the CNT surface. After the acid treatment, the CNT surface
had no metallic nanoparticles. A small protuberance can
be observed in the superior part of CNTs in Figure S1D
(black arrow); probably, it was a metallic nanoparticle
coated before the acid treatment. Figure S2 shows the
TEM images of MWCNTs before (A and B) and after acid
treatment (C and D). One can find it hard to see attached
nanoparticles before acid treatment (Figure S2A). How-
ever, encapsulated metallic nanoparticles are present on
pristine MWCNTs (black arrow, Figure S2B). After acid
treatment, the internal particles were also observed (black
arrows, Figure S2C and D). Acid treatment also eliminated
most of the nanoparticles from the surface of N-MWCNTs;
however, internal nanoparticles inside undoped MWCNTs
did not seem to be affected (Figure S2C and D). Figure S3
shows the HRTEM characterization of N-MWCNTs (A and
B) and MWCNTs (C and D). It is evident that acid treat-
ment affects the surface morphology of both N-MWCNTs
and undoped MWCNTs. Figure S4 shows the dispersion of
diameters before and after the acid treatment. In addition to
the functionalization of nanotubes, the acid treatment might
break the large nanotubes.

Effect of MWCNTs on the viability of

astrocytes and RG2 glioma cells

Cell viability was assessed using PI in astrocytes (Figure 2)
and in RG2 glioma cells (Figure 3) treated with different con-
centrations of the four different MWCNTSs (0-100 pg/mL).
As shown in Figures 2 and 3, the addition of MWCNTs to
the culture medium increased the percentage of cell death
from the lowest concentration used (10 nug/mL); however,
this effect was not dependent on concentration. Although in
all treated groups the cell viability was affected, MWCNT-ox
group showed greater inhibition compared with controls
(cells cultured without MWCNTs) which showed decrease
in cell viability to ~50% after 24 h of incubation in both
normal astrocytes and glioma RG2 cells (Figures 2 and 3).
The results indicated that the four MWCNTs induced higher
cell death in astrocytes than in RG2 glioma cells, indicat-
ing that MWCNTs are more cytotoxic in normal astro-
cytes than in malignant RG2 glioma cells. The different
MWCNTs induced cytotoxicity in astrocytes in the follow-
ing order: pristine N-MWCNT < N-MWCNT-ox = pristine
MWCNT < MWCNT. In the case of RG2 glioma cells,
the order was: pristine N-MWCNT = pristine MWCNT <
N-MWCNT-ox < MWCNT-ox. Based on the results
obtained for 24-h treatment, the dose of 50 pug/mL was
selected for subsequent experiments.
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Notes: Astrocytes were treated with different concentrations of MWCNTs. Graph shows mean + SEM of dead cells in a primary culture of rat astrocytes treated with
MWCNTSs. Rat astrocytes (I1x10°) were treated with MWCNTSs for 24 h, and the percentage of dead cells was determined by FACS using propidium iodide stain. *P<<0.01
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Abbreviations: MWCNT, multiwalled carbon nanotube; N-MWCNT, nitrogen-dope:
acid-treated MWCNT.

Co-incubation of MWCNTs plus TMZ

reduced viability of RG2 glioma cells
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Figure 3 MWCNTs induce cell death in cultures of rat RG2 glioma cells.

Notes: RG2 glioma cells were treated with different concentrations of MWCNTs. Graph shows mean + SEM of lysis of RG2 glioma cells induced by MWCNTSs. Glioma cells

(Ix10) were treated with different concentrations of MWCNTSs for 24 h, and the perc
vs control and *¥P<<0.001 vs control.
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entage of dead cells was determined by FACS using propidium iodide stain. *P<<0.01

d MWCNT; N-MWCNT-ox, acid-treated nitrogen-doped MWCNT; MWCNT-ox,

International Journal of Nanomedicine 2017:12

submit your manuscript 60 I I
Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Romano-Feinholz et al Dove

(two times higher than in the other treated groups). Com-

counterparts (pristine N-MWCNTs or pristine MWCNTs).
bination with TMZ induced a significant increase in the

Although no imaging techniques were done to assess changes
percentage of dead cells (twice compared with MWCNTs  in cell size due to the uptake of MWCNTs, images showed

alone) (Figure 4). what seems to be an increase in the uptake of functionalized

. . MWCNTs (Figure 5A). This uptake induced changes in size
Functionalized MWCNTSs were more and internal complexity (Figure 5A and B) in cells treated
bioavailable than nonfunctionalized with functionalized MWCNTS; these changes might be due
MWCNTs to early stages of apoptosis (Figure SA and B). In contrast,
Functionalized MWCNTs (N-MWCNTs-ox or MWCNTs-0x)  nonfunctionalized MWCNTs did not induce appreciable

were more phagocytosed than their nonfunctionalized  changes in the internal complexity (Figure SA). TMZ did
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Figure 4 TMZ treatment increases MWCNTSs cell death in RG2 glioma cells.

Notes: RG2 glioma cells were treated with 50 ug/mL of MWCNTs, TMZ or MWCNTs plus TMZ. Graph shows mean + SEM of dead RG2 glioma cells, and representative

FACS histograms show the percentage of Pl+ cells. Glioma cells (1x10°) were treated with different concentrations of MWCNTs, TMZ or TMZ plus MWCNTs for 24 h, and
the percentage of dead cells was determined by FACS using propidium iodide stain. *P<<0.0| vs control and **P<<0.001 vs control.

Abbreviations: TMZ, temozolomide; MWCNT, multiwalled carbon nanotube; N-MWCNT, nitrogen-doped MWCNT; N-MWCNT-ox, acid-treated nitrogen-doped
MWCNT; MWCNT-ox, acid-treated MWCNT.
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Figure 5 Effect of treatment with MWCNTSs and TMZ in RG2 glioma cells.

Notes: MWCNTSs are well phagocytosed by RG2 glioma cells (A). TMZ treatment does not affect the capacity of RG2 glioma cells to phagocytose MWCNTSs (B). The
representative images of RG2 glioma cells by light microscopy and FACS dot plots are shown. The microscopy images show that the cells endocytosed the four different
MWCNTSs used (A) and MWCNTSs used in combination with TMZ, and the first row of dot plots shows the increase in size of the RG2 glioma cells due to the increase
in the number of MWCNTs endocytosed. The second line of dot plots shows the representative images of the induction of apoptosis and necrosis by different MWCNTSs

endocytosed by RG2 cells.

Abbreviations: MWCNT, multiwalled carbon nanotube; TMZ, temozolomide; N-MWCNT, nitrogen-doped MWCNT; N-MWCNT-ox, acid-treated nitrogen-doped

MWCNT; MWCNT-ox, acid-treated MWCNT.

not modify the intake of N-MWCNTs-ox or MWCNTs-ox
by RG2 glioma cells (Figure 5B). Functionalization of CNTs
allowed a better uptake distribution, preventing the formation

of aggregates in astrocytes and in RG2 glioma cells.

MWCNTs-ox induced apoptosis in RG2

rat glioma cells
Figure 5A and B shows the representative dot plots
from cells treated with each of the four MWCNTSs. The
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apoptosis-inducing effect of MWCNTs was investigated by MWCNTs induced DNA fragmentation
flow cytometric analysis of RG2 cells stained with Annexin increasing sub-GO Peak in RG2 cells

V-APC and PI. Exposure of cells to MWCNTs-ox (50 ug/mL)  The above-described results show that MWCNTSs induce
for 24 h induced more necrosis and apoptosis than exposure  reduction of cell number and apoptosis. To clarify the
to the other three CNTs (Figures 6 and 7); however, this  underlying mechanism, flow cytometry was used to examine
effect did not increase when MWCNTs-ox were combined  the effect of MWCNTs on the cell cycle (Figure 8). Results
with TMZ. These results suggest that some of the toxic  showed increase in the number of cells in the sub-GO0 peak
effects induced by MWCNTs-ox are related to induction of ~ for RG2 cells treated with 50 pug/mL of any of the CNTs,

apoptosis and necrosis. and the effect increased when CNTs were combined
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Figure 6 Effect of TMZ or MWCNTs on apoptosis induction in malignant RG2 glioma cells in vitro.

Notes: Tumor cells were seeded at a density of 3x10° cells per well (I mL) in six-well flat-bottomed plates and incubated overnight at 37°C. After exposure to TMZ (10 mM)
and treatments with MWCNTSs (50 ug/mL) for 24 h, the cells were trypsinized. Results show the mean + SEM of three independent experiments of viable cells (A), necrotic
cells (B), late apoptosis (C) and apoptosis (D). *P<<0.01 vs control and **P<<0.001 vs control.

Abbreviations: TMZ, temozolomide; MWCNT, multiwalled carbon nanotube; N-MWCNT, nitrogen-doped MWCNT; N-MWCNT-ox, acid-treated nitrogen-doped
MWCNT; MWCNT-ox, acid-treated MWCNT.
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Figure 7 Effect of TMZ or MWCNTs on total apoptosis induction in malignant RG2
glioma cells in vitro.

Notes: Tumor cells were seeded at a density of 3x10° cells per well (I mL) in six-
well flat-bottomed plates and incubated overnight at 37°C. After exposure to TMZ
(10 mM) and MWCNTs (50 pg/mL) for 24 h, the cells were trypsinized, and the
number of total apoptotic cells was determined by flow cytometry. Results show the
mean + SEM of three independent experiments. **P<<0.001 vs control.
Abbreviations: TMZ, temozolomide; MWCNT, multiwalled carbon nanotube;
N-MWCNT, nitrogen-doped MWCNT; N-MWCNT-ox, acid-treated nitrogen-
doped MWCNT; MWCNT-ox, acid-treated MWCNT.

with TMZ. In the MWCNT-ox group, cell replication was
arrested in the G2—M phase. No differences over the cell
cycle were seen compared with the other MWCNTs. These
results indicate that the main mechanism of MWCNTSs
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Figure 8 TMZ treatment maximizes the cell cycle arrest by MWCNTSs in RG2
glioma cells.

Notes: RG2 glioma cells were treated with 50 g of MWCNTSs, TMZ or MWCNTSs
plus TMZ. Graphs show mean * SEM of RG2 glioma cells in sub-G0, GO-Gl, S and
G2-M cell cycle stage. The percentage of dead cells was determined by FACS using
propidium iodide stain. **P<<0.001 vs control.

Abbreviations: TMZ, temozolomide; MWCNT, multiwalled carbon nanotube;
N-MWCNT, nitrogen-doped MWCNT; N-MWCNT-ox, acid-treated nitrogen-
doped MWCNT; MWCNT-ox, acid-treated MWCNT.

treatment is not through cell cycle arrest, with the excep-
tion of MWCNT-ox.

Cellular dysfunction was not related with
ROS production
MTT reduction assay was used to verify whether MWCNTs
induced cellular dysfunction. After 24 h of treatment, a sig-
nificant reduction was observed in all groups treated with
CNTs or CNTs plus TMZ. The main diminution in MTT was
seen in both groups treated with MWCNTs-ox (Figure 9).
Due to the possibility that MWCNTs can induce the pro-
duction of ROS through the Fenton reaction, we performed
an ROS analysis using DCFH-DA at different periods of
treatment. The results did not show significant changes,
that is, neither extracellular nor intracellular ROS produc-
tion (Figures 10 and 11). However, a discrete decrease of
intracellular ROS was found in the MWCNT-o0x, TMZ and
MWCNT-ox plus TMZ groups (Figure 10); nevertheless, this
change did not achieve statistical significance (P=0.80).

MWCNTs induced apoptosis in RG2
cells promoting reduction in the

mitochondrial membrane potential

Due to the apoptosis induced by MWCNTs, we determined
the possible reduction of mitochondrial membrane potential
(A¥m) induced by MWCNTSs. Data analysis demonstrated

100 ~

% MTT reduction vs control

T™Z

Figure 9 TMZ treatment maximizes the cellular dysfunction by MWCNTSs in RG2
glioma cells.

Notes: RG2 glioma cells were treated with 50 pug/mL of MWCNTs, TMZ or
MWCNTs plus TMZ. Graph shows mean + SEM of MTT reduction in RG2 glioma
cells. Malignant RG2 glioma cells (1x10°) were seeded in 96-well plates in contact
with the different types of MWCNTSs; after 24 h of treatment, MTT reduction was
assessed. *P<0.01 vs control and *P<<0.001 vs control.

Abbreviations: TMZ, temozolomide; MWCNT, multiwalled carbon nanotube;
N-MWCNT, nitrogen-doped MWCNT; N-MWCNT-ox, acid-treated nitrogen-
doped MWCNT; MWCNT-ox, acid-treated MWCNT.
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Notes: RG2 glioma cells were treated with 50 pg/mL of MWCNTs, TMZ or MWCNTs plus TMZ. Graph shows mean * SEM of ROS production. Malignant RG2 glioma
cells (1x10°%) were seeded in six-well plates in contact with the different CNTs; after 30, 60, 180 and 360 min, ROS production was assessed. No significant changes were

seen between treatments.

Abbreviations: ROS, reactive oxygen species; MWCNT, multiwalled carbon nanotube; TMZ, temozolomide; CNTs, carbon nanotubes; N-MWCNT, nitrogen-doped
MWCNT; N-MWCNT-ox, acid-treated nitrogen-doped MWCNT; MWCNT-ox, acid-treated MWCNT.

a significant decrease of A¥m in all groups treated with
MWCNTs and their combination with TMZ except for the
pristine MWCNT group. The greatest effect was found in
the MWCNT-ox plus TMZ group (Figure 12).

MWCNTs induced apoptosis but no
autophagy in RG2 malignant glioma cells

Radiation or chemotherapeutic agents such as tamoxifen,
arsenic trioxide or TMZ induce autophagy but not apoptosis
in various cancer cells, including malignant glioma cells.?
To evaluate whether TMZ, MWCNTs or their combination
induces alterations similar to autophagy, RG2 cells were

exposed for 24 h to TMZ (100 mM), MWCNTs (50 pug/mL)
or TMZ plus MWCNTs. Afterwards, the cells were stained
with anti-LC3, and analyzed by flow cytometry. As shown
in Figure 13, no significant changes were observed for any

treatment.

MWCNTs did not induce inflammation
or systemic toxicity and were
endocytosed by malignant glioma cells

in vivo
To observe the distribution of MWCNTs in vivo, they were
injected into both healthy and tumoral tissues from rats
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Figure |1 Intracellular ROS production induced by MWCNTs.

Notes: RG2 glioma cells were treated with 50 pg/mL of MWCNTs, TMZ or
MWCNTs plus TMZ. Graph shows mean * SEM of intracellular ROS production by
glioma cells. RG2 glioma cells (1x10°) were seeded in six-well plates for treatment;
after 60 min, intracellular ROS production was assessed by FACS. No significant
changes were seen between treatments.

Abbreviations: ROS, reactive oxygen species; MWCNT, multiwalled carbon
nanotube; TMZ, temozolomide; N-MWCNT, nitrogen-doped MWCNT;
N-MWCNT-ox, acid-treated nitrogen-doped MWCNT; MWCNT-ox, acid-treated
MWCNT.

(Figure 14). The four types of MWCNTs did not cause inflam-
mation remaining in the site of injection even after 30 days in
healthy tissue. In contrast, in tumoral tissue, we observed a
decrease in the cumulus of MWCNTs; this effect was greater
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Figure 12 TMZ treatment increases MWCNTs-induced mitochondrial dysfunction
in RG2 glioma cells.

Notes: RG2 glioma cells were treated with 50 pg/mL of MWCNTs, TMZ or
MWCNTs plus TMZ. Graph shows the MFI + SEM in RG2 glioma cells. RG2 glioma
cells (1x10%) were seeded in six-well plates for the different treatments; after 24 h
of treatment, mitochondrial membrane potential (A ¥m) was determined by FACS.
*P<0.01 vs control and **P<<0.00| vs control.

Abbreviations: TMZ, temozolomide; MWCNT, multiwalled carbon nanotube; MFI,
mean fluorescence intensity; N-MWCNT, nitrogen-doped MWCNT; N-MWCNT-
ox, acid-treated nitrogen-doped MWCNT; MWCNT-ox, acid-treated MWCNT.
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Figure 13 Effect of TMZ or MWCNTSs on autophagy induction in malignant RG2
glioma cells.

Notes: Tumor cells were seeded at a density of [x10° cells per well (I mL) in six-
well flat-bottomed plates and incubated overnight at 37°C. After exposure to TMZ
(10 mM) and MWCNTs (50 pg/mL) for 24 h, the cells were trypsinized, and the
percentage of LC3+ cells was measured by flow cytometry. The figure shows the
means + SEM of three independent experiments.

Abbreviations: TMZ, temozolomide; MWCNT, multiwalled carbon nanotube; MFI,
mean fluorescence intensity; N-MWCNT, nitrogen-doped MWCNT; N-MWCNT-
ox, acid-treated nitrogen-doped MWCNT; MWCNT-ox, acid-treated MWCNT.

inthe MWCNT-ox group, and the highest dispersion of nano-
particles and their internalization were observed in tumoral
cells. Notably, the animals injected with any of the four types
of MWCNTs did not show signs of local or systemic toxicity;
blood count, blood chemistry and hepatic and cardiac functions
showed no evidence of drug-induced toxicity (data not shown).

N-MWCNTs-ox increased survival of

rats bearing intracerebral RG2 glioma

To determine if the MWCNTs increased survival of rats
intracranially implanted with RG2 cells, we measured
survival of 10 rats from each group intratumorally injected
with the different MWCNTSs 7 days after the inoculation
of RG2 cells. A statistically significant increase in sur-
vival was seen in the group treated with N-MWCNTs-ox
(P=0.015), but not in different groups treated with the other
MWCNTs (Figure 15).

Discussion

Nanotubes have been used in recent years as drug carriers,
as well as diagnostic and analytical biosensors.*® Our results
suggest that MWCNTs may also be used for treatment of
brain tumors due to their nanostructure, shape and biological
properties, which give them the ability to cross the blood—
brain barrier. It has been described that CNTs injected
systemically are internalized in brain cells by phagocytic
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Figure 14 Histological sections of healthy rat brain and tumoral tissue from the left side of brain after intratumoral injection of MWCNTs (magnification 200x).
Notes: No signs of inflammation by mononuclear cell infiltration were seen in all treated tissues. MWCNTs were more concentrated in healthy brain compared with

tumoral tissue.

Abbreviations: MWCNT, multiwalled carbon nanotube; N-MWCNT, nitrogen-doped MWCNT; N-MWCNT-ox, acid-treated nitrogen-doped MWCNT; MWCNT-ox,

acid-treated MWCNT.

mechanisms, achieving cytoplasmic location within the cells
24 h after injection.

In this study, we analyzed the potential of four different
CNTs to induce cell death in GBM cells. MWCNTs were
obtained using the AACVD technique which allows produc-
ing clean and homogenous MWCNTs (Figures 1 and S1).
The MWCNTs used in this study induced cell death in both
astrocytes and cultured RG2 cells at all concentrations used
(Figures 2 and 3), as has been previously reported.’’** After
observing the results, we decided to use the 50 pg/mL dose
for further experiments; at this concentration, all MWCNTSs
induced a significant percentage of cell death. Considering
that the standard treatment for GBM consists in surgical
resection accompanied by radiotherapy and chemotherapy
with TMZ,*4! the next step was to use MWCNTSs in combina-
tion with TMZ. We found an increase in cell death when all
MWCNTs were used in combination with TMZ, suggesting

the potential of MWCNTs as a therapeutic agent in combi-
nation with the standard chemotherapy in GBM patients.
Similar results have been reported in the study by Ouyang
et al, in which SWCNTSs were administered in combination
with TMZ; the authors attributed this effect to immune modu-
lation, potentiation of TMZ and the covering of nanotubes
with oligodeoxynucleotides CpG.* It is important to consider
that the effect of CNTs is dependent on intrinsic factors such
as formulation, production and endocytosis capacity.*® This
investigation evaluated the effect of the MWCNTSs plus
TMZ in malignant glial cells and MWCNTs bioavailability
in RG2 glioma cells: functionalized MWCNTs were more
efficiently endocytosed by RG2 cells than nonfunctional-
ized MWCNTs. From the FACS analysis, we learned that
in vitro cells treated with functionalized MWCNTs alone or
in combination with TMZ increased in size compared with
control cells (Figure 5A and B). In this context, Han et al
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Figure 15 Kaplan—Meier survival plot of rats bearing intracranial RG2 glioma after
intratumoral administration of different MWCNTs (50 pg/10 pL at day 2 post-
implant).

Notes: Prolonged survival was seen in rats bearing intracranial RG2 glioma treated
with N-MWCNT-ox. The figure shows the survival curves and Kaplan—Meier
survival analysis of rats implanted with RG2 (Ix10° cells/rat) and treated with
MWCNTSs (n=10).

Abbreviations: MWCNT, multiwalled carbon nanotube; N-MWCNT-ox, acid-
treated nitrogen-doped MWCNT; N-MWCNT, nitrogen-doped MWCNT;
MWCNT-ox, acid-treated MWCNT.

reported that size variations in CNTs could induce different
rates of cellular damage in rats bearing C6 glioma cells.
These effects might be explained by the functionalization
process that allows better dispersion of CNTs, improving
their bioavailability (Figure SA). However, the endocytosis
ability was not affected by the addition of TMZ (Figure 5B).
Surface characteristics of functionalized MWCNTSs, such as
the degree of hydrophobicity and protein modification, are
important for cell internalization.?** Our study showed that
nanoparticles functionalized with Fe were phagocytosed
more efficiently, thus increasing their cellular damage.
Similarly, Vakarelski et al reported that CNTs penetrate
membranes of living cells.* Several reports have shown that
the CNTs are endocytosed preferably by neoplastic cells.*-°
The CNTs are endocytosed via tip recognition through recep-
tor binding;’' these receptors are commonly overexpressed
in cancer cells, which explains why GBM cells endocytose
high amounts of CNTs (Figure 5A and B).*

In this study, we observed an increase in death in cells
treated with MWCNTs-ox and with MWCNTs-ox plus TMZ
as evidenced by 1) increase in the number of Annexin V+
cells (in early and in late apoptosis) (Figures 6 and 7),
2) decrease in the mitochondrial membrane potential A ¥m
(Figure 12) and 3) reduction in the cellular functionality

(Figure 9). Various hypotheses might be formulated to
explain the induction of cell death by MWCNTSs; one suggests
that CNTs induce the creation of adducts and/or damage at
DNA level. Lindberg et al have suggested that MWCNTs
efficiently interact with biomolecules by stimulating the
formation of non-covalent conjugates (protein-MWCNT);
such conjugates may be transported inside mammalian cells
via endocytosis.” Once these conjugates have been freed by
the lysosomes, they are internalized into cytoplasm inter-
fering with biological functions, which becomes evident
by the induction of apoptosis and the expression of the
BCL-2 protein family; in turn, when Bcl-2 is expressed, it
causes the release of cytochrome C from the mitochondria
to the cytosol.>*%

To evaluate how MWCNTs could induce cellular
damage, we analyzed cell cycle progression. We found
an increase in the sub-GO peak in every group of CNTs in
combination with TMZ due to DNA fragmentation. The only
group that showed arrest in the G2-M phase was group 4
(MWCNTs-ox) (Figure 8). These results suggest that the
process of cell death was mediated mainly by increase in
apoptosis and arrest in the G2—M phase of the cell cycle, as
has been reported in leukemia cells, where treatment with
CNTs induced a decrease in cell growth associated with cell
cycle arrest. Similar results have been described in peripheral
blood lymphocytes, where CNTs block the progression of
the cell cycle by inducing an arrest in the GO—G1 phase.>
In vitro studies have demonstrated that CNTs block G1 phase
in NRK-52E rat kidney epithelial cells.’” Additional studies
have shown that CNTs induce arrest in G1-S phase of the
cell cycle in BEAS-2B bronchial epithelial cells.*®

Induction of oxidative stress seems to be fundamental
for the cytotoxic effects of MWCNTSs. Once inside the cell,
these nanomaterials seem to induce oxidative stress causing
an imbalance between oxidant and antioxidant processes.
This effect may increase the concentrations of cytosolic
calcium or cause a translocation of transcription factors to
the nucleus which regulate pro-inflammatory genes, such
as TNF-a or iNOS.* The increase in oxidative stress could
modify proteins, lipids and nucleic acids, which, in the
long-term stimulate the antioxidant defense response or even
induce cellular death.>%° Some studies suggest that cytotox-
icity induced by CNTs may be the result of ROS generated
from the iron catalyzer, probably as a result of the Fenton
reaction;®' however, in our study, we did not find changes
in the production of ROS (Figures 10 and 11). Also, studies
in leukemia cells did not find significant differences in the
ROS levels between treated and untreated cells,® suggesting

submit your manuscript

6020

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Cytotoxicity induced by carbon nanotubes in glioblastoma model

that apoptosis induction is not a result of the ROS induction
process. Another possible mechanism of cell death induced
by CNTs is autophagy; nevertheless, our results did not show
significant changes in the percentage of cells expressing LC3
light chain (Figure 13).

To determine whether MWCNTs treatment induces toxic
effects in healthy rats, we injected 50 ng/10 uL of MWCNTs/
PBS. After 21 days, no significant changes were observed
in blood biochemical parameters (data not shown). Also, no
inflammation or diffusion of MWCNTs into healthy tissue
was seen at the site of injection in rats treated with any of
the four MWCNTs (Figure 14). In contrast, when MWCNTs
were administrated within tumoral tissue, we observed
diffusion of the MWCNTs that could be explained by the
increased capacity of tumor cells to endocytose either the
CNTs or the macrophages and immune cells infiltrating
the tumor (Figure 14).5263

To know whether the MWCNTSs were able to induce
cell death and increase the survival of rats implanted
with intracerebral GBM, four types of MWCNTs were
intratumorally injected. The results showed a significant
increase in survival in animals treated with N-MWCNTs-ox
(38 vs 27 days, P=0.015) compared to controls. None of the
other CNTs tested improved survival in rats with intracere-
bral glioma. However, even when MWCNTs-ox had shown
increased cell death induction in RG2 cells in vitro, this
treatment did not produce a significant impact in survival
in vivo, which could be explained by its toxicity and lack of
selectivity. These nanoparticles induced cell death in both
healthy and tumoral cells, but did not improve the mean
survival of treated animals. Several reports have shown that
MWCNTs-ox possess pro-inflammatory activity and are
endocytosed by healthy cells, inducing lysosomal dysfunc-
tion and mitochondrial damage in both healthy and tumoral
cells.% Conversely, N-MWCNTs-ox and MWCNTs-ox
were more easily endocytosed by tumoral cells and were
less toxic.*? It is possible that these nanoparticles are better
tolerated, leading to minor intracerebral inflammation and
increase in survival.

Conclusion

The use of nanotechnology in medicine (nano-medicine) is
rapidly spreading. In recent years, nanomaterials have been
tested in several ways, either as carriers for other components
(such as drugs) or as a primary treatment for several diseases.
In this study, we investigated the possible use of CNTs as
a therapeutic option for GB. Our findings suggested that
functionalized multilayer CNTs, alone or in combination

with TMZ, increase the induction of cell death by cell cycle
arrest and activation of apoptosis.

This represents an initial approach to an alternative treat-
ment for GB; although our results are promising, more studies
are necessary to gain more experience and find out whether
they can be used in human trials. The potential adverse effects
of delivering nanostructures to the GBM in brain where
healthy and neoplastic cells coexist must be evaluated.
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Supplementary materials

Figure S| TEM images of typical N-MWCNTs before (A and B) and after (C and D) acid treatment.

Notes: Most particles attached to the nanotubes surface were eliminated with the acid treatment. Note in (D) a small protuberance that possibly contained a metallic
nanoparticle (arrow).

Abbreviations: TEM, transmission electron microscopy; N-MWCNTs, nitrogen-doped multiwalled carbon nanotubes.

Figure S2 (Continued)
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Figure S2 TEM images of typical MWCNTs (undoped) before (A and B) and after (C and D) acid treatment.
Notes: Most of the metallic nanoparticles are inside the pristine carbon nanotubes (A and B). Besides the elimination of such nanoparticles, acid treatments provoked severe

damages on the MWCNTs surface (C and D). The arrows show the damage provoked by the acid treatment in the MWCNTs surface.
Abbreviations: TEM, transmission electron microscopy; MWCNTSs, multiwalled carbon nanotubes.

Figure S3 HRTEM images showing the morphological aspects of different CNTs used in this study.

Notes: A pristine N-MWCNT of ~46-nm diameter showing typical compartments of bamboo-like shape of nanotubes (A). A functionalized N-MWCNT showing surface
damage probably provoked by the acid treatment; the loss of diameter uniformity is also perceptible (B). A pristine MWCNT having an internal iron carbide nanoparticle; the
diameter of this carbon nanotube is ~60 nm (C). An MWCNT with acid treatment; although in this case the internal nanoparticle did not suffer damage because the lateral
cavities were blocked, the surface was damaged by the acid treatment (D).

Abbreviations: HRTEM, high-resolution transmission electron microscopy; CNTs, carbon nanotubes; N-MWCNT, nitrogen-doped MWCNT; MWCNT, multiwalled

carbon nanotube.
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Figure S4 Column plots showing diameter distribution corresponding to each kind of CNTs studied in this work.

Notes: Pristine N-MWCNTSs exhibit an average diameter of 22.2 nm. In this case, the minimum diameter found was ~7 nm, and the maximum was ~60 nm (A). Acid-
treated N-MWCNTs where the minimum diameter found was 5.8 nm and the maximum was 87 nm with an average of 26.4 nm (B). Pristine MWCNTs with diameters
ranging between 7 and 129 nm, and an average diameter of 35.3 nm (C). Acid-treated MWCNTs present an average diameter of 44 nm, a minimum diameter of |3 nm and a
maximum diameter of 154 nm (D). These results may seem contradictory because the amount of acid-treated CNTs with a broad diameter increased. However, it is possible
that thick nanotubes could break due to the influence of the acid, increasing the amount of large-diameter CNTs.

Abbreviations: CNTs, carbon nanotubes; N-MWCNTs, nitrogen-doped MWCNTs; MWCNT, multiwalled carbon nanotube.
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