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ABSTRACT: Acid functionalization has been considered asamy @vay to enhance the dispersion and
biodegradation of carbon nanotubes (CNT). Howewemnsistencies between toxicity studies of acid
functionalized CNT remain unexplained. This coudddue to a joint effect of the main physicochemical
modifications resulting from an acid functionalinat addition of surface acid groups, and purifmat
from catalytic metallic impurities. In this studyhet impact on CNT bio-toxicity of these two
physiochemical features was assessed separatedy.inThitro biological response of RAW 264.7
macrophages was evaluated after exposure to 180tg.mL" of two types of multi-walled CNT. For
each type of CNT (small: 20 nm diameter, and big:nen diameter), three different surface chemical
properties were studied (total of six CNT samplesistine, acid functionalized and desorbed. Destrb
CNT were purified by the acid functionalization fuesented a very low amount of surface acid groups
due to a thermal treatment under vacuum. A Jaffasteof acid functionalization with two opposite
impacts is highlighted. The CNT purification deced the overall toxicity, while the surface acidugs
intensified it when present at a specific threshdltiese acid groups especially amplified the pro-
inflammatory response. The threshold mechanism lwha&emed to regulate the impact of acid groups
should be further studied to determine its valug potential link to the other physic-chemical stat¢he

CNT. The results suggest that, for a safer-desigproach, the benefit-risk balance of an acid



functionalization has to be considered, dependingthe CNT primary state of purification. Further

research should be conducted in this direction.

KEYWORDS: carbon nanotubes, health effects, nanotoxicitfasa functionalization, oxidative stress,

inflammation, cytotoxicity



INTRODUCTION

Over the past few years, the exceptional propediesarbon nanotubes (CNT) have aroused a huge
interest in industrial fields as diverse as maltesgience, microelectronics or biomedicine. High
mechanical resistance, adsorption capacity, theamdl electric conductivity for example allow the
development of numerous applications (Baughmah @082; De Volder et al. 2013). CNT can easily be
functionalized with components of interest, and thjpens a wide range of possibilities, especiallthe
biological sector (medical imaging carriers or didgjivery) (Bianco et al. 2005; Singh et al. 2012).
Nevertheless, their appearance on the market aidititreasing use at the research scale rais¢hheal
concerns especially regarding their structural lsirties with asbestos.

CNT have small aerodynamic diameters and thissgiltem the potential to penetrate deeply into the
lung and activate pathogenic pathways. In spiteamfinsufficient understanding of their biological
impact, it is now well established that the physkmmical features of CNT influence their pulmonary
toxicity (Simon-Deckers et al. 2008; Krug and WRXL1; Kayat et al. 2011). In particular, their sirel
entanglement, their metallic impurities and theirface functionalization have been shown to aftbet
biological response through mechanisms and poterttiabinative effects that are yet to be determined
Case-by-case studies to assess each CNT toxicalofgature are a dead-end time- and money-
consuming strategy (Choi et al. 2009). It is therefcrucial to gain understanding of the physicaubal
characteristics that can impact the biological oesps in order to progress toward a safer by design
approach (Schrurs and Lison 2012).

Functionalizing CNT surfaces by introducing chanigesurface chemical properties has been proposed
as a way to reduce CNT toxicity. Acid functionatina is one of the major approaches to this purpose
and is of great interest for industrial and redeagplications (Musso et al. 2009; Ahmadzadeh Tgfig
and Mohammadi 2012; Huang et al. 2013). The deereds<CNT hydrophobicity through the newly
linked surface acid groups allows a better disperéh aqueous environment. In addition, acid attack
during the functionalization process purifies thRTCfrom the catalytic impurities resulting from the

production process (Jain et al. 2011; Dong et @122 Several studies have moreover featured acid



functionalization processes that enhance the CNOdgradation and biocompatibility (Kagan et al.
2010; Liu et al. 2010; Bianco et al. 2011).

Despite ample research, the comprehensive impaatidf functionalization on the in vitro cellular
response remains unclear. Some studies have eeam ghat acid functionalized CNT are more toxic
than pristine ones (Gutiérrez-Praena et al. 20kdngDet al. 2012). Results are conflicting even when
selectingin vitro studies using the same cell line. Studies on reumiacrophages (RAW 264.7) reported
increased cytotoxicity and inflammation through tedlular internalization of acid functionalizedhgle-
walled (SWCNTT) or multi-walled CNT (MWCNTT) (Dongt al. 2012; Wang et al. 2012). Another study
showed that MWCNTf induced a reduced cytotoxidiyt a slight increase of inflammation and
oxidative stress (Zhang et al. 2012). Lastly, bamedrraczek-Szczypta et al. work (Fraczek-Szczgpta
al. 2012), the cytotoxicity of MWCNTTf remains gldlyaunchanged compared to pristine MWCNT while
they have a tendency to decrease cell proliferation

The aim of this study was to investigate the immdctcid functionalization independently of anyearth
parameter. It was hypothesized that part of therisistencies between previous studies was due to an
overlap of the two main impacts of an acid functi@gration on the CNT structures: addition of suefac
acid groups and purification by removal of catalythpurities. To avoid a multifactorial analysisfasas
possible, an original desorption process was cardudart of the acid functionalized CNT was trdate
thermally to reduce the amount of surface acid psoleaving all other physicochemical parameters
unaffected. As a result of this, it was possibledampare the following:

1. desorbed and pristine CNT, to assess the impdhegdurification from catalytic impurities,

2. desorbed and functionalized CNT, to evaluate tbigical impact of surface acid groups.



EXPERIMENTAL PROCEDURES

1. Carbon nanotube treatments

Two types of MWCNT were used: small and non-pudiffdWCNT (pristine: sSCNT, functionalized:
SCNTf, and desorbed: sCNTd) versus bigger onesqusly annealed at 2600°C thus with few impurities
and structural defects (pristine: bCNT, functiopedl: bCNTf and desorbed: bCNTd). An extended
physicochemical characterization was conducted rdoop to the ISO recommendation (ISO -
International Organization for Standardization 206CNT (NC7000, Nanocyl, Sambreville, Belgium)
and bCNT (Nano Carbon Technologies Co., Tokyo, dapave diameters of 9.5 nm and 40-80 nm
respectively according to the manufacturers, angdthes of 1.5 um and 2-20 um (from 250 measurements
by optical microscopy). The annealing treatmentengdne by the big CNT has reduced the level of
catalytic impurities and structural defaults. A lprénary ultrasonic treatment was thus appliedhe t
pristine bCNT to create reactive sites. Acid funtilization has been conducted after the optintnatf
a well-documented protocol (Ang et al. 2000; Rastcal. 2005; Jain et al. 2011; Chen et al. 2012).

Preliminary treatment of pristine big CNT: 30% imséy was applied using a microprobe on a 100 mg
bCNT /10 mL MQ water (Synergy 185, Millipore) sugsp®sn during 9 h (30%, 3mm probe, Branson
Sonifier S-450D).

Acid functionalization: following oxidation by refking in a solution of nitric and sulfuric acids:13
viv, 6 h for sCNT, 24 h for bCNT), functionalizedNT were filtered (0.025 um MF-Millipore
Membrane) and rinsed until the pH reached 5. Thaidd functionalized CNT were dried into an oven
at 100°C for 18h.

Desorption: A thermal treatment to desorb surfaig groups was applied on half of the functionalize
CNT using a vacuum furnace. The sample was heat2@°€.min* until 850°C, then let cooled down to
ambient temperature.

2. Physicochemical characterization



Morphology and diameter were analyzed using fietdssion scanning electron microscopy (FEG-
SEM, model Supra 55 VP, Zeiss) at a 2kV. Sample® weepared by the deposition of a small quantity
of CNT powder on a carbon-coated holey film, andted with a 3 nm gold layer. Diameters were
expressed as the average value of 100 measureriitetsame procedure was repeated 3 times using
ImageJ software. Structural defects were studigtguRaman spectroscopy (XploRA, Horiba Scientific,
laser at 532 nm). For each CNT type a spectrum reakized between 1000 and 2000 tosing a
network at 2400 T. The specific surface areas (384g") were determined by Nadsorption at 77 K
after out-gassing for 4 h at 110°C (MicromeriticSAP 2000) using the Brunauer-Emmet-Teller (BET)
method. The amount of metallic catalytic impuritigas assessed by inductively coupled plasma atomic
emission spectroscopy (ICP-AES).

Identification of the acid groups resulting frometlfunctionalization was undergone by means of
thermal desorption spectroscopy (TDS) and X-raytgdlectron spectroscopy (XPS). For TDS, 10 mg of
CNT powder were heated under vacuum at a heattegpfe20°C.mift until 850°C. Two turbomolecular
pumps ensure a vacuum less thaf BA. A mass spectrometer (Balzers QMG 112 quadsjipollected
and analyzed the volatilized elements. XPS was tsatktermine the Oxygen atomic percentage (with
20% incertitude Thermo VG Thetaprobe, monochroradti&l Ko source, 400 um width analyzed, 1.3 x
107 Pa of residual pressure). Samples were prepar#telsonication of a 30 pg.MICNT suspension in
ethanol (5 min, 30%, 3 mm probe). One drop was siggtband dried on a 1 cm2 silicon wafer previously
covered by a 5 nm gold layer to avoid O contribhutimm the substrate. The spectra were corrected fo
Shirley-type backgrounds. Automatic search of teakppositions were conducted from the fixed Cls
peak at 284.5 eV. Atomic percentages were calallfaten the peak areas and given sensitivity factors
Zeta potentials were measured using a Zetasizeo MSn(Malvern Instruments) and 30 pug.mCNT
suspensions in MQ water prepared by sonication &tmin, 30%, 3 mm probe, Branson Sonifier).

3. Invitro toxicity assessment

Typical concentrations of 30, 60, and 120 pugmiere used for the toxicity assays. Moreover, a 240

ng.mL* and a 15 pg.mik concentration were also investigated, respectif@iythe big and small CNT,



to obtain a comparable dose in surface. The higb@stentrations of CNT were dispersed in culture
medium: Dulbecco's Modified Eagle's Medium (DMEMyitrogen) complemented with 10% of fetal
calf serum (FCS, Invitrogen), 1% penicillin-strepiygcin (penicillin 10,000 U.mt, streptomycin 10
mg.mL*, Sigma-Aldrich). A sonication was carried out Utlie complete dispersion of the suspension
(5-30 min, 30%, 3 mm probe, Branson Sonifier S-460he dispersion and suspension stability were
established by measuring zeta potential and parside distribution by means of the light scatgrin
technique (Zetasier Nano ZS, see IX). After dilnfipthe suspensions were kept at 4°C and useain th
following 48 h. Toxicity assays were carried out @RAW 264.7 cell line, provided by ATCC Cell
Biology Collection (Promochem LGC) and derived frarite peritoneal macrophages transformed by the
AMLV (Albeson Murine Leukemia Virus). Cells wereltired in complemented DMEM and incubated
at 37°C under a 5% carbon dioxide humidified atrhese.

3.1.0Oxidative stress

Acute oxidative stress was estimated by measutiegirtracellular reactive oxygen species (ROS)
level using the OxiSelect™ Intracellular ROS AsKaty(Cell Biolabs). Cells were allowed to adhere fo
4 hin a black 96 well plate (seeded at 2 XddlIs/well). A 1 h pre-treatment with the cell-pevant 27’
dichlorodihydrofluorescein (fDCF-DA) was carried out before a short 90 min iratidn with the CNT.
The fluorescence intensities were read at 480 neitaddon and 530 nm emission (Fluoroskan Ascent,
Thermo scientific). The results where then cormécter bias thanks to acellular standard curves:
experiments were carried out to measure the vanstbetween the fluorescence obtained for 0, 10, 10
1000 nM standard curve of the fluorescent probe D(@F7’-dichlorodihydrofluorescein) in
complemented medium with and without CNT. Corrawdiovere calculated for each CNT type and each
dose (Online Resouré¢ggure S5andTable SJ).

3.2.Pro-inflammatory response

Tumor Necrosis Factor alpha (TNfF-production represents the appropriate cytokimicator of the
pro-inflammatory response for macrophage cellseiA#4 h incubation with CNT in a 96 well plate

(seeded at 100,000 cells/well), TNFrelease was assessed using a commercial enzykeeHlin



immunosorbent assay (ELISA) kit (Quantikine® Mod$¢F-o/TNFSF1A Immunoassay, R&D systems).
The optical density was determined according to ritanufacturer’s instructions, using a microplate
reader (Multiskan GO, Thermo Scientific) at 450 rinstandard curve was established and results were
expressed in pg.mLof TNF-o.

3.3.Cytotoxicity

Cell viability was evaluated by quantifying Lactatehydrogenase (LDH) released in culture
supernatant from cells with damaged membranesr Rfeh incubation with CNT in a 96-well plate
(seeded at 100,000 cells/well), the CytoTox-96® Madfioactive Cytotoxicity Assay (Promega) was
used according to the manufacturer's instructidetection was performed using a microplate reader
(Multiskan GO, Thermo Scientific) at 450 nm. Theivty of the released LDH was reported as a
percentage of the total cellular LDH (measuredrafte complete lysis of control cells).

3.4.Statistical analysis

Results were expressed as the average of threpeindent experiments each carried out in triplicates
with standard errors of the mean value. Statissigatificance was declared when p<0.05 using aestud
test (Rakotomalala 2005).

RESULTS

1. Physicochemical characterization of carbon nanotutse
Small and big CNT exhibited very different morplgiks as shown by the FEG-SEMRigure 1. Small
CNT were named after their thin diameters of 9.5amrording to the manufacturer, 23 £ 4 nm according
to FEG-SEM measurements, and short lengths of mm5apcording to the manufacturer. Big CNT
exhibited larger dimensions with diameters of 4080 according to the manufacturers, 91 + 29 nm
according to FEG-SEM measurements, and were longkrlengths reaching 2 to 20 um according to
optical microscopy measurements. Small CNT appethiadand curved, while big CNT were thick and
straight due to their few amount of structural defeAs proposed by Lu et al. (Lu et al. 1996) bCfivat
underwent an optimized 9 h ultrasonic treatmemtréate reactive sites for the acid functionalizatidth

no significant effect on their diameter. After ftiooalization, a slight increase in carbonaceouwide



was observed for both CNT types. Physicochemiatlfes are presented Tiable 1 Acid attack of the

first graphene walls reduced the diameters by up i for the small CNT and 15 nm for the big CNT.
The entanglement of the tubes did unfortunatelyafioiv to confirm the declared length for small CNT
by FEG-SEM observations. No difference in lengtts watected by optical microscopy for big CNT after
functionalization and desorption, but the techniggraained imprecise. Likewise, the degree of stinatt

defects rose for both CNT types after functiondlimaas revealed by the intensity of the D to Geban
ratio from the Raman spectra (Online Resoligeire S1andFigure S2. The diameters and the degree

of structural defects remained close after themeslbrption of the surface acid groups. Specifitaser

areas were decreased of around 10% after fundttatiah according to the B.E.T. data.
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Figure 1. FEG-SEM images of small carbon nanotubes prig@NT), functionalized (sCNTf), and
desorbed by thermal treatment after functionalimafsCNTd), as well as big carbon nanotubes péstin

(bCNT), functionalized (bCNTf) and desorbed (bCNTd)

Table 1 Physicochemical characteristics of the six carbamotubes.

Sample SCNT SCNTf sCNTd bCNT bCNTf bCNTd
Diameter (nm) 23 ¢ 165 15+4 91+ 2¢ 76+ 21 81 +2]
Structural 0.8z 1.82 1.7¢ 0.2¢ 0.3t 0.3t
disorder (1d/lg)
SSA(M2.gH) A 317 £ 279 £ ] 335+ 2 215+0.1 180+04 |221+0.4
Catalytic Fe 0.1! Fe 0.0! nct-testec Fe 0.5 Fe 0.0 nct-teste(
impurities
(Wt.%) Al 4.83 Al 0.03 Al 0.01 Al 0.01

Co0.13 | Co00.02 Co 0.00 Co 0.00
O (atomic %) 2 13 / 3 14 5
Zeta  potential | -9 £ € -48 + 2 -19+7 -23 +1: 41+ -1.29 + 1.
(mV)
Isoelectric point | 4.25 | <1t 351+01 |3.00+£00 |1.79+0.1. |4.01+0.3
(pH) 0.86
Representation COOMH M) coom o8 lsasas)
(Melchor  and ot lcoon Rl coon %”(%
Dobado 2004) Bl | B } gﬁ;‘"

i

[A]: specific surface area. /: the measure couldgodetermined

ICP-AES evidenced high amounts of catalytic impesitfor SCNT (4.8 wt.% Al and more than 0.1

wt.% Fe and Co) which fell under 0.05 wt.% afteiddanctionalization. Annealed bCNT contained only

0.5 wt.% Fe and 0.01 wt.% after functionalization.
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Thermal desorption spectroscopy gave qualitativasmeements of CO and G@Quring heating under
vacuum of CNT. While sCNT and sCNTd exhibited vemyilar spectra with almost no gas desorption
two main peaks of SCNTf were identified as resgltirom the desorption of CO and ¢®om the acid
groups Figure 2). It is consistent with Boehm (2002) which studibé desorption of surface groups
from acid functionalization, and stated that desdrEQ are generally assumed to derive from carboxyl
groups and CO from hydroxyl and ether-type oxygRig CNT showed similar trends with lower
intensities of CO and CQOpeaks (Online Resourdeigure S3. As expected, because of the high
temperature treatment which decreased microstaictigfects, bCNT and bCNTd are more stable in

temperature respect to SCNT and sCNHidre 2).
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Figure 2. Thermal desorption of the small CNT, CO and,CG€lease. SCNT: small carbon nanotubes

pristine, SCNTf: functionalized, and sCNTd: desakbe

First, general XPS spectra were analyzed for thesaimples. Three main peaks were identified: the
Cls peak at 284.5 eV, the Ols peak at 533 eV, landu4f peaks from the substrate at 84 and 87.5 eV.
The absence of contribution from the Si€ubstrate (no signal from the Si2p peak) and fthenair

contamination were verified. A more detailed spantwas realized for each of the four peaks. Oxygen
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atomic percentage rose after functionalizationdarhe back close to the pristine ones for the desorb
bCNTd.

Charged surface acid groups linked by CNT funcliaation can be assessed by the measurement of
the zeta potentiak) and of the isoelectric point (plJ.in water decreased from -9 to -48 mV for SCNT
and sCNTf, and from -23 to -41 mV for bCNT and bBiGNMespectively. pl of functionalized CNT were
lower than 1.8, but have been detected over 3.prfstine and desorbed CNT.

2. Invitro cellular responses

The biological activity of the six CNT was assesasithg a murine macrophage cell line (RAW 264.7).
Microscopic observations revealed interactions betwCNT and cells with phagocytosis of small CNT
(Online Resourcé-igure S4. Three different cellular and molecular paran®teere evaluated: LDH
release, assessing cell membrane integrity and ttreugytotoxicity, TNFe production, indicating the
pro-inflammatory response, and intracellular RO8dpction, directly related to oxidative stress. The
cells were incubated with three doses of CNT withie range of in vitro concentrations commonly used
(30, 60, 120 pg.mt or 7.5-30 pg.cf) (Fraczek-Szczypta et al. 2012; Dong et al. 204/2ang et al.
2012; Zhang et al. 2012). These concentrationsespand to those of Vietti et al. (2013) study, even
though they stated that relevant concentrationarddgg the first occupational exposures studiesdsta
around 0.025-0.2 pg.chto simulate a two months exposure. But becausg deposition is irregulan
vivo and becausi vitro studies are looking at acute toxicity with a maximof 24 hours exposure,
while not 100% CNT will deposit on the cells, thegnsidered the used concentration range as pettinen
Moreover as big CNT have a 15 times smaller spedfiea, a 240 pg.miLand a 15 pg.mt
concentrations were added respectively for theah@ysmall CNT for a comparable dose in surface.

2.1.0Oxidative stress

ROS production was evaluated by a fluorimetric méttvhich was strongly biased by the presence of
carbon nanotubes in the culture supernatant asast been demonstrated for techniques for other
toxicological outcomes such as MTT assay (Worlergati et al. 2006; Casey et al. 2007; Belyanskaya et

al. 2007; Shvedova et al. 2009). Corrections basedcellular standard curves were applied (seen@nli
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Resourcd-igure S5andTable S1) At high doses of SCNT ROS levels were respedtitwgice and more
than three times higher than for the positive ainfcells incubated with 1 mM of 4,, Figure 3).
However, after functionalization and desorptiorg tavels were reduced to just half of the initialues.
No significant change was observed between sCNTf s@NTd. Values for big CNT were not

significantly different from the negative contrdiaa not shown).

1 OCells alone
21 mMH,0,
015 pg/mL
T 8000 A @30 ug/mL
2 @60 pg/mL
@120 pg/mL

10000 -

ROS
production 6000 1

* *
(nM DCF) *
4000 4 *
2000 E *
* *
*
0 4 ’ r r

Controls sCNT  sCNTf sCNTd

Figure 3. Impact of the purification (1) and absence of intpaf surface acid groups (2) of the small
CNT on the oxidative stress determined by ROS o after a 90 min exposure (n=3, *p<0.05).
Results are expressed in nM of 2',7’-dichlorohitlrofescein (DCF) after correction for CNT absorptio

SCNT: small carbon nanotubes pristine, SCNTf: fiomztlized, and sCNTd: desorbed.

2.2.Pro-inflammatory response

TNF-o. production was enhanced in a dose-dependent waanpydose of sCNTf but only by high
doses of sCNTHigure 4). Conversely sCNTd induced no significant respofsgy dose of bCNT
significantly induced TNFe production in a dose-dependent manrégyre 5). bCNTd showed no
significant TNFe, production except at the highest concentratioawstg a crucial reduction of the pro-
inflammatory response for concentrations under2g¢®L". bCNTf induced a significant response from

120 pug.mL* at significantly higher levels than bCNTd.
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*
* *
*
TNF-a * @120 pg/mL
(pg/mL) *
500 A
L i [ Fﬁi

Cells alone sCNT sCNTf  sCNTd

Figure 4. Impact of the purification (1) and of surface agiups (2) of the small CNT on the pro-
inflammatory response determined by TiBroduction after a 24 h exposure (n=3, 3<0.05). SCNT:

small carbon nanotubes pristine, SCNTf: functiareli and sCNTd: desorbed.

=== —— OControl

2000 - __—2__ @30 pg/mL

* @60 ug/mL
T 1500 A @120 pg/mL
®240 pg/mL

TNF-a 1000 A
(pg/mL)

500

0 4
Cells alone bCNT  bCNTf bCNTd

Figure 5. Impact of the purification (1) and of surface agiups (2) of the big CNT on the pro-
inflammatory response determined by Thproduction after a 24 h exposure (n=3,3<0.05). bCNT:

big carbon nanotubes pristine, bCNTf: functionalizend bCNTd: desorbed.

2.3.Cytotoxicity

Cytotoxicity was only significant at the highestsdoof sCNT with 50% released LDIFigure 6).
After functionalization and following desorptionp significant cytotoxicity was observed. Nevertlssle
at the highest dose of SCNTd, LDH level tended toveer value compared to sSCNTf. No significant
LDH release was observed after incubation of thks osith bCNT igure 7). However, after
functionalization and following desorption, LDH eelse increased significantly reaching around 60% fo

bCNTd.

15



100 - OControl

015 pg/mL
80 - 1 030 pg/mL

T - = @60 ug/mL
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20 | HI ’]m
0 T T T
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Figure 6. Impact of the purification (1) and of surface agidups (2) of small CNT on the cytotoxicity
determined by LDH release after a 24 h exposurerteg to that of total cellular LDH measured after
lysis of negative control cells (n=3, ¥ p<0.05). sCNT: small carbon nanotubes pristineNEC

functionalized, and sCNTd: desorbed.

100 - 1 OControl
) 2 © @30 pg/mL
80 - - . @60 pg/mL
+ @120 pg/mL
T 60 ®240 pg/mL

Released

LOH ()

20 A

0 4
Cells alone bCNT  bCNTf bCNTd

Figure 7. Impact of acid functionalization of big CNT on thgtotoxicity determined by LDH release
after a 24 h exposure reported to that of totdutzal LDH measured after the lysis of negative caint
cells (n=3, *- p<0.05, 1: potential impact of the purificatiorda?1 of the surface acid groups). bCNT: big

carbon nanotubes pristine, bCNTf: functionalized BCNTd: desorbed.

DISCUSSION
1. Physicochemical characterization
The two CNT types, small or big, exhibited verysitisilar features in size, specific surface ared,ian

the amount of structural defects and catalytic irti@s due to the annealing treatment of bCNT (Kdm
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al. 2005; Musso et al. 2009). However, the aimhef study was not to focus on the comparison betwee
big and small CNT but to highlight shared trendshim biological impact of acid functionalizationdato
discriminate the influence of surface acid groupsnf that of the purification from catalytic imptueis
(see summary inTable 2. Even though a complete exclusion of the othemamaters cannot be
guaranteed, when comparing pristine and functieedlCNT, as CNT physicochemical assessment led to
conclude that surface acid groups and metallic nitipa are the main parameters altered by an acid
functionalization. Aside from the purification atfte functionalized groups, the acid treatment medif
the CNT structure by decreasing their diameterstanihcreasing their structural defects. As Hulet a
(Hu et al. 2003) observed in their work, thinningnah CNT diameters and increase in debris were
observed on SEM pictures for both CNT types afteicfionalization. Raman 1d/lg ratio confirmed the
formation of structural defects after functionaliaa, at very low levels for big CNT due to the ealing
treatment. These outcomes remained unchanged defsarrption of the surface acid groups, thus the
comparison between functionalized and desorbed @B not influenced by these parameters, but they
have to be kept in mind when comparing pristine desbrbed ones. SSA remained at comparable levels
after acid treatment following by desorption. THe®4d decrease observed directly after functionabizati
may be due to the steric effect of the acid groupsle the minor increase after desorption may be t

the reduction of aggregate amount (Petersen andyt26i.2).

The presence of surface acid groups resulting ford functionalization was confirmed by TDS, by
XPS and by the decrease of pl determined from zmtential measurements. Moreover, the
“defunctionalization” was validated by thermal dgmn techniques as a method to eliminate most of
the surface acid groups. The difficulty to functiire the annealed big CNT with few structural defe
was evidenced by a lower amount of surface acidgg@nd by lower TDS peak intensities. It can also
been explained by the large diameter of the bCN@ waeak reactivity of its surface. Indeed, C sp
constituting CNT are forced to maintain a deforneebital geometry due to the curvature of the tube.
This phenomenon is called pyramidalization. Thedothe curvature is (i.e. the higher diametertis,

lower the pyramidalization angle and the reactiofyCNT are (Chen et al. 2003). Atomic concentiraio
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obtained from XPS measurements are semi-quandtatwnd confirmed the qualitative TDS
measurements. Both techniques however indicateoitidation occurred but cannot specify the natdre o
the functional groups. Moreover, the presence ofasa acid groups enhanced the stability of CNT
suspensions in water. Unstable dispersions arectesized by a zeta potential between -30 mV artd +3
mV, and they were found out of this range onlyfforctionalized CNT. However zeta potentials caryvar
a lot according to pH and ionic strength. A pHatiton was thus realized to determine the isoelectri
point, an independent parameter which lastly cordit that functionalization and desorption processes
were completed.

2. Invitro cellular response

Metal impurities (especially Fe) have been extazigilinked with oxidative stress enhancement, due t
their involvement in the Fenton reaction (Cartenletl997; Pulskamp et al. 2007; Ge et al. 2018 T
absence of any significant ROS production for bi§TCis thus consistent with their low amount of
impurities. Likewise, the critical decline of RO®gduction of the small CNT after acid functionatina
could be imputed to the purification from catalyiticpurities, as no significant difference was saétar
desorption of the surface acid groups (see sumimaaple 2). Surprisingly they have been littledston
the impact of acid functionalization on oxidatiteess. The results of this study are consisterit thibse
of Jain et al. (2011) which found vivo a decrease in oxidative stress after acid funatioation which
was not linked to the degree of functionalizatidn. our knowledge only one other study examined the
impact of a thermal treatment (600°C 4 h undgrafter acid functionalization. Zhang et al. woB011)
concluded that functionalized MWCNT induced morédative stress on Hela cells compared to the
thermally treated ones. No comparison was done pvitine CNT and no further discussion was made
about the potential role of surface acid groupsrédeer, a different cell line has been used (human

cervix adenocarcinoma) which could explain theeddhce in toxicity mechanism.

Table 2. Summary of the impact of CNT acid functionalizatiom the biological responsé: increase,

—: no significant change, or: decrease after purification or addition of suefacid groups
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Oxidative Pro-inflammatory | Cytotoxicity
stress response
Purification
SCNT - sCNTd N N N
bCNT « bCNTd — \ Observed” but supposed
Surface acid groups
SCNTd<— sCNTf N 2 N
bCNTd«— bCNTf — 2 if >tl Ol[oiserved—> but supposed if
>ti2

[a] threshold of surface acid groups dependentNT §/pes

The purification of catalytic impurities is alsootight to be involved in the decrease of the pro-
inflammatory response. Surface acid groups seemeédgger the TNFe production when present in a
concentration higher to a threshold determinedhgy ENT type (bCNTf increased TNFproduction
only at the highest concentrations). The oppositgeaicts of purification and of surface acid grougsewr
underlined. They allow a better understanding efabnflicting results of the literature regardihg pro-
inflammatory response, as enhancement (Dong €204R2; Wang et al. 2012) or decrease (Jain et al.
2011) due to acid functionalization have both bebserved. Zhang et al. (2011) did not assess the
production of pro-inflammatory factors with theimictionalized or thermally treated CNT, so thisdgtu

cannot confirm our theory.

Regarding cytotoxicity, the same mechanism of dexein toxicity by the removal of catalytic
impurities is believed to occur. No significant HDeleases were observed after functionalizatiothef
small CNT with or without high level of surface dgjroups. At 120 pg.mtLsCNTf exhibited what could
be a slight echo from the increase in the pro-mfteatory response, but the LDH release remained non-
significant. A contradictory trend appeared to £fs big CNT. bCNT were not cytotoxic while bCNTf
and bCNTd at 240 pg.niLinduced LDH release which were not significantifedent from one another.

This suggested that purification but not surfacé agroups were associated with an increase in
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cytotoxicity. However, according to our resultssirather believed that the impact of purificatisas not
detectable due to the low amount of impurities. Shgmificant increase in LDH release observed after
functionalization could be attributed to the suefaxid groups with a threshold-dependent mechanism
explaining why LDH release remained significaneathe desorption of part of the surface acid gsoup
For Zhang et al. (2011) after a thermal treatmehaving the surface acid groups, the induced
cytotoxicity was found lower than for just functedized CNT. They suggested that surface acid groups
do have an influence on cytotoxicity. Our hypotkésiolving a threshold mechanism dependent on the
CNT structure could explain the inconsistency ineviwus works. For several studies, acid
functionalization tended to increase the cytotayi¢Bottini et al. 2006; Dong et al. 2012; Wangaét
2012; Frohlich et al. 2012), while for others, i@chno impact (Fraczek-Szczypta et al. 2012) or

conversely decreased the cytotoxicity (Zhang e2@l2; Lorena Montes-Fonseca et al. 2012).

The increased effect on TNF production and cytaioxiof functionalized CNT with surface acid
groups could be due to an increase of the bio&gton higher reactivity of the functionalized suréa
However, this could also be explained by the insedadispersibility of the CNT in the aqueous catur
medium even though an optimized sonication tendddwer the difference. Cells could be exposed to a
greater number of CNT structures with higher avddaurface area, which has been reported to eahanc
biological impacts (Wang et al. 2010). TNFand LDH results were also examined with dosesesgad
in surface calculated from the CNT specific surfacea (Online Resourdéigure S6 andFigure S7).
Whatever the surface chemical property, the prasimfatory response and cytotoxicity after contact
with the big CNT were globally higher than thosgdered by the small CNT for equivalent mass or
surface doses. This could be due to “frustratedypbytosis” generated by these long and straight CNT
(Brown et al. 2007; Tran et al. 2011; Gustavssoralet2012). Indeed, it has been reported that
macrophages fail to fully engulf oversized CNT angl constantly to break them down instead. This
“frustrated phagocytosis” has been shown to trigodiammation, in addition to oxidative stress,

genotoxicity and apoptosis.
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Furthermore the conclusions suggested in this stuelypased oim vitro tests. It is acknowledged that
cell culture studies do not always refleict vivo responses and by extension real-life exposure
consequences. However, such studies can helpfiyegtthe basic mechanisms of the CNT biological

reactivity and help industrials to understand theseds to design safer nanomaterials.
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CONCLUSION

In conclusion, the two main physicochemical effaftshe acid functionalization of CNT can induce a
Janus impact oin vitro cellular response. The CNT purification appeareddorease the induction of
oxidative stress, pro-inflammatory response andtoytcity. Conversely the surface acid groups sekme
to increase the pro-inflammatory response and ytwaxicity if exceeding a threshold dependent lom t
CNT type. Therefore, acid functionalization couldrease the toxicity of CNT depending on their degr
of catalytic impurities and of a threshold. Thisamanism should be further investigated. The benisft
balance of an acid functionalization should be m@red for future applications of CNT under a sédfer
design approach.
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RAMAN SPECTRA

Raman spectra exhibited two main bands for botborananotubes (CNT) types. They are called the
D-band (1340 ci) and the G-band (1570 &n(Figure S1andFigure S2. Two overtone peaks were

also observed (> 2500 ¢
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Figure S1.Raman spectra of small carbon nanotubes prissi@BIT), functionalized (sCNTf), and

desorbed (sCNTd) (a. u.: arbitrary units).
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Figure S2.Raman spectra of the big carbon nanotubes prigti@BIT), functionalized (bCNTf) and

desorbed (bCNTd).

THERMAL DESORPTION

CO and CQpeaks were shifted for the bCNTf and reduced tienisity compared to those of small
CNT. Higher intensities of CO and G@leases were nonetheless observed when comiiEzMgf to
bCNT and bCNTdKigure S3. The shift in temperature observed for the ga®igion of small and big

CNT was probably due the difference in carbon $tinet
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Figure S3.Thermal desorption of the big CNT, CO and Q€leases.
MICROSCOPIC OBSERVATIONS OF RAW 264.7 CELLS

A 24 h exposition of the cells to the smallest dosfeCNT (15 pg/ml for small CNT, and 30 pg/L for
big CNT) was conducted directly on an 8-well charedecoverglass (Lab-Tek®). The cells were then

rinsed twice with PBS, dried before a May-Grinw@iémsa staining (MGG).

Optic microscopic images are presentefligure S4 CNT interactions with the RAW macrophages
were apparent: individual CNT and CNT agglomeratese preferentially located at the plasma surface
of the cells. Small CNT whatever the surface tresihinducted a cellular uptake which could be
associated probably with a phagocytosis processvaied macrophages with visible vacuoles contginin
CNT agglomerates were identified. Long and thirupegods are believed to be due to the macrophages
adherence rather than directly to phagocytosis. dkad cells were also observed, but their number

seemed lesser than for the big CNT.



For the big CNT although some cells were activaitegias not obvious that phagocytosis occurred.
Individual CNT were visible but neither those nggbbmerates were clearly observed into vacuoles.
They could only adhere to the cell surface but lydrd engulfed by the macrophages. This is in
accordance with the so-called frustrated phagots/taown to happen with oversized CNT. Concerning

the surface treatment, no clear difference inroeltphology was detected whatever the size of th&.CN

The same experiments were conducted for the higlossts of CNT (120 pg/mL for small CNT and
240 pg/mL for big CNT). However, despite three viaghthe coverglass remained too loaded by CNT to

allow relevant observations.
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Figure S4.Microscopic images of RAW 264.7 cells exposed ftin B 15 pg/mL and 30 pg/mL of small

»

o

and big CNT respectively after May-Grinwald-Gieratining.



BIAS CORRECTION FOR OXIDATIVE STRESS DETECTION

Oxidative stress caused by carbon nanotubes wassaskby the detection of reactive oxygen species
(ROS). An acellular test was developed in ordeatitain correction from the strong bias due to the
presence of CNT in the culture supernatant. An exy@nt was carried out to measure the variations
between the fluorescence obtained for 0, 10, 1000 hM standard curve of the fluorescent probe DCF
(2’,7'-dichlorodihydrofluorescein) realized in colemented medium without CNT and the biased
fluorescence obtained after addition of carbon haves in those DCF dilution. Corrections were
calculated for each carbon nanotube type and easth é\n example for the pristine small carbon
nanotubes is given iRigure S5 and the whole corrections are givermable S1

14 - = 120 pg/mL

A 60 pg/mL
30 ug/mL

12

T 10 -
Fluorescence - |

without sCNT
(u.a.) 6

15 pg/mL
y =1,799x + 0,566
R? = 0,9963
y =1,389x + 0,377
R? = 0,9997

0 2 4 6 8 10
Fluorescence with SCNT (u.a.) —>

Figure S& Bias between fluorescence of 0 to 10000 nM DGt and without pristine small carbon

nanotubes (SCNT).

Table S1.Corrections of bias in the oxidative stress daacissay (R2> 0.96 ; small carbon nanotubes
pristine: sCNT, functionalized: sCNTf, desorbedN3®d, big carbon nanotubes pristine: bCNT,

functionalized: bCNTf, desorbed: bCNTd).

Correction at Correction at Correction at Correction at Correction at

Powder 15 pg/mL 30 pg/mL 60 pg/mL 120 pg/mL 240 pg/mL




<CNT y =1.389x + y =1.799x + y = 2.691x + y = 4.659x + /
0.377 0.566 0.763 0.934
SCNTF y =1.199x + y = 1.400x + y=1.823x + y = 2.660x + /
0.225 0.357 0.522 0.638
y =1.031x + y=1.072x + y =1.165x + y = 1.365x +
SCNTd 0.266 0.421 0.623 0.833 /
bCNT / y=1.267x + y=1.578x + y =2.214x + y =3.251x +
0.291 0.350 0.437 0.615
y =1.344x + y =1.752x + y=2.423x + y =3.678x +
bCNTF ) / 0.221 0.277 0.427 0.655
y=1341x + y =1.662x + y = 2.340x + y =3.641x +
bCNTd | / 0.215 0.336 0.492 0.693

TOXICITY OUTCOMES WITH DOSES EXPRESSED IN SURFACE

In Figure S6andFigure S7the LDH releases and TN&production induced by the six CNT are
reported as a function of their surface, calculabediks to the CNT specific surface area. The ehoic
dose metric for toxicity assays of nanoparticlegrisatly discussetf®. Surface is predominant at the

nanoscale, but the only method to measure it byIBi& imprecise, and mass dose currently remaims t

standard metric.
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Figure S6.Cytotoxicity determined by LDH release after al?dxposition to CNT, reported to that of
total cellular LDH measured after lyse of the nagatontrol cells. Standard errors of the mean and

statistical significant difference from the negatontrol (n=3, * p<0.05) are specified on the grap
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Figure S7.Inflammation determined by TNé&-production after a 24 h exposition to CNT. Staddar
errors of the mean (n=3) are specified on the gr&fdtistical significant differences were not cated

for more readability.
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