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ABSTRACT

Carbon nanotubes (CNT) and nagraphite (NG) are graphefmsed nanomaterials which
share exceptional physicochemical properties whosehealth impactareunfortunately still
not well understood. On the other hand, carbon black (CB) is a converaiotialidely
studied material. The comparison of these three canbead nanomaterials is thus of great
interest to improve our understanding of their toxichy. acid functionalization was carried
out on CNT, NG and CB so thatfter a thorough characteation, their impacs on RAW
264.7 macrophagesould be compared for a similar surface chemigtfy to 120 pg.mr
nanomaterials 90-min to 24h contact) Functionalized nanomaterials triggered a weak

cytotoxicity similar to the pristin@anomaterials. Ad functionalizationincreasd the pre
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inflammatory responsexcept for CBwhich did not trigger any TN SURGXFWLRQ EHIR!
after functionalizationandseemed to strongly decrease the oxidative stfémstoxicological

impact of acid functionalizatroappearedhusto follow a similar trend whatever the carbon

based nanomaterial. At equivalent dose expressed in surface and equivalent surface chemistry,
the toxicological responsdrom murine macrophages MG werehigher than folCNT and

CB. It seemedo correspond to the hypothesis of a platelet and fiber paradigm.

GRAPHICAL ABSTRACT
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INTRODUCTION

Carbonbased nanomatergagharea unique place in nanotechnologies tluéheir exceptional
electrical, thermal, chemical and mechanical propertiethe last decades, new allotropic
forms of carborwerediscovered and completed this group. le gresenstudy, a focus will
be made n carbonbased nanomaterglith three nanometric dimensions: carbon black
(CB), two nanometric dimensions: carbon nanotubes (CNT)paadanometridimension

graphene or nangraphite (NG).



CB is a traditional carbon material widely used as a pigmereinforcing phase in tires. It

has beeronsidered as nanomaterally sincea few yearsCB typically falls within the ISO
definition of a nanomateriglSO/TS 27687:2008, 2008)ith primary particle diameters
between 10 and 100 nm. The health effects of CB haveex¢ensively studied. The
International Agency for Research on Car{¢&RC) has classified CB as possible
carcinogenic to humans (Group 2BARC, 2010) The IARC reviewed notably am vivo

study showing that lung cancer in ratsised by aexposurgo CB started after signs of
inflammation, cell injury and oxidative stress with the production of reactive oxygen species

(ROS).

CNT and graphene are tvoarbonbased nanomatergthat have demonstrated exciting
physicochemical properties since their late discoyengmisng thus numeroumdustrial
applications Multi-walled and singlevalled carbon nanotubésIWCNT and SWCNT
respectivelyhave been stueld since the 199Qdijima, 1991; lijima and Ichihashi, 1993)
Graphene was first not thought to be a stable materialNiotibselov et al. ir2004 managed
to prepare and study a single graphene I@yevoselov et al., 2004MWCNT and SWCNT
are now produced at an industrial scale, while it is still uneasy to produce graphege at lar
scale Mostindustrialssell nana-graphite (NG)also calledgraphite nanoplateleta/hich is
composed of a few layers of graphemel has closphysicochemical propertieEheir
mechanical resistance, electrical conductance and thermal stabililpaesver decreasing

with the number of graphene lager.e. the thickness of the NG.

Compared to CNT or NG, CB is either usedoxicity studiesas a negative contr@Bottini et
al., 2006; Lam et al., 2@Q Schinwald et al., 201Dr a positive contralDi Giorgio et al.,
2011; Pulskamp et al., 200Due to the late discovery €NT andNG and the lack of
comparable studies, the toxicity data are still incomplete for these nanomaltehiadsbeen

shown thalCNT and NGhave the potential to trigger inflammation, cytotoxicity and



oxidative stres§Chen et al., 2011; Schinwald et al., 2011; Zhang et al., 2Bib®%ever,there
IS No unique toxicity for one type of nanomateridiereare muliple toxicity profiles
depending on the nanomaterial physicochehpoaperties. tlis therefore crucial tully

characterize the nanomaterials before any toxicity study

Few studies havget compared the biological effects of CNT and NEBang et al(Zhang et
al., 2010)studied then vitro impacts of NG and SWCNThe cytotoxicity and oxidative
stresan PC12cell line (derived from a neuroendocrine tuma@re found globally
equivalentHowever the cytotoxicity results were dependent of the testd MTT or LDH.
UsingaMTT testwith a different cell line (human hepatoma HepG2 céfigan et al(Yuan
et al., 2011pbserved higher cytotoxicity for SWCNT than for NGlevertheless, MTT is
controversial because of biases induced by the (Bé¢lyanskaya et al., 200Wo6rle-Knirsch
et al., 2006) In theirin vivostudy, MaHock et al.(Ma-Hock et al., 2013assesskthe
biological impacts on Wistar rats of a heaase inhalation of graphene, NG, MWCNT, and
CB. Only local inflammatiorwith no further toxicitywas degécted with this order of gravity:
MWCNT > graphene > NG > C#ith CB not induéng any inflammationOverall, e results
remained inconsistebietween theéoxicologicalstudies One explanatioffior these
inconsistenciesould be the difference surface chemistryndeed NG and CNTwere
produced by different methoddong the studieand exhibieddifferent level of metallic

impurities and oxygegontaining groups

One way to equalize the sade chemistry ofarbonbased nanomatersals to functionalize
their surface by an acid treatméRigarol et al., 2014)Acid functionalization of CNT is
relatively easy to carrgut and of great interest for industrials. The CNT hydrophobicity is
indeed decreased, so they become more dispersible in aqueous solvents. Mbisover,
procesgurifies the CNT from their metallic impuritigesidues othe catalysts used for tine

prodwction and erapped into the CN$tructurethataredissolved after a strong acid



treatment. NG are often produced by the Hummers modified méthodmers and Offeman,
1958)using strong acids to exfoliate graphite, resultinthin flakes ofoxidized NG. The
biological impact of th@xygencontaining group on CNT or NG is still not fully

understood. In arevious studyFigarol et al., 2014)we demonstrated that surface acid
groupsincreased the primflammatory response ani a lesser extenthe cytdoxicity of

murine macrophages (RAW 264.7) exposed to functionalized. CNi§ trend seemed to be
dependent of a threshold in surface acid grotgdaedto the physicochemical properties of
pristine 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 linerfigine

macrophages RAW 264, &he results can biaconsistent. Dong et al. and Wang et(Blong

et al., 2012; Wang et al., 201und similarly that CNT acid functionalization enhanced the
cytotoxicity and the pranflammatory response, while Zhang et(@hang et al., @12)

observed a decreased cytotoxicity and only a slight increase in th&flpromatory response.

On the contrary, FraczeBzczypta et alFraczekSzczypta et al., 2012etected no @dmge 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 functionalized graphene seshio decreaséhe cytotoxicity and oxidative stress

compared to exfoliated or pristine NBuch et al., 2011; Sasidharan et al., 2012, 200g
pro-inflammatory response was on the other hand either found to be increased by acid
functionalization(Duch et al., 20119r decrease(BSasidharan et al., 201Z)verall the
understanding of the biological impact of an acid functiaaébn is still incompleteTo our
knowledge, only Zhang et dZhang et al., 2012)omparedhein vitro response o€ENT and

NG with surface acid group®ifferences in cellular uptake were observed between

functionalized MWCNT, oxidized NG and naxd@amonds. Howevethe cytotoxicity ofacid



functionalized MWCNT, and oxidized NG were not significardifferent. The pro

inflammatory response and oxidatisteess were unfortunately not assessed.

In the presenstudy,a first objective waso determine if acid functionalization impathein
vitro cellular responsef murine macrophagesith a similar pattern for differerghapes of
carbonbasechanomateria (i.e. nanotubes, nanoplatelets or nanosphegegondly, the
biological impac$ ofacidfunctionalizedMWCNT, CB, and NGshowng a smilar surface

chemistrywere compared
MATERIAL AND METHODS
1. Powders

The nulti-walled carbon nanotubé&slC7000™, Nanocy) called CNT)were synthetized by

CVD (chemical vapor depositioand have a diameter of 9.5 nm and a length of 1.5 pm
according to the manufactureie nanegraphite NG) waspurchased from Graphene
SupermarketTheflakes have a 12 nm average thickness and a 4.5 um average particle size
according to the manufacture@arbon blackCB) was purchased from Evonik Degussa

(Printex® 85).
2. Acid functionalization

The acid treatment consisted in an oxidation by refludiegcarbon nanopowders in a
solution of nitric and sulfuric acids (3:1 v/v). Functionalized nanomaterials were filtered
(0.025 um MFMillipore Membrane) and rinsed until the pH reached 5. They were dried in an
oven at 100°C for 18h. Concentrations in nawegers, acid solutions and duration of the
oxidation were optimized for each nanomaterial to obtain a comparable level of surface acid
groups (sesupplementary materidlable Al). Functionalizecarbonbased nanomatergal

were called CNTf, CBf and NG contrast tanon-functionalizednanomaterialge. pristine



nanomaterial§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.

3. Physicochemical characterization

Morphologies of thearbonrbased nanomatergaivere observed using fiemission

scanning electron microscopy (FESEM, JEOL JSM 6500F, Akishima, Tokyo, Japan) at a 2

kV. A few milligrams of nanopowder were put on a cadooated holey film. Samples were
coated with a 3 nm gold layer before FESEM observations. CNT, CNTf, CB and CBf

average diameters were measured using-BE®I images. ImageJ software was used to
measure 100 diameters per picture (repeated three timesagevdiameters 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* NG or NGf suspension in distilledater (5 min, 30%, 3 mm probe, Branson
Sonifier). One drop was deposited on a 1 cm? silicon wafer, spread by centrifugation (226 g, 2
min, Megafuge 16R, Thermo Scientific), and dried 10 min at 100°C. Specific surface areas
(SSA, m2.d) were determined bie BrunauetEmmetfHeller (BET) method, using N

adsorption at 77 K after ogfassing at 110°C (Micromeritics ASAP 2000).

After acid functionalization, increase in structural defects were analyzed by Raman
spectroscopy (XploRA, Horiba Scientific) withaskr at 532 nm, a x50 objective, a 2400
network, 20 acquisitions of 20 s giving a spectra between 1000 and 200@wund 1340

cm?, the Dband (D for disorder) is linked to the*dpybridized carbon. Its intensity increase

with ill -organized graphét structurgBelin and Epron, 2005Around 1570 cril, the Gband

(G for graphite) corresponds to a splitting of the E2g stretching mode of graphite. Its intensity
is independent from the structural defects. The ratio of both intensities Id/Ig informs on the

level of structural lattice defects. Inductivelyupled plasma atomic emission spectroscopy



(ICP-AES) was used to determine trace metals after mineralization byhydirochloric acid.

It indicated the level of catalytic impurities of the nanomaterials.

The levels of surface acid groups were measured-tay photoelectron spectroscopy (XPS)
and thermal desorption spectroscopy (TDS). The atomic ratio in percentage of O/C was
DVVHVVHG E\ ;36 ZLWK LOQOFHUWLWXGH 7KHUPR 9* 7TKHWD
source, 400 um width analyzed, 1.3 x4 ®a of esidual pressure). A 1 cm? silicon wafer was
covered by a 5 nm gold layer to avoid O contribution from the substrate. One drop of a
sonicated 30 pg.nmtksuspension of nanomaterials in ethanol (5 min, 30%, 3 mm probe) was
deposited on the substrate. Thectpewere corrected for Shirleype backgrounds.

Automatic search of the peak positionasgonducted from the fixed C1s peak at 284.5 eV.
Atomic percentages were calculated from the peak areas and given sensitivity factors. For
TDS, 10 mg of carbon nanowder were heated under vacuum at a heating rate of 20°€.min
until 850°C. Two turbomolecular pumps ensiigevacuum of less than T@®a from air
atmosphere. A mass spectrophotometer (Balzers QMG 112 quadrupole) collected and
analyzed the volatilized af@ents. Differences in zeta potentials were measured using a
Zetasizer Nano ZS (Malvern Instruments). 30 pg'nslspensions of nanomaterials in

distilled watemnwereprepared by sonication (5 min, 30%, 3 mm probe) for the measurement of

zeta potential andoelectric point (pl).

4. In vitro toxicity assays

4.1. Cell culture

RAW 264.7 macrophages were provided by ATCC Cell Biology Collection (Promochem
LGC). This cell line derived from mice peritoneal macrophages modified by the Albeson
Murine Leukemia VirusThis cell line is widely studied, robust and allows repeatable results.

Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Invitrogen)



supplemented with 10% fetal calf serum (Invitrogen), 1% penistiaptomycin (1@00
U.mL* and 10 mg.mL respectively, Sigmaldrich). They were maintained at 37°C under a

5% CQ humidified atmosphere.
4.2. Suspensions afarbon-based nanomaterias

A first suspension at 160 pg.rflcarbonbased nanomateriin supplemented DMEM was
prepared in a confinddboratory. Dispersion was carried out by sonication (5 min, 30%, 3
mm probe). Serial dilutions were conducted to obtain concentrations of 160, 80, 40, 20
pg.mL* of nanomaterials isupplemente®MEM. For the toxicity assays, 1/4 cells
suspensions, 3/4anomaterials in volume were pouretbithe wellsof 96-well plate The

final concentrations of exposure were thus 120, 60, 30, and 15 figTthere are within the
range of commonly used concentratigpsng et al., 2012; Fraczekzczypta et al., 2012;
Wang et al., 2012; Zhang et al., 2012)d have been consideredoastinent by Vietti et al.
considering the approximations inherent tarawitro study(Vietti et al., 2013)The
suspensio stability was confirmedver4 daysby dynamiclight scdtering (Zetasizer Nano

ZS, see supplementary ddaure Al).
4.3. Cytotoxicity

The dosage of extracellular Lactate dehydrogenase (LDH) leaking from cells with damaged
membrane was used to evakittie cytotoxicity. Cells were seeded in av@éll plate at

100000 cells/well and exposed for 24 h to tabonrbased nanomaterséccording to the

preparation described in the previous paragraple CytoTox96® NonRadioactive

Cytotoxicity Assay (Promga) was used accordingto tReD QX IDFW XUHUYV LQVWUXF\
Detection was performed using a microplate reader (Multiskan GO, Thermo Scientific) at 450

nm. The activity of the released LDH was reported as a percentage of the total cellular LDH

(measured adir the complete lysis of control cells).



4.4. Proinflammatory response

Tumor Necrosis Factor alpha (TNF LV R Q hnatlprdirl&inmatory cytokines

produced bynacrophages an activation contextCells were seeded in a seconev@sl

plate at 10@0O0 cells/well and incubated for 24 h with the nanomaterials-TNEUR G XFW LR Q
was assessed by a commercial enzlinleed immunosorbent assay kit (Quantikine® Mouse

TNF-. 71)6) $ ,PPXQRDVVD\ 5 ' V\VWHPV 7TKH RSWLFDO GHQV
accordingtottH PDQXIDFWXUHUYV LQVWUXFWLRQV XVLQJ D PLFU
Thermo Scientific) at 450 nm. A standard curve was established and results were expressed in

pg.mL* of TNF-.
4.5. Oxidative stress

The measurement ttie broad spectrum aitracellular reactive oxygen species (ROS) gave

an indicative assessment of the oxidative stieggy the specific fluorescent probe DCFHDA

'&)  T-dihlorodihydrofluoresceidiacetate 7KH 2[L6HOHFWE ,QWUDFHOOX
Kit (Cell Biolabs)ywas WHG DFFRUGLQJ WR WKH PDQ X ldbeBddsd) HUTV LQ
intensities were reaat 530 nm emissiowith a 480 nm excitatio(Fluoroskan Ascent,

Thermo scientific). However, to avoid biased decreases of the fluorescence by the black
carbonbased naomaterias, a correction was applied. This correction is based on acellular
VWDQGDUG FXUYHV RI WKH I-Gckigrofidords¢e@)ior SadiREH '&) T 1
nanomaterial and each dgseesupplementary materi&igure A2 andTable A2). Results

are preseted & a percentage of the ROS produced by cells which were not exposed to
carbonbased nanomaterial& positive control was addewhich corresponds teells exposed

to 1 mM of HO..

4.6. Cell morphology
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A 24 h expoareof the cells to the smallest doses of CNT (15 pginkas conducted
directly on an 8wvell chambered coverglass (L-dlek®, SigmaAldrich). The cells were then
rinsed twice with PBS, dried and conserveeR@tC before a Mayriinwald Giemsa staining
(MGG) with a Leica Auto Stainer XLThe stained cells were the observed by optical
microscopy (Leica ICC50 HD, Leica Microsystemasdifferent magnificationand pictures

were captured thank to the software Lasez (Leica Microsystems).
4.7. Statistical analysis

Results were expressed as the mean of three independent experiments, each carried out in
triplicates, with standard errors of the mean value. Statistical significance was declared when

p<0.05 using a Student test with Tanagra soft{ekotomalala, 2005)
RESULTS
1. Physicochemical characterizatiorof carbon-basednanomaterials

The three types oftarbonbased nanomaterglexhibited different shapes with one
nanometic dimension for the nangraphite (NG), two for the carbon nanotubes (CNT) and

three for the carbon black (CEjigure 1).

11



Figure 1. Scanning electron microscopy images of pristine and functionaterdnrbased
nanomateria. Pristine and functionalized carbon nanotu@ST and CNTY), pristine and
functionalized carbon black (CB and CBf), and pristine and functionalized-ttapdite

(NG and NGf).

TheTable 1summarizeghe physicochemical characteristics of the pristine and
functionalizedcarbonbased nanomaterialhe nanometric dimensions have been measured
either with the scanning electron microscdB¥M)for CNT and CB diameters or with
atomic force microscopfAFM) for NG thicknessWhile the nanomaterial shape remained
alike, CNT and CB mean diameters decreasfier acid functionalizatiodue to the acid
attack On the contrary, the mean thickness of NG increased after acid functionalization. This
and the strong decreastthe specific surface area (SSAJ acid functionalized NGNGf)
will be further discussednd may be explained laychange in aggregation aaldoporosity
in the case of SSAOn the contrary, CBnd CNTSSAremained at comparable levels after

functionalization Acid functionalization is also known tocrease structuralisorder. It has

12



beenconfirmedfor acidfunctionalized CNT and NGONTf and NGJ by Raman
spectroscopylooking at the Id/Ig intensity ratio. Raman spectra are displaydgkin
supplementary materig@Figure A3). The results foCB andCBf are not reliable as it is not a
crystallized form of carbon. Acid functionalizedrbonbased nanomatergavere moreover
purified from metallic catalysts. It is mainly remarkafde CNT as the Alével was almost 5
wt% before functionalization. Howevet has to be noticed thatistineNG showed a Fe
level of 0.15 web similarto the CNT one. After functionalizatiohdecreasetb 0.02 and

0.05 web for NGf and CNTfrespectivelyconfirming the purification by the acid treatment.
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Table 1: Physicochemicaeaturesof the sixstudied carbotbased nanomatersal

Sample CNT CNTf CB CBf NG NGf
Mean diameten23 = 4 165 42 + 10 31+8 20+ 9 27+ 12
or thickness

(nm)

SSA(m2.ghH)” [317+2 [279+1 [184+1 |186+ 2 [100+ 3 [27+0
Structural 0.82 1.83 0.98° 0.8 0.14 0.23
disorder

(1d/1g)

Catalytic

impurities

(Wt%)

Fe 0.15 0.05 0.01 0.01 0.15 0.02

Al 4.83 0.03 0.05 0.00 0.00 0.00
Co 0.13 0.02 0.00 0.00 0.01 0.00

O (atomic %) |2 13 8 14 8 14
Zeta potential -9+ 8 48+ 2 |-25+ 9 -35+ 6 23+ 3 30t 4
(mV) in water

Isoelectric 4309 (<15 32+ 04 |19+ 01 (19 0.1 <15
point (pH) in

water

A: SSA : specific surface aréa,CB and CBfot well crystallized so the measure is

uncertain.

The presence of oxygesontaining groupswas assessed byX-ray photoelectron
spectroscopy(XPS), zeta potential and isoelectric poinfal) (Table 1) and by thermal
desorption Figure 2). The duration of the acid treatment, and the ratiocafbonrbased
nanomateriabnd acidsvereoptimized to obtain a similar level of functionalizatids and
O1s peaks from the XPS spectra allowed the calculation of oxgtmic percentagavhich
reachedl3 or 14% after functionalization. Before functionalization, the level of oxygen was
higher for CB and NE8%) than for CNT (2%) stating that these pristine nanaterials
presented more oxygeamontaining groups. Zeta potentials in water decreasdslmwy -30
mV after functionalizationindicatingan increased stabilitffSO - International Organization
for Standardization, 2000, p. 20@eta potentials are very dependent of the pH of the

suspensionsyhereaspl are considered to avoid this approximatiohll acid functionalized
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carbonbased nanomaterglexhibited p under 1.9. However, the levels were different for
pristine nanomaterials. As for the XPS value, the pristine CNT seemed to present less oxygen
containirg groups as itslpwas relatively high (4.3)The d value for CB is not far from the
CNT one (3.2). Howeveiit seened that the level of oxygenontaining groups of NG was
already high before functionalization, according to its very ldwadue (1.9).This was
confirmed by thehermal desorption spectr@O and CQ desorptionwere followed during
the heatreatmenbf thecarbonbased nanomatergalOxygencontaining groups are expected
to be desorbed andecompose mainly in CO and CQ gasesThe massesorresponding to
H.0,, O, NO and N@were also followed and showeldet same trends at lower levetiafa
not shown).Significantly higherlevels of CO and C®were desorbed foCNTf and CB
compared to CNT and CB. The differencesvemaller for NG. It thus confirmed that NG had

already a high level of oxygesontaining groups before functionalization.
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Figure 2: Thermal desorption of CO and @@om pristine and functionalizechrbonbased
nanomateria. A) pristine and functionalized carbon nanotubes (CNT and CNTf), B) pristine
and functionalized carbon black (CB and CBf), and C) pristine and functionalized nano

graphite (NG and NGf).
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2. Invitro toxicity assayson RAW 264.7 macrophages

Thein vitro toxicity of the sixcarbonbased nanomatergivas assessed on a murine
macrophage cell line (RAW 264.7)his cell line is widely studied, robust and allows
repeatable result3hreedifferentcellularand molecularesponses wergtudied. LDHrelease
informed about the cytotoxicity induced by a 24 h exposucatbonbased nanomatersal
The production of the cytokine TNFE WX PR U QH F U ihiéimed bbaatthi ro.
inflammatory activity after a 24 h exposurectrbonbased nanomaters&alROS prduction is
directly related to oxidative stress, with a shorter activasorwithanevaluation after only
90 min of exposure toarbonrbased nanomatergalLastly, thecell morphology was observed
after24 h of contact witltarbonbased nanomatergaanda MGG (May-Grunwald Giemsa)

staining.

2.1.Biological impact of the acid functionalization

Significant LDH releases were only found for the highest dose of CNT, NG an@Aifafe
3). For NG and NGf, the LDH release seemed however to follow adissendent trend.
There was no significant difference in the LDH when comparingtiséne and
functionalizedcarbonrbasedhanomateria. Thus, no impact of acid functionalization was

shown whatever thearbonrbased nanomatergl
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Figure 3: Impact of the acid functionalization carbonrbased nanomatergbn the

cytotoxicity. NS: not significanfThe cytotoxicity was determined by LDH release after a 24

h exposure. Results are reported to the total cellular LDH measured after lysis of control cells.
(n=3, *: significantly higher than the negative control, p<0.05, NS: difference not significant

between pristine and acid functionalized nanomaterials)

Figure 4 displays the level of TNE DIWHU DQ H[SRV Xthbowhd&sed KH GLITHUHQ
nanomateria. CNT and NG induced significant pinflammatory response at 120 pg.thL

while CNTf and NGf induced a significant response as soon as 60 and 307ug.mL

respectivelywith a dose dependent effe@B and CBf showed no sign of pirdlammatory

enhancement.
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Figure 4: Impact of the acid functionalization carbonbased nanomatergabn the pro
inflammatory responsé&.he preinflammatory activity was evaluated by the level of TNF
after a 24 h exposure. (n=3, *: significantly higtiean the negative control, p<0.05, NS:

difference not significant between pristine and acid functionalized nanomaterials)

All pristine carbonbased nanomatergaénhanced ROS productionadosedependent
manner(Figure 5). ROS levels for 120 pg.mtof CNT and CB reached three to four times
and two times the level dlfie positivecontrolrespectivelyThe levels of ROS production
were however strongly reducafter functionalization for all types chrbonbased

nanomateria.
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Figure 5: Impact of the acid functionalization carborbased nanomatergbn the oxidative
stressOxidative stress was determined by ROS production afé€r min exposure. Results

are expressed as a percentage of the negative control. (n=3, *: significantly higher than the
negative control#: significantly different between the pristine and functionalized
nanomateriald\S: difference not significant beegn pristine and acid functionalized

nanomaterialp<0.05)

2.2 Comparison of the carbon-based nanomaterias biological impacts

Comparing acid functionalized surface alkxo get rid of the difference itnelevel of
oxygencontaining groups anithe content of metallionpurities. The influence of the
different SSA wa moreover eliminated when looking at the cellular response with doses
expressed in surfacather than ilmass.The question of dose metric is indeed crudiak
toxicity of a nanmaterialcould correlate bestith theiravailable surfacéhan with their

mass, volume or numb&Ddberddrster et al., 1992)

At comparable surface, NGf exhibited a stronger cytotoxic response than CNTB&and

(Figure 6). NGf showed also the highest prdlammatory response, followed by CNTf
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(Figure 7). CBf induced no cytotoxic and piiaflammatory response. However, it enhanced

an oxidative stressimilarto CNTf and NGf(Figure 8). MGG observations allowed

observingpreferential interaction of thearbonbased nanomatergaith the macrophages

(Figure 9). This technique does npermit toaffirm that the nanomaterials wenptaken. It is

not possibléo make a difference between internalized nanomaterials and those just adhered at

the cell surfaceHowever it was noticeable that all CBf seemed to interact with the

macrophages, wle agglomerates and aggregates of CNTf and NGf were found free in the

medium.Regardingts smalldimensions, CBf is likely to be fully internalized, unlike NG and

CNT.

LDH
(%)

100 -

——CNTf ——CBf NGf =----- Cells alone

80 -

60

0 10 20 30 40 S50

Nanomaterials (10 m>.mL™") —>

Figure 6: Impact of the morphology on the cytotoxicityedrbonbased nanomatergal

Doses were expressed in unit of acid functionalized surface. The cytotoxicity was determined

by LDH release after a 24 h exposure. Results are reported to the total cellulard=3tirea

after lysis of control cells. (n=3, *: significantly higher than the negative control, p<0.05)
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Figure 7: Impact of the morphology on the piraflammatory response tarbonbased

nanomaterialsdDoses were expressed inituof acid functionalized surface. The pro

inflammatory activity was evaluated by the level of FINFDIWHU D

significantly higher than the negative control, p<0.05)
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Figure 8: Impact of the morphology on the oxidative stress enhancedrbpnbased

nanomaterialdDoses were expressed in unit of acid functionalized surface. Oxidative stress

was determined by ROS production after a 90 min exposure. Results are expressed as a
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percentage of the negative control. (n=3, *: significantly higher than the negative control,

p<0.05)

The comparison of the effects between pristine and functionalized nanomaterials in terms of

surface aress reported in Supplementary material Figure A4.

Figure 9: Microscopic images of RAW 264.7 cells exposed for 24h to 15 pgl.rat.carbon
based nanomaterghfter a MayGrinwaldGiemsa stainingd) negative control: cells alone,
B) functionalized carbon nanotubes (CNTf),f@)ctionalized carbon black (CBf), and D)

functionalized nangraphite (NG).

DISCUSSION

1. Physicochemical impacts of the acid functionalization ofarbon-based

nanomaterials
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This study compares the biological properties of three typearbbnrbased nanomatials,

NG, CNT and CB, showing one, two and three nanometric dimensions of the same order of
magnituderespectivelyThe noananometric dimensi@of CNT and NGwere not
experimentally confirmed due to the difficulties to measure entangled CNT or agatedcher
NG flakes (mean length and mean flake diameter were 1.5 apthabcording to the
producers)At first sight,looking at the electron microscopy imagt® acid

functionalization did not seem to impact tebonbased nanomatergamnorphology

However it affectedsome of the physicochemical features ofdagbonbased nanomatergl
All carbonbased nanomatergalere purifiedy theacid functionalization. The metallic
impurities were indeed dissolved in the strong afitismilton et al., 2013; Kim et al., 2014)
Mean diameters of CNT and NG were decreased as the surface underwent the aciisattack.
shown for CNT(Hu et al., 2003)this same acid attad&d to an increase in structural defects
observed for CNTf and NGfHowever, it was unfortunately neisible for CBf due to the
already low crystallization of CB. NG seemed to follow a different trend when considering
the increase of its mean thicknedterfunctionalization. It is, though not significantunlike

the strong decrease 85A The sample was thoroughly dried, ahd measurememias
repeated several times, thihss diminution is not believed to be due to an excess of
hydration The SSA reductimalmost by 4 of NGf could be explained by differences in
agglomeration and structure caused by acid functionalizatioaphenomern could be

close to the one suggested\Wiang et al(Wang et al., 2014)These authorsvitnessed a
change in microporosity and mesoporosityerfuced NGafter KOH activationWhile

reduced NG consisted of carbon sheets with stacked carbon lay&§Hhieeatment
separated them into smaller ahthnersheets. They gathered into large and highly porous
structuresdue topartial interstacking. Theesultingavailableexternal surface aregas

significantly smaller than theurface of themall compact agglomeratesrefiuced NGlIt
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has to be underlined, however, that this phenamaffects only dried powdeh agueous
media, such as the cell culture media, the dispersion is expected to be higher for
functionalizedcarbonbased nanomatefs due to the surface oxygeontaining groups. This

was indeed confirmed by the lower zeta potentials &nd p

It has been pointed out that the les@ll oxygercontaining groups eredifferent between the
pristinecarbonbased nanomaterglPristine GIT seemed taontainthe lowest level of
oxygencontaining groups according to XP$,gnd thermal desorption measurements.
Pristine CB showed medium level of surface oxygerontaining groups. Lastly, pristine NG
exhibited a similar atomic percentageto CB according to the XPS measurement, but a
higher level of oxygeitontaining groups according td @nd thermal desorption. As XPS
analyzes the extrensirface, it may miss some oxygeontaining groups linked with the
deeper carbon layer&fter fundionalization, the level obxygercontaininggroupslinked

with a decrease in hydrophobicggemed to be equalized between CNTf, CBf and NGf, but

could be partially underestineat for NGf for the same reason.

2. Biological impact of the acid functionalizaton of carbon-based nanomateria

Our previous studyfigarol et al., 2014has demortsated that acid functionalization of

carbon nanotubes has a weak impact on cytotoxicity, increased thel@nomatory response
and decreased the oxidative strésghis study we showed that threvitro impact on
macrophages response to acid functionalization followed the same trend for three types of
carbonbased nanomateralittle impacton the cytotoxicity was detectetthe only

responses were at the highest dose of CNT anavi¥t3possibly a slighdecrease for CNTf

and NGf but not significant. Amcrease in TNF. S U R G Xv&s/lhsBr@ed for CNTf and

NGf. It was not observed for CBWhich maybe linked with the absence of pirdlammatory

response for the pristine CBhe increase for CNTf and N@&ight be dueo the difference
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in surface chemistrylhe change in surface charged decrease in hydrophobicity could
indeedimpact the adsorbed proteins on the surface ofdhegonbased nanomaterial his

protein layer constitutes the corona which a#luence the cellular interactiswith a
carbonbased nanomateriéllynch and Dawson, 2008\ secondassumptiorio explain the
increase of the prmflammatory response the increasgavailable surface for cell

interactiors. Functionalizec¢carbonbased nanomatergahre indeed expected to present a
greater dispersibility in the aqueous culture medium, which could increase the cell response
(Wang et al., 20100n the other hand, ROS production was largely decreased after
functionalization of the threeabon-based nanomatergalFor CNT mainly and NGecondly,

this can be due to the purification from metallic catalysts. Transition metals such as Fe and Al
indeedcontribute to ROS productiamtably by the involvement in the Fenton reac(iGe et

al., 2012; Ruipérez et al., 201PHowever, as the responses still significant for purified
carbonbased nanomaterglanother soae of oxidative stress is inlk@d. Directinteraction
betweercarbonrbased nanomatergahnd the cellsould indeed enhance an oxidative stréss
third mechanisnshould be mentioned, correspondinghescavenging capacitgarbon

based nanomatergthave indeed the potgal to reduce the level aixygenated free radicals

in the mediumthrough surface adsorption or other physicochemical reactions not well
understood for noybut increasing with the level of structural defe®enoglio et al., 2006;
Galano et al., 2010; Martinez et al., 2018¢id functionalizationincreased the structural
disorder, so the scavgimg activity couldexplain the decrease in ROS production after

functionalization for all three nanomaterials.

When addressing the question of nanomaterials toxicity, it is impda@onsider the
potential artifacts. It is indeed nomell-known thatnanomaterials especially carbbased
nanomaterialsan interfere with common toxicity tegSasey et al., 2007, 2007; Dusinska et

al., 2015; MonteireRiviere et al., 2009We have shown that the assay measuring ROS
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productionwasbiased thus a correction based on controls without cells has been used (see
supplementary aterialFigure A2 andTable A2). In a previous worForest et al., 2015ye
assessed the biases caused by CNT on the LDH assay. Despite two types of biases, the test
was still considered as reliable, as these biasessaltompensated and had no significant
impact on the conclusiodsorption of TNF . on carborbased nanomaterials could occur.

It has been showed for hydrophilic CNT bgshuai W Zhang2007)and for other non
carba-based nanomaterial&uadagnini eal., 2015; Pailleux et al., 2013) could lead to an
underestimation of the TNF level. However the differences between the TNF

concentrations for CNT and CNTf, and NG and NGf were important and we do not believe

that they could be due uniquelyadifference in biases of the TNRest.

Other stuékson the subjedend to be contradictorgeveral studies seemed to conclude also

at an increase in macrophgge-inflammatory response after CNT acid functionalization

(Dong et al., 2012; Wang et al., 2012; Zhang et al., 2032y data are available concerning
oxidative stress, but some studies on NG suggested also a decrease induced by higher levels
of oxygencontaining groupgDuch et al., 2011; Sasidharan et al., 2012, 200¢ last one
however concluded anincrea® in the preinflammatory responsafter reducing oxidized

NG. The cell line and the conditions of exposure were nevertheless diffemanur study.

Tong et al(Tong et al., 20093tudied simultaneously the vivoimpacts of pristine andcal
functionalizedSWCNT and CB after oropharyngeal aspiration of 10 to 40 pug of nanomaterial
per mouse. Thefoundan increase in pulmonary toxicity (both cytotoxicity and

inflammation) induced by the functionalizatiddur results indicated only an increaséha
pro-inflammabry responsgbut the cytotoxicity levels were already very low for pristine
nanomaterials. It would be interesting to compare our powders and those from Tong et al. for
an equivalenexposureanda similarexperimental desig(to avoid the comparison @f vitro

andin vivo experiments)
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3. Comparison of carbon-based nanomaterias biological impacts

Table 2: Summary, morphological impact on the cellular responsadfonbased
nanomateria showing compable surface.: low response, +: high response, + +: very high

response

Cellular response CNTf CBf NGf

Cytotoxicity (LDH) - - +

Pro-inflammatory + - ++
(TNF-.

Oxidative stress + + -
(ROS)

The cellular impactsof the different carbovasednanomaterials havbeen studied with
comparableavailablesurface for cell interacti@andclosesurface chemistry. Looking at the
resultsexpressed in surface area and not in nadlssved a betterdifferentiaton of the cell
responses induced by the thimgbonbased nanomaterglAcid functionalization was used
as a way to equilibrate the level of oxygemntaining groups and to remove the impurities, so
that thedifferences in surface chemistries wenaimized Table 2 sums up the comparative
results of than vitro response to CNTf, CBf and NGNGf evidencedthe highest cellular
response CNTf led to a high preinflammatory response and oxidative stress but a low
cytotoxicity. CBf inducedhe lowestbiological responseno cytotoxicity, low inflammation
and equivalent oxidative streShese differencesiay bedue to the difference imorphology
and ranometric dimensionThe higher response to NGf and CNTf could retated toa
platelet or a fiber effect (Schinwald et al., 2011; Tran et al., 2011ponaldson et al.

(Donaldson et al., 201@xplained the classical fiber paradigm as an understanding of three
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main properties o& nanofiber: biopersistent so that it creates accumulation, thin enough so
that its small aerodynamic diameter enable deposition beyond the ciliated airways, and long
enough so that it is difficult to be effectively cleared and for macrophages to plegotye
microscopic observations of the cells interacting wiibonbased nanomatergleinforced

this hypothesisAlmost no CBf remained frem the culture medium, while only part of the
NGf and CNTf interacted with the macrophag8snilar trends wre also seen for pristine
carbonbased nanomaterglSupplementary materidigure A5). Internalizationshouldbe
easier for round shageCBf with nanometc dimension, than for théber or platelets with

one or two micrometric dimensions. Howewveo sign of frustrated phagocytosis wasarly
observed.When macrophages fail to fully engulf long and rigid CNT or oversized NG
platelets,this can indeed lead to frustrated phagocyt@Biown et al., 2007)Macrophages

are then seen activated, too large nanomaterialsdcstart the macrophage cytoplasm,
rosettelike formation of macrophages or giant cells camrsben around large nanomaterials
(FraczekSzczypta et al., 2012; Schinwald et al., 20K frustrated phagocytosesnhancs

the preinflammatory response and oxidative styekss could havéeen a further explanation

for the higher celllar response to NGf an@NTf. The study of Zhang et a{Zhang et al.,
2012) displayed a similar cytotoxicity and oxidative stress of HelLa cells to functionalized
MWCNT and oxidized NG. Howevethe cytotoxicity varied amrding to the used assay.
They confirmed moreover that only part of tterbonbased nanomatergivere internalized

or tightly bound to the cell membrannother explanation for the lowest cellular response to
CBf could be its lower crystallinity. It lIsaindeed been shown for nanoparticles such as silica
that the crystalline forms trigger higher inflammation and lead to more pathogenicity than
amorphous nanoparticlgsubini et al., 1999; Perkins et al., 2012; Samdgbet al., 2012)
Graphendike structures are made of hybridized sprbons, or spcarbons linked with the

structural defects. CNT and NG are based on this structure and demonstrate a higher chemical
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reactivity than CBHowever, CNTf, CBf and NGf exhited functionalized groups at their

surface that shoulshask andninimizethe impact of the difference in crystallinity.

CONCLUSIONS

This physicochemical antbxicologicalstudy wasdesigne with two mainobjectives: the
determination ofhe cellular impact of the acid functionalization of three diffecambon

based nanomaterggland the cellular impact of these nawaderialsmorphology at equivalent
surfacechemistry It was demonstrated that acid functionalization has the same impact
whatever thearbonbased nanomaterglno significant impact on cytotoxicity, enhancement
of the preinflammatory response, and a decrease in oxidative stress. Carbon black however
madean exception, as no pioflammatory response was seen before taraf
functionalization At a similar dose in surface andimilar surface chemistrjpanegraphite
showed higher cellular response tltambon nanotubes and even higher ttenbon black.

Further investigations have to be carried out to determine if iharenk with the

internalization mechanisnand possible frustratgzthagocytosisCarbonbased nanomatergal

do not have the same toxicity potential according to theiphologyandcrystallinity, and it

has to be pointed out that the safest one here is considerpdsside carcinogenic to

humans This emphasized the need for further studies on the toxicity of carbon nanotubes and

graphene, especially tinempacs for a longterm exposure.
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SUPPLEMENTARY MATERIAL

Al. Acid functionalization

Table AlLErreur! Source du renvoi introuvablsums up the optimized parameters for the acid

functionalization of carbon nanomaterials

Table Al: Acid functionalization protocol

Nanomaterial name| Nanomaterial (mg) | HNO3 (mL) | H,SO, (mL) | Duration (h)
CNT 100 75 25 6
CB 160 120 40 9
NG 50 120 40 9

A2. Stability of the nanomaterial suspensions

The suspension stability wasnfirmed bydynamiclight scdtering. This technique gives the
average diameter of a spherical particle of a density of 1 and with the same hydrodynamic
volume (Z average). So for na@pherical nanomaterials such as CNT andorgraphite, it
cannot be directly linked with a geometrical diameter. However, the evolution of the
parameter can indicate if aggregation is occurring in the suspem®sgure Al shows the
evolution of z average along the time. As it did not change for 96 h, the conclusion was made

that the suspensions were stable long enough to carry out the toxicological tests.
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Figure Al: Stability of the nanomaterials over 96 ih supplemented mediuminitial

suspensions were dispersed by 5 min sonication (30%, 3 mm probe).
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A3. ROS assay, biases correction

Our previous studyFigarol et al. 2014has shown that the ROS assay can be biased by
MWCNT. A supplementary assay was thus carried out to assess and correct these biases for
all The the DCBUREH - 1 1
dichlorodihydrofluoresceinat 0, 10, 100, 1000 niMvas measured in acellular complemented

culture medium. Carbon nanomaterials were added at concentrations of 15, 30, 60, and 120

carbon nanomaterials. fluorescence of

Hg.mL™. The difference between the fluorescence with and without carbon nanomaterials was
calculated for each samplEigure A2 shows an example of the obtained correction curves,
andTable A2 summarizes the correction for each MWCNT sample. This correction was the

applied to the data from the ROS (reactive oxygen species) assay to obtain corrected values.

y=1.027x + 0.1479

337 R?=0.9999
T
1. e
Fluorescence
without NG 20 1 _
15 1 NG 15 g mL "
10 - NG 30 ug mL™
=4=NG 60 pg mL™
> —-NG 120 pg mL™

0 10 20 30 40
Fluorescence with NG —>

Figure A2: Bias between fluorescence of 0 to 10000 BI@F, with and without pristine

nanoegraphite.

Table A2: Corrections of bias in the oxidatigéress detection assay (Rz> 0.98).

Correction at 15

Correction at 30

Correction at 60

Correction at 120

Powder 1 L 1 1

Mg.mL~ Mg.mL~ Mg.mL~ Mg.mL~
CNTne1 |Y= 1.37x +0.46 |y=1.69x +0.63 |y=2.59x +0.79 |y=4.53x +0.93
CNT n°2 |Y=142x+0.26 |y=183x+0.45 |y=2.67x+0.67 |y=4.52x+0.86
CNT n°3 |Y=138x+042 |y=191x+0.57 |y=2.87x+0.78 |y=>5.10x+0.94
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CNTfne1 |Y=1.23x+0.37 |y=149x+0.45 |y=2.09x+0.59 |y=3.11x+0.69
CNTfn°2 |Y= 1.22x+0.22 |y=1.40x+0.41 |y=182x+0.60 |y=2.72x+0.70
CNTfne3 |Y=1.15x+0.13 |y=1.30x+0.25 |y=1.60x+0.43 |y=2.23x +0.60
CBn°1 y =1.25x-0.17 y = 1.46x- 0.03 y=1.78x+0.93 |y=256x+1.14
CB n°2 y=121x+0B |y=14/x+040 |y=184x+0.8 |y=2.87x+0.79
cBne3 |Y=119%x+0.25 |y=18x+047 |y=16%+048 |y=24Kk+0.60
CBfn°l |y=118x+0.44 |y=134x+0.43 |y=158x+0.79 |y=2.10x + 1.07
CBfne2 |Y=12+0.10 |y=13%x+042 |y=1606+0.58 |y=232x+0.74
CBfn°3 |Y=110x+0.18 |y=114x+0.42 |y=1.35x+0.48 |y=1.81x+0.61
NGn°1l |y =1.03x+0.16 |[y=1.07x+0.27 |y=1.16x+0.43 |y=1.33x+0.61
NG n°e2 |Y=1.08x+0.05 |y=11&+024 |y=126x+04 |y=1.56x+0.64
NGn°e3 |Y=106x+0.20 |y=11%+03 |y=130x+04 |y=1.65x+0.8

NGfn°l |y=0.98x+0.26 |y=1.12x+0.14 |y=1.16x+0.32 |y=1.27+0.56

NGfne2 |Y=1.02x+0.14 |y=11%x+017 |y=12K+037 |y=148&+0.55
NGfn°3 |Y=1.00x+033 |y=103x+0.44 |y=119x+0.45 |y=1.3%+0.64

A3. Raman spectra

For crystallized carbon nanomaterialgnian speca exhibited two main band&igure A). They
are called the Bband (1340 cM) and the Gband (1570 ci). Two overtone peaks were also
observed (> 2500 cf.
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Figure A3: Raman spectra of pristine and functionalized carbon nanotubes (CNT and CNTf),
carbon black (CB and CBf), and nagmphite (NG and NGf). a.u.: arbitrary units. TGB
spectrum islimited from 1000 to 2000 cthbecause it was difficult to obtaia workable

spectrunotherwise.
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A4. Comparison of the effects between pristine and functionalized nanomaterials in

terms of surface area

A)
——CNT  —-a-- CNTf —+—CB
----- CBf NG NGT
100 -
80 -
T 60
LDH
%
" 40
20 A
U L] L} L} 1
0 10 20 30 40
Nanomaterials (10° m>mL™) —>
—+— CNT ====- CNTf——CB--=-- CBf NG NGT
B) 1400 -
1200 -
T 1000 -
TNFa 800
.mL™
(Pg.mL™) 0o |
400
200 -
0 L) L) T 1
0 10 20 30 40

Nanomaterials (10-* m>mL™) —

43



C) —— CNT ===-- CNTf ——CB--~-- CBf NG NGF

5000 -
T 4000 -
ROS 3000 -
(% of
negative

control) 2000 -

1000 -

Nanomaterials (10 m>mL™) —

Figure A4: Impact of thefunctionalizationon the cytotoxicity(A), the preinflammatory
responsgB) and theoxidative stress (C) triggered lmarbonbased nanomatergalDoses

were expressed in surface. The cytotoxicity was determined by LDH release after a 24 h
exposure. Results are reported to the total cellular LDH measured after lysis of celtgrol

The preinflammatory activity was evaluated by the level of TNFDIWHU D K H[SRV:
Oxidative stress was determined by ROS production after a 90 min exposure. Results are

expressed as a percentage of the negative control.

A5. Cell morphology

Similar trends were found when comparing the cell morphology after an exposure to pristine
or functionalized carbon nanomaterig@gure 5). Interaction between carbon nanomaterials

and cells were visible and seemed stronger with CB than CNT or NG.
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Figure A5: Microscopic images of RAW 264.7 cells exposed for 24h to 1Big of carbon
nanomaterialsaafter a May-GrinwaldGiemsa stainingA) negative control, cells alone, B)
pristine carbon nanotubes (CNT), C) pristine carbon black (CB), and D) pristine nano
graphite (NG).
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