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Abstract: Carbon nanotubes (CNTs) are likely to transform the therapeutic and diagnostic
fields in biomedicine during the coming years. However, the fragmented vision of their side
effects and toxicity in humans has proscribed their use as nanomedicines. Most studies agree
that biocompatibility depends on the state of aggregation/dispersion of CNTs under physiologi-
cal conditions, but conclusions are confusing so far. This study designs an experimental setup to
investigate the cytotoxic effect of individualized multiwalled CNTs compared to that of identical
nanotubes assembled on submicrometric structures. Our results demonstrate how CNT cytotoxic-
ity is directly dependent on the nanotube dispersion at a given dosage. When CNTs are gathered
onto silica templates, they do not interfere with cell proliferation or survival becoming highly
compatible. These results support the hypothesis that CNT cytotoxicity is due to the biomimetics
of these nanomaterials with the intracellular nanofilaments. These findings provide major clues
for the development of innocuous CNT-containing nanodevices and nanomedicines.

Keywords: MWCNTs, biomimetics, cytoskeleton, microtubules, apoptosis, migration,

proliferation

Introduction
In the past years, carbon nanotubes (CNTs) have emerged as promising materials in
nanomedicine. Their unique structure-dependent properties have shown enormous
potential in the design of groundbreaking tools in many different biological fields
including biosensing, tissue engineering, intracellular probing, cancer therapy, nano-
delivery, and bioimaging.'”* Paradoxically, although no human pathology has been
documented because of CNT exposure so far, their asbestos-like morphology and
bio-persistence have relapsed their application in nanomedicine.

At the cellular level, there is ample information regarding CNT toxicity. These
nanomaterials have been reported to produce a plethora of effects in many cell
types including 1) genotoxic responses and DNA breakage,®!! 2) chromosomal

malsegregation,''"'* 3) oxidative stress,'>'® 4) frustrated phagocytosis,!* 2

5) biome-
chanical failure,'®?*?¢ and mitochondrial damage.?’?* However, these results contrast
with many other reports claiming CNTs as biocompatible in different biological
systems.?* This confusing scenario is the result of many different issues.

As reviewed by Marchesan et al,** CNTs represent a highly heterogeneous type of
nanomaterials that mainly differ in 1) their sizes — with diameters ranging from <1 nm
up to 100 nm, 2) their lengths — that typically vary from a few hundred nanometers to

several microns, 3) their purity — containing metal residues that may be present as traces
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or up to 30% in weight, and 4) their surface properties — that
are strongly dependent on the surface functionalization, with
all these factors being critical in the cellular response.?2228:31.37
In addition to the heterogeneity of the startup material, many
experimental toxicity assays have been performed following
traditional in vitro approaches designed for soluble chemi-
cals.®® Unlike these, nanomaterials in general, and CNTs in
particular, have a high surface-to-volume ratio, so they often
aggregate and sediment. In addition, as the state of aggrega-
tion of CNTs in biological aqueous-based environments is
critical in mitochondrial proapoptotic protein activation and
reactive oxygen species production,”® CNT disper-
sion adds extra experimental variables to toxicological studies.

To this effect, nanodispersed CNTs have been reported
to trigger two major different phenotypes that include chro-
mosomal breakage (clastogenic effects)®'* and cytoskel-
etal incompetence,!'>!318242¢ and both can be attributed to
the biomimetic properties of CNTs with the intracellular
nanofilaments, namely DNA and microtubules. Multiwalled
carbon nanotubes (MWCNTSs) in particular share many
properties with microtubules including 1) their tubular shape,
2) lengths, 3) resiliency, 4) and reactive surfaces,* which
prompt their interaction in vitro* and in vivo.'* The biosyn-
thetic polymers assembled are moderately functional,** but
highly stable compared to standard microtubules that typically
undergo continuous polymerization/depolymerization cycles in
the cell.* The cytoskeletal stability induced by CNT exposure
leads to the disassembly of the microtubule nucleation center,
known as the centrosome, triggering the disorganization of the
typically radial microtubule array.? This effect produces serious
biomechanical defects in ~72 h, frustrating cell migration and
division and eventually killing the cell.'*!® This cytotoxic effect
has been reported for different cell types including fibroblasts,*
HeLa,?® microglia,* melanoma,* or glioblastoma? cells, pro-
ducing interesting in vivo antitumoral effects.*

Here we investigate the intrinsic cytotoxicity of CNTs,
disconnecting the biomimetic effect from other possible
toxicity mechanisms attributed to their composition or
physicochemical properties. To perform such studies, we
have investigated the cellular response after exposure to
well-dispersed CNTs versus controlled assemblies of iden-
tical nanotubes. The CNT-bearing structures, key issue in
this study, have been obtained by means of the controlled
deposition of CNTs onto spherical silica colloids.

Materials and methods

Chemicals and media
Rhodamine B isothiocyanate (70% labeling effi-
ciency), (3-aminopropyl) triethoxysilane (97%),

4-(dimethylamino)pyridine (=99%), dicyclohexylcarbodi-
imide solution (=99%), triethylamine BioUltra =99.5%,
poly(diallyldimethylammonium chloride) (MW <100,000
Da), poly-(sodium 4 styrenesulfonate) (MW =70,000
Da), nitric acid (HNO,, 65%), sodium hydroxide (NaOH,
=97%), tetraethyl orthosilicate (TEOS, 98%), and EtOH
were obtained from Sigma-Aldrich Quimica SL (Madrid,
Spain). Multiwalled carbon nanotubes 9.5 nm in diameter
and 1.5 pum in length, 95% C purity, synthesized using Cata-
lytic Chemical Vapor Deposition process, were purchased
from Nanocyl as a powder. Ammonium hydroxide solution
(NH,OH, 28%-30% NH,), cystamine hydrochloride 97%,
N,N-dimethylformamide were obtained from Fluka. Sulfuric
acid (H,SO,, 96%) was purchased from Panreac and sodium
chloride (NaCl, =99%) from Merck.

Synthesis and characterization of the
CNT-bearing structures

Monodisperse silica spheres (~500 nm) were prepared using
amodified Stober method (Figure S1). Typically, a tetracthyl
orthosilicate (TEOS) solution (1.7 mL, 98%) was added
to a solution containing ammonium hydroxide (1.97 mL,
28%-30% NH,), water (3.1 mL), and ethanol (18.2 mL),
stirring at room temperature for 2 h. The excess of reagents
was removed by three centrifugation/redispersion cycles with
ethanol (9,000 rpm, 10 min). Particles were finally redispersed
and stored in water. Silica particles were functionalized with
(3-aminopropyl)triethoxysilane (APS) by means of the addition
0f 0.25 mL of APS in 5 mL of an ethanolic dispersion of SiO,
(8.7 mg/mL). After a 3-h stirring, the excess of reagents was
removed by three repeated centrifugation/redispersion cycles
with ethanol (7,000 rpm, 20 min). Then, the APS-functional-
ized SiO, particles were diluted in 10 mL of EtOH and added to
10 mL of an ethanolic solution of rhodamine B isothiocyanate
(RBITC) (0.32 mg/mL). After a 3-h stirring, the excess of dye
was removed by three repeated centrifugation/redispersion
cycles (7,000 rpm, 20 min), affording an aqueous solution of
fluorescent-labeled silica particles (/-SiO,). CNT function-
alization was performed using MWCNTs pretreated with
acetone and ethanol to remove organic materials, frozen with
N, and lyophilized. Then, 100 mg of the purified MWCNTSs
was oxidized by sonication in 100 mL of a mixture of H,SO,/
HNO, (3:1) for 15 min with an ultrasonic probe (20 W) and
4 h in an ultrasonic bath. Then, the sample was washed with
an NaOH aqueous solution by three centrifugation/redis-
persion cycles (13,000 rpm, 4 h). Upon stabilization of pH
at 10, the sample was sonicated with the tip sonicator for 2 h. Then,
the MWCNTs were washed with water by three centrifugation/
redispersion cycles (13,000 rpm, 8 h). Finally, a stable dispersion
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(1.54 mg/mL) of oxidized MWCNTs (ox-MWCNTs) exhib-
iting a negative surface charge was obtained. Then, the ox-
MWCNTs were assembled onto the labeled silica spheres.
With this aim, the positively charged /~SiO, nanoparticles (zeta
potential =+40 mV) were functionalized by successive deposi-
tions of oppositely charged polyelectrolytes (poly-(sodium 4
styrenesulfonate)/poly(diallyldimethylammonium chloride))
giving rise to a positively charged surface. The deposition
of the different polymers was performed following the same
protocol. f-SiO, spheres were added to a polymer solution
(1 mg/mL, 0.5 M NaCl) under weak sonication for 1 h. The
excess of polymer was removed by three centrifugation/redis-
persion cycles (20 min, 8,000 rpm). Then, 2 mL of an aqueous
solution of NaCl (0.5 M) and 3 mL of an aqueous dispersion
of ox-MWCNTs (1.54 mg/mL) were added to 100 mL of the
positively charged f-SiO, nanoparticles (0.87 mg/mL) and
mixed under stirring for 15 h. Finally, the excess of MWCNTs
was removed by three repeated centrifugation/redisper-
sion cycles (7,000 rpm, 20 min), and the MWCNT-coated
J-SiO, spheres were dispersed in water (3.8 mg/mL with an
J-SiO;:MWCNT wt. 22:1). The concentration of MWCNTSs
deposited onto the /~SiO, nanoparticles was calculated by mea-
suring the difference between the initial amount of nanotubes
and that obtained in the supernatant of the centrifugation-
washing step. The characterization of these composites was
performed using transmission electron microscopy (TEM).

Cell culture, labeling, and microscopy
imaging

HeLa cells (from the European Molecular Biology Labora-
tory Cell Bank) were cultured under standard conditions
in Dulbecco’s Modified Eagle’s Medium containing 10%
serum and containing antibiotics (from Gibco, Thermo Fisher
Scientific, Waltham, MA, USA). Cells were incubated with
2-4 ng/mL of particles (unless otherwise indicated in the
text) resuspended and functionalized by mild sonication in
standard tissue culture medium containing serum. Cells were
fixed in 4% paraformaldehyde. Microtubules were immu-
nolabeled with the anti-a-tubulin (B512) (Sigma-Aldrich
Quimica SL, Madrid, Spain) antibody that was recognized by
a secondary goat anti-mouse immunoglobulin G (IgG) conju-
gated Alexa Fluor 488 (Molecular Probes, Thermo Fisher Sci-
entific). Phalloidin-tetramethylrhodamine B isothiocyanate
and Hoechst dye (Bisbenzimide) (both from Sigma-Aldrich
Quimica SL) were used to stain actin and DNA, respectively.
Confocal microscopy images were obtained with a Nikon
A1R confocal microscope and were processed with the
NIS-Elements Advanced Research software. High-resolution
confocal imaging was performed using a Plan Apochromatic

100x oil numerical aperture 1.45 objective. All confocal cell
images are pseudocolored. Live-cell phase-contrast imaging
was performed on a live-cell Nikon-Ti live-cell station. TEM
was also used to localize intracellular the CNT-bearing
particles (CNPs) in pelleted HeLa cells fixed with 1% glu-
taraldehyde in 0.12 M phosphate buffer, washed in 0.12 M
phosphate buffer, postfixed in 1% buffered osmium tetroxide,
dehydrated, embedded in Araldite, and stained with lead
citrate—uranyl acetate. Araldite sections (ca. 70 nm) were
observed using a JEOL JEM 1011 microscope.

Particle quantification, live-cell

assessment, and statistical analysis

Particle quantification was performed on random 20X
magnification fluorescent images of the HeLa cell cultures.
The Image-J software was used for random automatic
quantification of extracellular versus intracellular particles.
The total number of intracellular particles after overnight
incubation was considered a 100%. The Student’s #-test
was used to perform the statistical analysis and to evaluate
significance. Cell death was identified and quantified using
a standard Trypan blue exclusion assay. Cell proliferation
blockage was performed using flow cytometry in a total of
ca. 10,000 fixed and stained HeLa cells (per condition) in
a Becton Dickinson FACS Cantoll equipment. Data were
analyzed using the FACS Diva software (Becton Dickinson,
NJ, USA).

Microtubule depolymerization—

repolymerization experiments

This assay was performed as previously described' following
classical protocols.* The microtubule tubulin polymer disas-
sembles under low-temperature conditions (4°C, 30 min),
repolymerizing in minutes under permissive temperatures
(37°C). Microtubule depolymerization was performed with
culture medium at 4°C, containing 2 UM nocodazole for
30 min. Microtubule regrowth was performed placing cov-
erslips into fresh media at 37°C and cells were snap fixed in
1% glutaraldehyde at the indicated times.

Results
CNP design

The synthesis of uniform CNPs was carried out following
the approach depicted in Figure 1. In a first step (Figure 1AI)
SiO, particles of ca. 500 nm were functionalized with RBITC,
a fluorescence label that allows confocal microscopy intra-
cellular particle tracking. The electrostatic deposition of
negatively charged oxidized nanotubes onto fluorescence
silica colloids (f-SiO,) was performed as previously described
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RBITC-nude particles
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Figure | Diagram of the fabrication process of the fluorescent CNPs.

RBITC-CNPs

Notes: (A) Sequential synthetic steps: (I) fluorescent labeling of the SiO, particles (f-SiO,), and (Il) deposition of CNTs onto the f-SiO, spheres (CNP). TEM images of (B)
f-SiO, particles and (C) CNPs. Confocal microscopy image of the RBITC fluorescence on f-SiO, particles (D) and (E) CNPs in buffered culture medium. Arrows point to

individual particles in single Z-plane confocal images.

Abbreviations: CNP, CNT-bearing particle; CNTs, carbon nanotubes; f-SiO,, fluorescent-labeled silica particles; RBITC, rhodamine B isothiocyanate; TEM, transmission

electron microscopy.

(Figure 1AIL, see “Materials and methods™).***® Figure 1B
shows representative TEM images of the f-SiO, particles
used as uncoated controls, while Figure 1C shows the CNPs
synthesized herein, as uniform and controlled assemblies
of nanotubes. All these structures were finally coated with
adsorbed serum proteins so they could be recognized by dif-
ferent cell-surface receptors on the cell membrane of HeLa
cells, triggering receptor-mediated endocytosis as described
for MWCNTs. 40

CNP engulfment by Hela cells

Particle engulfment was investigated using time-lapse video
microscopy (Video S1). Endocytosis started a few minutes
after the CNPs landed on the cell surface with ca. 50% of

the particles being intracellular 2 h after the addition of the
CNPs in the culture medium (Figure 2). The intracellular
distribution of the CNPs was determined using confocal
microscopy imaging at different time points. CNP accumu-
lation was significant in the vicinities of the nucleus, at the
pericentrosomal region, 72-96 h after particle exposure. On
the contrary to MWCNTs exposure, tubulin immunostain-
ing revealed an intact microtubule cytoskeleton, irradiating
from a well-organized centrosome (Figure 2B, arrows).
Further characterization of the CNP—cellular contact
and the study of the intracellular fate of these particles was
performed by TEM analysis. Figure 3 shows different steps
in particle engulfment. First, the CNTs on the surface of the
CNPs contact the HeLa surface, being eventually trapped

submit your manuscript

6320

Dove

International Journal of Nanomedicine 2017:12


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

Dove

New rules on the biomimetic properties of CNTs

A B Microtubules/nucleus/
Nucleus/CNPs CNPs
c
S
E
2
b s
X N
©
O
L0
5o
o9
o (7]
52
<]
=
on
X
Q
<
N
Z projection
100
Q
S
2 g
g
» -
o g 50
£ o
[Z}
w ——
> K

Figure 2 CNP cellular uptake and intracellular distribution.
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Notes: (A) Confocal microscopy image of Hela cells containing intracellular CNPs at 2 and 96 h. The white cross (also visible in the lateral projections) indicates the position
of a cytoplasmic particle (red channel) 2 h after exposure. CNPs accumulate at the centrosomal region of the cells 96 h after initial contact (inset). (B) Confocal microscopy
projection image of Hela cells containing fluorescent CNPs displaying no abnormalities in the microtubule cytoskeleton. These tubulin nanofilaments irradiate from well-
organized centrosomes (arrows). Cell nuclei (blue channel) of cells exposed to CNPs present a healthy appearance.

Abbreviations: CNP, CNT-bearing particle; CNTs, carbon nanotubes; o/n, overnight.

inside endocytic membranes. The CNT-based coating
surrounding the silica templates can be clearly visualized
inside the endocytic vesicles (Figure 3, arrows). HeLa cells
exposed to CNPs during 72 h presented many particles
localized inside the cytosol with their CNT coverture fully
integrated in the surrounding cytoplasm, and no visible sur-
rounding membranes. All these experiments support the idea
that the entry of CNPs inside HeLa cells is similar to that
described for dispersed CNTs.*-°

CNTs attached to templates are not
cytotoxic

Well-dispersed CNTs, and more particularly MWCNTs, trig-
ger significant microtubule cytoskeleton disrupting effects
that lead to antiproliferative effects and cell death in different
cell types. Here we compare the effects of CNTs delivered

to the cells in two different formats. On one hand, we
exposed HeLa cells to fully dispersed one-dimensional (1D)
functionalized CNTs as in previous studies.' On the other
hand, cells were exposed to functionalized CNPs containing
comparable amounts of CNTs attached to their surfaces. Cells
were grown in the presence of these nanomaterials for 72 h
before morphological and cell viability evaluation.

As previously reported,'+**°! cells exposed to dispersed
CNTs displayed a disorganized microtubule cytoskeleton
with no detectable centrosomes and a reorganized actin
cortex (Figure 4). Cell death quantification using the Trypan
blue exclusion test revealed that exposure to dispersed CNTs
triggered a reduction of ca. 6.5% cell viability during the first
48—72 h, thus coinciding with published observations.'**?

On the contrary, HeLa cells exposed to CNPs containing
identical amounts of CNTs attached to their surfaces displayed
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Endosomal Cell entry

Cytoplasmic

Figure 3 TEM imaging of resin section of Hela cells exposed to CNPs.

Notes: CNP initial contact is CNT-mediated. The endocytic membranes are observed in some particles, presumably after endocytosis. Some particles also appear devoid
of membranes, inside the cytoplasm. Red and blue arrows point at the CNTs attached on the surface of the CNPs and endosomal membrane, respectively. The nucleus (N)

is also labeled.

Abbreviations: CNP, CNT-bearing particle; CNT, carbon nanotube; TEM, transmission electron microscopy.

a well-organized cytoskeleton, with a visible centrosome
and nonreactive actin microfilaments on the cellular cortex
despite the large number of CNPs per cell (>100 particles/
cell) (Figure 4A, arrows). Interestingly, cells exposed to
CNPs displayed identical survival rates to cells exposed to
J-Si0, particles or untreated controls (Figure 4B).

To investigate if intracellular CNPs interfered in cell
division, we quantified cells at the different proliferation
cycle stages using flow cytometry in a total population
of ~10,000 cells per condition. As expected, cells treated

with dispersed CNTs displayed a severe dosage-depen-
dent proliferative blockage in G2 (Figure 5A) just as
previously reported. Conversely, cells exposed to CNPs
displayed no detectable cell-cycle defects, dividing nor-
mally. Confocal microscopy morphological assessment
of the proliferating cells in these cultures revealed normal
bipolar spindle assemblies in cells exposed to CNPs that
contrasted to the large collection of spindle abnormalities
observed in cells exposed to dispersed CNTs. These aber-
rations included apolar, tripolar, or multipolar spindles,
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Figure 4 CNPs are highly biocompatible.

accompanied by many apoptotic figures (Figure 5B). In
summary, we observed no obvious cytotoxic or proliferative
effects in cells treated with CNTs attached to silica tem-
plates. These results stress the importance of the dispersion
of CNTs in cytotoxicity.

CNTs gathered on CNPs do not nucleate
tubulin or actin nanofilaments

Tubulin and, to a lesser extent, actin have shown biomimetic
properties with MWCNTSs. To explore if these features
are maintained when CNTs are gathered onto CNPs, we

Microtubules

Phase contrast

Cell survival (%) w
° 8 g _

Control CNPs

untreated

Control £-SiO,
particles

24 h 48h M 72h

3
25 um
L]

100 pgr/mL CNPs

4
25 ym
L]

Notes: (A) Confocal microscopy images of the intracellular nanofilaments in interphase cells treated with CNPs (top) or CNTs (bottom) for 72 h. CNP-treated cells
display a well-organized radial cytoskeleton with visible centrosomes (green channel, empty arrows). On the contrary, cells exposed to CNTs show a typically disorganized
microtubule cytoskeleton displaying no visible centrosomes and a reactive actin cortex (red channel). (B) CNP-treated cells display a survival rate comparable to controls.
(C) Control and Hela cell cultures exposed to CNPs for 72 h. CNP-treated cells display well-assembled spindles (3, 4) compared to untreated control cells (I, 2). Dying
cells were not detected.

Abbreviations: CNPs, CNT-bearing particles; CNTs, carbon nanotubes.

investigated tubulin and actin polymer nucleation on these
templates following previous protocols* that reproduced
classical microtubule depolymerization—repolymerization
experiments® on live cells containing 5-15 particles/cell
(“Materials and methods”). This procedure allowed to
investigate if grouped CNTs could nucleate tubulin polymers
ectopically, behaving as “artificial” centrosomes.

Figure 6 shows high-resolution confocal microscopy
images of cells where microtubule ectopic nucleation
sites coinciding with the CNPs were not detected after
depolymerization—repolymerization. Actin recruitment
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Figure 5 (A) CNPs do not interfere with cell proliferation.

Notes: Quantification of cells at the different stages of the cell proliferation cycle (G1, S, G2) using flow cytometry. CNPs display a similar cell distribution to controls
(untreated and f-SiO,-treated cells). Conversely, CNT-treated cells show an obvious dose-dependent cell proliferation blockage in G2. (B) Confocal microscopy projection
images of mitotic spindles in untreated controls and cells treated with 100 pug/mL attached to CNPs or dispersed (bottom). Aberrations in the organization of the spindle
microtubules (red channel) are observed only in CNT-treated cells. White arrows show the centrosomal location.

Abbreviations: CNPs, CNT-bearing particles; CNT, carbon nanotube; f-SiO,, fluorescent-labeled silica particles.
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Actin/nucleus/CNPs
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Figure 6 Depolymerization/repolymerization experiment performed in live Hela cells containing CNPs.

Notes: (A) Confocal microscopy image of Hela cells containing CNPs (red channel, arrows). Repolymerizing microtubules (green channel) do not nucleate at the particles.
(B) Fluorescence + phase contrast microscopy on Hela cells treated with unlabeled CNPs (arrows). The CNT coating of the particle allows particle identification in the phase
contrast image. No tubulin nucleation (red channel) is observed in the surroundings of the CNPs. Asterisks indicate the location of the centrosomes. (C) Actin nucleation

(green channel) is not observed in the surroundings of the CNPs (arrows).
Abbreviations: CNPs, CNT-bearing particles; CNT, carbon nanotube.

on the CNPs was not detected either. In conclusion, these
polymerization patterns suggest that neither tubulin nor
actin interacted with CNTs gathered on CNPs, and validate
the hypothesis of the biomimetic interaction of 1D CNTs
with the intracellular cytoskeletal filaments.

Conclusion

These experiments demonstrate how the presence of intra-
cellular CNTs is not sufficient to trigger cytotoxicity, and
how this is determined by the dispersion of the CNTs. Our
experiments support the idea that individualized CNTs can
freely interact with the cellular filaments, triggering lethal
biomimetic cytotoxic or genotoxic effects, while identical
CNTs assembled onto templates cannot interfere with the
function of intracellular nanofilaments, and thus, result innoc-
uous to the same cells at comparable dosages. The simplest
explanation is that dispersed nanotubes behave as nanomate-
rials, while CNPs behave like submicrometric materials. This
fact has critical implications in biology because nanomateri-
als, and in particular CNTs, display highly reactive surfaces,
as well as morphological resemblance to the cytoskeletal
elements that favor their biomimetic interaction triggering
a biomechanical impedance that leads to cell death. When
CNTs are attached to templates, these nanofilaments do not
interact with the cellular cytoskeleton behaving more like
particulate materials, and thus becoming more biocompatible.
These urge the revision of many of the nanotoxicological
tests, often designed for standard chemicals now applied
to nanomaterials. Here we demonstrate how the classical
Paracelsus dogma “the dose makes the poison” is not appli-
cable for CNTs.

Understanding the actual significance of the toxicity of
CNTs provides new cues in the development of radically
new delivery systems opening many new expectations and
uses of CNTs in nanomedicine.
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Figure S1 (A) Transmission electron microscopy image of the synthesized silica nanoparticles, and (B) histogram of particle size distribution (mean size: 512£18 nm).
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