
In vitro toxicity of carbon nanotubes, nano-graphite and carbon black,
similar impacts of acid functionalization

Agathe Figarol a,b,⁎, Jérémie Pourchez b,⁎⁎, Delphine Boudard c,d, Valérie Forest b, Céline Akono a,
Jean-Marc Tulliani e, Jean-Pierre Lecompte f, Michèle Cottier c,d, Didier Bernache-Assollant b, Philippe Grosseau a

a Ecole Nationale Supérieure des Mines, SPIN-EMSE, CNRS: UMR 5307, LGF, F-42023 Saint-Etienne, France
b Ecole Nationale Supérieure des Mines, CIS-EMSE, EA 4624, SFR IFRESIS, LINA, F-42023 Saint-Etienne, France
c Université Jean Monnet Saint-Etienne, EA 4624, SFR IFRESIS, LINA, F-42023 Saint-Etienne, France
d CHU de Saint-Etienne, F-42055 Saint-Etienne, France
e Politecnico di Torino, Department of Applied Science and Technology, 10129 Torino, Italy
f SPCTS Centre Européen de la Céramique CNRS: UMR 7315, F-87068 Limoges, France

a b s t r a c ta r t i c l e i n f o

Article history:
Received 4 May 2015
Received in revised form 8 September 2015
Accepted 12 September 2015
Available online 14 September 2015

Keywords:
Carbon black
Carbon nanotubes
Graphene
Nano-graphite
Acid functionalization
Biological toxicity

Carbon nanotubes (CNT) and nano-graphite (NG) are graphene-based nanomaterials which share exceptional
physicochemical properties, but whose health impacts are unfortunately still not well understood. On the
other hand, carbon black (CB) is a conventional and widely studied material. The comparison of these three
carbon-based nanomaterials is thus of great interest to improve our understanding of their toxicity. An acid
functionalization was carried out on CNT, NG and CB so that, after a thorough characterization, their impacts
on RAW 264.7 macrophages could be compared for a similar surface chemistry (15 to 120 μg·mL−1

nanomaterials, 90-min to 24-h contact). Functionalized nanomaterials triggered a weak cytotoxicity similar to
the pristine nanomaterials. Acid functionalization increased the pro-inflammatory response except for CB
which did not trigger any TNF-α production before or after functionalization, and seemed to strongly decrease
the oxidative stress. The toxicological impact of acid functionalization appeared thus to follow a similar trend
whatever the carbon-based nanomaterial. At equivalent dose expressed in surface and equivalent surface chem-
istry, the toxicological responses frommurinemacrophages to NGwere higher than for CNT and CB. It seemed to
correspond to the hypothesis of a platelet and fiber paradigm.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon-based nanomaterials share a unique place in nanotechnol-
ogies due to their exceptional electrical, thermal, chemical andmechan-
ical properties. In the last decades, new allotropic forms of carbon were
discovered and completed this group. In the present study, a focus
will be made on carbon-based nanomaterials with three nanometric di-
mensions: carbon black (CB), two nanometric dimensions: carbon
nanotubes (CNTs), and one nanometric dimension graphene or nano-
graphite (NG).

CB is a traditional carbon material widely used as a pigment or
reinforcing phase in tires. It has been considered as nanomaterial only
since a few years. CB typically falls within the ISO definition of a
nanomaterial (ISO/TS 80004-2:2015) with primary particle diameters
between 10 and 100 nm. The health effects of CB have been extensively

studied. The International Agency for Research on Cancer (IARC) has
classified CB as possible carcinogenic to humans (Group 2B) (IARC,
2010). The IARC reviewed notably an in vivo study showing that lung
cancer in rats caused by an exposure to CB started after signs of inflam-
mation, cell injury and oxidative stress with the production of reactive
oxygen species (ROS).

CNT and graphene are two carbon-based nanomaterials that have
demonstrated exciting physicochemical properties since their late dis-
covery, promising thus numerous industrial applications. Multi-walled
and single-walled carbon nanotubes (MWCNT and SWCNT respective-
ly) have been studied since the 1990s (Iijima, 1991; Iijima and
Ichihashi, 1993). Graphene was first not thought to be a stable material
until Novoselov et al. in 2004 managed to prepare and study a single
graphene layer (Novoselov et al., 2004). MWCNT and SWCNT are now
produced at an industrial scale, while it is still uneasy to produce
graphene at large scale. Most industrials sell nano-graphite (NG), also
called graphite nanoplatelet, which is composed of a few layers of
graphene and has close physicochemical properties. Their mechanical
resistance, electrical conductance and thermal stability are, however,
decreasing with the number of graphene layers, i.e., the thickness of
the NG.
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Compared with CNT or NG, CB is either used in toxicity studies as a
negative control (Bottini et al., 2006; Lam et al., 2004; Schinwald et al.,
2011) or a positive control (Di Giorgio et al., 2011; Pulskamp et al.,
2007). Due to the late discovery of CNT and NG and the lack of compa-
rable studies, the toxicity data are still incomplete for these
nanomaterials. It has been shown that CNT and NG have the potential
to trigger inflammation, cytotoxicity and oxidative stress (Chen et al.,
2011; Schinwald et al., 2011; Zhang et al., 2012). However, there is no
unique toxicity for one type of nanomaterial. There aremultiple toxicity
profiles depending on the nanomaterial physicochemical properties.
It is therefore crucial to fully characterize the nanomaterials before
any toxicity study.

Few studies have yet compared the biological effects of CNT and NG.
Zhang et al. (2010) studied the in vitro impacts of NG and SWCNT. The
cytotoxicity and oxidative stress in PC12 cell line (derived from a neuro-
endocrine tumor) were found globally equivalent. However, the cyto-
toxicity results were dependent of the test used: MTT or LDH. Using a
MTT test with a different cell line (human hepatoma HepG2 cells)
Yuan et al. (2011) observed a higher cytotoxicity for SWCNT than for
NG. Nevertheless, MTT is controversial because of biases induced by
the CNT (Belyanskaya et al., 2007; Wörle-Knirsch et al., 2006). In their
in vivo study, Ma-Hock et al. (2013) assessed the biological impacts
on Wistar rats of a head-nose inhalation of graphene, NG, MWCNT,
and CB. Only local inflammation with no further toxicity was detected,
with this order of gravity: MWCNT N graphene N NG N CB with CB not
inducing any inflammation. Overall, the results remained inconsistent
between the toxicological studies. One explanation for these inconsis-
tencies could be the difference in surface chemistry. Indeed, NG and
CNTwere produced by different methods along the studies and exhibit-
ed different levels of metallic impurities and oxygen-containing groups.

One way to equalize the surface chemistry of carbon-based
nanomaterials is to functionalize their surface by an acid treatment
(Figarol et al., 2014). Acid functionalization of CNT is relatively easy to
carry out and is of great interest for industrials. The CNT hydrophobicity
is indeed decreased, so they become more dispersible in aqueous sol-
vents. Moreover, this process purifies the CNT from their metallic impu-
rities, residues of the catalysts used for their production and entrapped
into the CNT structure that are dissolved after a strong acid treatment.
NGs are often produced by the Hummers modified method (Hummers
and Offeman, 1958) using strong acids to exfoliate graphite, resulting
in thin flakes of oxidized NG. The biological impact of the oxygen-
containing groups on CNT or NG is still not fully understood. In a previ-
ous study (Figarol et al., 2014), we demonstrated that surface acid
groups increased the pro-inflammatory response and, to a lesser extent,
the cytotoxicity of murine macrophages (RAW 264.7) exposed to func-
tionalized CNT. This trend seemed to be dependent of a threshold in
surface acid groups, related to the physicochemical properties of pris-
tine CNT. Other studies showed contradictory results but did not isolate
the effects of the CNT purification. In this way, even when selecting the
same cell line (i.e., murinemacrophages RAW 264.7), the results can be
inconsistent. Dong et al. (2012) andWang et al. (2012) found similarly
that CNT acid functionalization enhanced the cytotoxicity and the pro-
inflammatory response, while Zhang et al. (2012) observed a decreased
cytotoxicity and only a slight increase in the pro-inflammatory re-
sponse. On the contrary, Fraczek-Szczypta et al. (2012) detected no
change in cytotoxicity but a decrease in cell proliferation due to the
CNT acid functionalization. For NG or graphene, the results are more
consistent. Oxidized graphene from Hummers method and acid func-
tionalized graphene seemed to decrease the cytotoxicity and oxidative
stress compared with exfoliated or pristine NG (Duch et al., 2011;
Sasidharan et al., 2012, Sasidharan et al., 2011). The pro-inflammatory
response was on the other hand either found to be increased by acid
functionalization (Duch et al., 2011) or decreased (Sasidharan et al.,
2012). Overall, the understanding of the biological impact of an acid
functionalization is still incomplete. To our knowledge, only Zhang
et al. (2012) compared the in vitro response of CNT andNGwith surface

acid groups. Differences in cellular uptakewere observed between func-
tionalized MWCNT, oxidized NG and nano-diamonds. However, the
cytotoxicity of acid functionalized MWCNT, and oxidized NG were not
significantly different. The pro-inflammatory response and oxidative
stress were unfortunately not assessed.

In the present study, a first objective was to determine if acid
functionalization impacts the in vitro cellular response of murine mac-
rophages with a similar pattern for different shapes of carbon-based
nanomaterials (i.e., nanotubes, nanoplatelets or nanospheres). Second-
ly, the biological impacts of acid functionalized MWCNT, CB, and NG
showing a similar surface chemistry were compared.

2. Material and methods

2.1. Powders

The multi-walled carbon nanotubes (NC7000™, Nanocyl, called
CNT) were synthetized by CVD (chemical vapor deposition) and have
a diameter of 9.5 nm and a length of 1.5 μm according to the manufac-
turers. The nano-graphite (NG) was purchased from Graphene Super-
market. The flakes have a 12 nm average thickness and a 4.5 μm
average particle size according to the manufacturers. Carbon black
(CB) was purchased from Evonik Degussa (Printex® 85).

2.2. Acid functionalization

The acid treatment consisted in an oxidation by refluxing the carbon
nanopowders in a solution of nitric and sulfuric acids (3:1 v/v).
Functionalized nanomaterials were filtered (0.025 μm MF-Millipore
Membrane) and rinsed until the pH reached 5. They were dried in an
oven at 100 °C for 18 h. Concentrations in nanopowders, acid solutions
and duration of the oxidation were optimized for each nanomaterial to
obtain a comparable level of surface acid groups (see Supplementary
material Table A1). Functionalized carbon-based nanomaterials were
called CNTf, CBf and NGf in contrast to non-functionalized
nanomaterials i.e., pristine nanomaterials (CNT CB and NG). The term
pristine will be used even after the dispersion of nanomaterials into
the biological medium even though their secondary properties are
affected.

2.3. Physicochemical characterization

Morphologies of the carbon-based nanomaterials were observed
using field-emission scanning electron microscopy (FEG-SEM, JEOL
JSM 6500F, Akishima, Tokyo, Japan) at a 2 kV. A few milligrams of
nanopowder were put on a carbon-coated holey film. Samples were
coated with a 3 nm gold layer before FEG-SEM observations. CNT,
CNTf, CB and CBf average diameters were measured using FEG-SEM im-
ages. ImageJ software was used to measure 100 diameters per picture
(repeated three times). Average diameters were expressed as the
mean of 300 measurements. Atomic force microscopy (AFM, JPK
Nanowizard®) was used to confirm the dimensions of the NG and
NGf. Samples were prepared by the sonication of a 10 mg·mL−1 NG
or NGf suspension in distilled water (5 min, 30%, 3 mm probe, Branson
Sonifier). One drop was deposited on a 1 cm2 silicon wafer, spread by
centrifugation (226 g, 2 min, Megafuge 16R, Thermo Scientific), and
dried 10min at 100 °C. Specific surface areas (SSA,m2·g−1) were deter-
mined by the Brunauer–Emmet–Teller (BET) method, using N2 adsorp-
tion at 77 K after out-gassing at 110 °C (Micromeritics ASAP 2000).

After acid functionalization, increases in structural defects were
analyzed by Raman spectroscopy (XploRA, Horiba Scientific) with a
laser at 532 nm, a x50 objective, a 2400T network, 20 acquisitions of
20 s giving a spectra between 1000 and 2000 cm−1. Around
1340 cm−1, the D-band (D for disorder) is linked to the sp3 hybridized
carbon. Its intensity increases with ill-organized graphite structure
(Belin and Epron, 2005). Around 1570 cm−1, the G-band (G for

477A. Figarol et al. / Toxicology in Vitro 30 (2015) 476–485



Download English Version:

https://daneshyari.com/en/article/2602430

Download Persian Version:

https://daneshyari.com/article/2602430

Daneshyari.com

https://daneshyari.com/en/article/2602430
https://daneshyari.com/article/2602430
https://daneshyari.com

