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Highlights

e Cdlulose nanofibrils (CNF) produced froBucalyptus globulus were characterized.

e A co-culture of lung alveolar cells and macrophagas used to analyse CNF
toxicity.

¢ No secretion of proinflammatory cytokine Il3- was detected in exposed coitures.

e Low CNF concentrations induced lung alveolar cellsrgrowth.

e CNF was genotoxic at low, but not at high conceitns (micronicleus assay).y).

Abstract

Cellulose nanofibrils (CNF) are manufactured nébres that hold immpressive expectations in
forest, food, pharmaceutical, and biomedicdustries. CNF prroduction and applications are
leading to an increased human expc and thereby it 15)pf utmost importance to assess its
safety to health. In this study, we scred the cytotoxic, immunotoxic and genotoxic effects of
a CNF produced by THPO-meliated oxiddation of an industrial bleackedal yptus globulus
kraft pulp on a co-cultur of lung epithethelial aleo(A549) cells and monocyte-derived
macrophages (TFT Cells). The rrer1esults indicatatl lbw CNF concentrations can stimulate
A549 cells poliferation, wivhereas higher concerdret are moderately toxic. Moreover, no
proinflammatory cytokkine ILH3 was detected in the co-culture medium suggestiog n
immunotoxicity. A\lthough CNF treatment did not ircdusizable levels of DNA damage in
A549 cells, it : leaded to micronuclei formation & &and 3ug/cnf. These findings suggest that
this type? of CNF is genotoxic through aneugeniclastogenic mechanisms. Noteworthy, cell
overgrowth and genotoxicity, which are events rafgvor cell malignant transformation, were
observed at low CNF concentration levels, whichragre realistic and relevant for human

exposure, e.g., in occupational settings.
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1. Introduction

Nanocellulose is an advanced material that exhimigue characteristics, depenc on the 1e
source and production method. These include higitiBp surface area, fh aspect rat'tauo
(length to width ratio) and high tensile strengtid astiffness, besides:ing renewabwable and
biodegradable in nature (Eichhorn et al. 2010, Klealal. 2014, Nchyporchuk et at al. 2016).
Cellulose nanofibrils (CNF), also referred to adutese nanibres or nanofibrilrillated cellulose,
are usually obtained from wood, cotton, hemp, fsugar beet or pototato tuber. Depending on
the source and on the production method size of the fibrils can vary significantly, but
usually nanofibrils are defined as matwx-wiar diameters 1 1firerior to 100 nm and lengths in the
micrometer scale (TAPPI standard prsal WI30213021inga-Carrasco et al. 2011, Kangas et
al. 2014). CNF are produced' intensive .vechanshaniealtment, such as in a high-pressure
homogenizer (Li et al. 2Q, Osong et al. al. 2016¢ ®ir al. 2010), usually combined with a
chemical or enzymatipre-treatment tnt to reduce gnesgsumption. One of the most effective
pre-treatment~n‘-an oxidation.on mediated by 2,2@@methylpiperidine-1-oxyl radical
(TEMPO) that mtroducces carboxylate and aldehyde fanat groups in the cellulose fibres,
macing them highlhly negative and more suitable fi@irtdeconstruction process (Isogai et al.
2011; Lourenqco et al. 2017; Saito and Isogai 200R)E exhibits exceptional high mechanical
resistancce and low density, being a prime candigatdrength-enhancement of the mechanical
properties of other composite materials, such @empaarton and packaging materials. They
also have a wide array of applications in the faihgels or emulsions, e.g., as a rheology

modifier. Due to its likely biocompatibility, CNFawve been investigated in regenerative



medcine as scaffolds for tissue-engineered menidalosd vessels, ligaments or tendons (Jia
et al. 2013; Lin and Dufresne 20Mathew et al. 2012, 2013). Other biomedical appilice

of CNF are on wound healing (Basu et al. 2017; Hakkaraet al. 2016; Jack et al. 2017; Sun
et al. 2017; Syverud et al. 2011), stem cell ddedr¢hreads for surgical suturing (Mertaniemi
et al. 2016), haemodialysis membranes (Ferraz 20&B), long-lasting sustained drug delivery
systems (Kolakovic et al. 2012) or 3D cell cultsoaffolds (Bhattacharya et al. 20 Lou et 2t
al. 2014; Malinen et al. 2014).

The production of CNF at an industrial scale asdapplication in a muplicity of piproducts
and biomedical devices can represent a potentirao workersilong the lifecvcycle and to
consumers, as well. Vartiainen et al. (2011) castetlitht*'wurkers’ expasusee to particles in
the air during grinding and spray drying of biraitfulose was low ¢ or non-existent with the
implementation of appropriate protection emiénr and properf handling. However, the high
aspect ratio of CNF and its biodurabi'ihiire ‘human lunggs(Stefaniak et al. 2014) resembles
the fibre paradigm that has been asscd to the advierse effects of other fibrous nanomaterials
(e.g., carbon nanotubes, CNTherefore, to snaue, thereafety of CNF to humans prior to their
large-scale commercializon, it is of uf utmost imtpoce to investigate their potential
toxicological properts, particularlarly their geneiwty that is closely associated to
carcinogenici:”

Most toricological studiies nave focused on nanocellulose types witiphabogical and surface
chemical charactereristics different from the abowmtioned CNF. These include bacterial
nanocellulosee (Jeong et al. 2010; Lin et al. 204dreira et al. 2009; Pertile et al. 2012; Saska
et al. 20)12; Scarel-Caminaga et al. 2014) and ngstatline cellulose (Catalan et al. 2015;
Clift et al. 2011; Dong et al. 2012; Kovacs et28110; Shvedova et al. 2016; Yanamala et al.
2014). These nanocellulose types are generally ideresl as nontoxic, although

nanocrystalline cellulose could induce low cytotatyi and immunotoxicityn vitro andin vivo



(Clift et al. 2011; Yanmala et al. 2014). Regarding CNF, the few publissiediies mainly
indicate no relevant cytotoxic, genotoxic or immtoxic effects (Alexandrescu et al. 2013;
Coli¢ et al. 2015; Nordli et al. 2016; Pitkanen et al. 2014; Varien et al. 2011). Nevertheless,
a recent study by Catalan et al. (2017) showed @3BI/6 mice exposure by pharyngeal
aspiration to CNF produced through NMIBO oxidation led to an acute lung inflammatory
response and induced DNA damage in lung cells. Wewet cannot be completelvcluded 3
that the effects observed were related to the poesef LPS, given that no inimation abcetbuut
this issue is provided. Moreover, Lopes et al. @0&ported that an unrdified CNF uF induced
a pro-inflammatory effect in THP-1 macrophages timatld be mocrated by the intintroduction
of surface modifications (Lopes et al. 2017). Thusyreiivestgation is.clezearly required to
create a knowledge basis to assess the human hsk'ffom exposurire to CNF.

The present study aimed at investigating fhmunotoxic and genotoxic effects of a CNF
produced from industrial bleach&wmicalyptus globulus kraft pdlp fibrillated by a combination
of high pressure homogenization wit preliminar naidation mediated by TEMPO on a co-
culture of A549 human lur epithelial..alvelaolar seland THP-1 monocyte-derived
macrophages. Nowadays is recognizedized that doveulsystems best mimic tha vivo
toxicological potentie of nanomateaterials and arerenoealistic models as compared to
monoculturegdSyder-Talkinetggton et al. 2012, 20M@crophages are well-recognized primary
immunecells in the foreferront of the defence systeraugh the engulfment of foreign material
from tissues, and al alveolar macrophages can play adte in the biological response to inhaled
nanofibres. Histological analysis of mouse lungueshas demonstrated CNF accumulation in
the cytopplasm of lung macrophages (Catalan etCdl7® and it has been suggested that the
acidic pH of the macrophage phagolysosome is irtseifit to degrade nanocellulose (Stefaniak
et al. 2014). Thus, nanocelluloses are likely tochsared by mechanical movement of

macrophages out of the alveoli and eventually eérttucociliary escalator. This knowledge



reinforces the relevance of incorporating THP-1 monocytaveer macrophages in the A549
cell culture to reflect more realistically, in anvitro system, thén vivo biological response to

CNF exposure.

2. Materialsand Methods
2.1Nanocellulose production and characterization

Nanocelluloses were produced from industrial bleddBucalyptus globu/us kraft pulp. In
order to fibrillate the pulp, an oxidation mediategd TEMPO wa: applied, accorording to a
procedure described elsewhere (Lourenco et al.;28&ifo ad Isogai 2007)7), followed by
mechanical treatment in a high-pressure homogerfipethat, the pulp, 1, previously refined at
4000 rev. PFIl, was mixed with TEMPO (0.016 of fibres) and NaaBr (0.1 g/g of fibres) in
demineralized water and, after proper mixia NaClO solutioin (9.7 % active chlorine) was
slowly added (5 mM/g of fibre). The Iction was carried out for 2 hours with pH constant at
10 by adding NaOH 0.1 M. Thestacnt fibres wer wbiaroughly washed with demineralized
water until the suspensioméronductivityvity was (20 S/cm). Finally, the pre-treated fibres
were passed 2 times the homogenizenizer (GEA NimvBdodel Panther NS3006L), the first
one at 500 bar arthe second ond one at 1000 badtwe the size of the fibrillated fibres to the
nanoscale. le final consissistency of the nanocedkilaqueous suspension was 0.83 wt %
exhibitirg a gel-like belehaviour.

The nanocellulagee was characterized for its fididin yield, amount of carboxylic groups,
degree oSi-sunstitution, degree of polymerizatioth sime. The yield was determined in duplicate
by sthomitting a 0.2 wt % nanocellulose suspensiocentrifugation at 9000 r/min for 30 min
(8965 @) in a Hettich Universal 32. The yield wadcalated as the percentage of supernatant
material (w/w), corresponding to the nanofibrildteaction of the sample (Gamelas et al.

2015). The concentration of carboxyl groupsdé&H) was determined by a conductometric
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titration according to anethodology reported elsewhere (Lourenco et al.7p0driefly, an
aqueous suspension of nanocellulose (0.1 g dryht)eigas well stirred and its pH was set to
3.0 with HCI. Then, a 0.0M NaOH solution was added until pH 11. The carbate/icontent
was determined in triplicate from the conductivityrve and, from this value, it was possible
to estimate the degree of substitution (DS), takimmg account the molar masses of the
anhydroglucose units and of units substituted at @6 position by CO®Ia" groups, as
explained elsewhere (Lourenco et al. 2017). Theadegf polymerization (DRvas calculataducd
using the Mark-Houwink equation with the parameteysorted by Herksson et al (al (2008).
The intrinsic viscosity necessary for the calcolasi was dermined by th the cupri-
ethylenediamine methodology (ISO standard 5351 dincttire of the fikrilils was assessed
by Field emission-SEM (FE-SEM) on 20 ¢/films prepared by air-r-drying of a 0.2 % (w/v)
nanocellulose suspension. The images wequred at 500x 1magnification in a Carl Zeiss
Merlin microscope, in secondary eleatmodade, using 1 k'v voitage. Gold sputtering (3s) was
previously performed. The fibrils dianer was assesse€d by atomic force microscopy (AFM) in

a Bruker Innova microscope ug the aforeneeuticostidied. The peak force-tapping mode was
used with a tip radius of 8n. Several 2 x 22 xr scans were acquired and a mean diameter was
computed using the Cyddion softwaware. As a compigrttethis measurement, a non-operator
dependent tachque, providinging results more reptasee of the whole sample, since
thousanis of fibrils are 2 ahalysed, was used - f@abiic Light Scattering (DLS). For that, the
surernatant of thene aforementioned centrifugatiors waalysed in a Zetasizer Nano ZS
equipment (Malvern Instruments) at a scatteringlearg 173° and using the CONTIN
algorithom to obtain the size distribution. The \eaheported corresponds to the smaller peak of
the distribution. However, some caution needs ttaken considering that this technique is not
suitable for particles with such a high aspecbras that of the nanocellulose. Nevertheless, it

provides information that may be used for comparigorposes, namely with samples under



similar conditions. Although thENF was not tested for LPS contamination, previiusies

by Nordli et al. (2016) showed that the NIBO-mediated oxidation performed in alkaline
conditions strongly reduces the LPS content instiiaple, becoming easier to wash out from
the fibres after the oxidation process. Becausdingsvas performed exhaustively in this CNF

production it is unlikely that LPS still persiststhe sample.

2.2 Cell culture

The human alveolar epithelial cell line A549 (ATAQ@anassas, V/USA, CCL-18585) and the
human monocytic leukaemia cell line THP-1 (ATCCBTN2) were both grownvn in RPMI 1640
medium (Gibco, Waltham, MA, USA) supplemented.y10 % heat-i-indctivated foetal bovine
serum (FBY (Gibco), 1 % penicillin/streptayve (1.000 U/ehpenicillin and 10 mg/ml
streptomycin), Gibco) and 1 % fungiznne_(fmg/mL, Gibra), at 37 °C in an atmosphere of 5
% CQ. The THP-1 monocytes were ¢vn on transwirlbinell issgith a nominal pore size of 0.4
um (Greiner Bio-One GmbH, remsmiinster, Austiustriap atensity of 0.2xT0cells/mL and
differentiated into macrihages by 48 48 hours indobatwith 100 ng/mL of 12-O-
tetradecanoylphorbol3-acetate (TPATPA, Sigma-Aldridfhe medium was then removed and
substituted bv sem-free RPMI VIl 1640 medium forhfert48 hours, to allow cells to recover
from the P2 effect. The.& A549 cells were culturedi®-well plates at a density of 0.5 x°10
cellsyinL. and the ininserts with differentiated THR€lls were placed directly on the top of the
A549 cells. TThe resulting co-culture was incubdtedurther 24 hours in RPMI 1640 medium.
To ensurre that THP-1 and A549 cells were exposdiseteame CNF concentrations (1.5, 3, 6,
12.5, and 25 pg/cfhthe dispersions were added to the apical anddtasal sides of the insert

whenever co-cultures were used.



2.3MTT assay

The MTT assay was performed acdogdto Mossmann (1983) using three independent
experiments. A549 cells were plated in 96-well ggadind allowed to attach for 24 hours at 37
°C and 5 % C@ The cells were then exposed for 24 hours or 48 1.5, 3, 6, 12.5, and 25
pg/ent of CNF in culture medium. These concentrationseweepared from a stocbianbiti~n
at 1.5 mg/mL of a 0.872% CNF gel diluted in phosphmuffered saline (PBS) acorrespond d
to the dry weight of the CNF. SDS (1 pug/mL, Sigmiahour exposure, was«d as a posithositive
control. After washing twice with PBS, the cellsne incubated for Juis with frestesh growth
medium containing 10 % of the MTT solution (5 mg/nilalbicciem, Darmststadi, Germany).
The MTT-containing medium was discharged and DMSigma) was addlded for 20 min under
shaking. The absorbance was recorded at 570 ninst a reference f: filter set at 690 nm using
a Multiscan Ascent spectrophotometer (Lystems, Helsinki, Finland). The relative cell
survival of exposed cultures was exped as the ratio bettween the absorbance of the exposed
and unexposed cultures, assuming the absorbbsabainthe latter represents 100% cell

survival.

2.4 Lactate dehvogenase (LDHDH) assay

LDH determination wasis conducted in the supernatmbved from CNF-exposed cultures for
48 hours, used foror the MTT assay. After centrifiagyabf the supernatant at 4000 g for 10
minutes, LDFH concentration was measured using f#ieTox-ONE homogeneous membrane
mtegrity assay (Promega, Madison, USA). A maximiubid release control was performed by
the addition of lysis solution to the untreatedtooincells before adding Cyto-tox ONE. The

percentage of cytotoxicity was calculated as tkie keetween the concentration of LDH in each



supernaant (subtracting the culture medium background) #re maximum LDH release

(subtracting the culture medium background) mukibby 100.

2.5Clonogenic assay

The clonogenic assay was performed as describétetgog et al. (2007). Briefly, axry low
density of A549 cells (100 cells) was plated infeaell of a 6-well plate and @\¢ed to attach_._h
for approximately 16 hours, at 37 °C and 5 %, CIhe cells were therxposed to 1.5 1.5, 3, 6,
12.5, 25, 50, and 100g/cnt of CNF. For each experiment, nege (non-treated atdi$) and
positive (0.004 pg/mL mitomycin C, Sigma) contralere.inclided. Cells werere incubated for
8 days, at 37 °C and 5 % ¢@® allow colonies formatio The wells 1s were theashed twice
with PBS, fixed in absolute methanol (Siogmad stained with, 10 % GiemsaMerck,
Darmstadt, Germany) in phosphate biffer ».8. The numhse ~0f colonies formed was counted
and the plating efficiency (CE) was ermined usirgshe following equation (Herzog et al.

2007):

CE =100 x (no. colonies inegative controitrol / noptafted cells)

The surviving fradon (SF) for eeeach CNF concembratvas calculated as follows:
SF = no -calaies formed afiafter exposure / (no.latigal cells x CE/ 100)

The cytotoxicity wvas determined as the decreasbdrSF in relation to the negative control,

based on the 2 results from three independent expatsn

2.6 Determination of IL} secretion
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Cdll culture supernatants were collected after the 24 hourntrexait for the comet assay and
stored at —80 °C until analysis. The IL-1f concentration in the supernatants of the 1.5, 6 and 25
pg/ent treatment with CNF was determined using a colaiimeandwich ELISA method (IL-
1B-EASIA Kit, Source, Louvain-la-Neuve, Belgium), acding to the manufacturer's protocol.
A positive control was prepared adding 100 ng/uL of lipopolysaccharide (LPS; Sigma) and 5
mM adenosine 5’-triphosphate disodium salt (ATP; Sigma) to theesnptant of the ceculture

in the inserts (Park et al. 2007).

2.7 Comet assay

The A549 and THP-1 cells in co-culture were equekprsed for 24 howurs to 1.5, 3, 6, 12.5,
and 25 pg/crhof CNF by adding the correspondivolume of the dispersion medium to both
sides of the transwell inserts placed on 12- plates. Ethyl maethanesuphonatéA, 5mM,
Sigma-Aldrich) with an exposure time 1 hour was used aas a positive control. The plates were
washed with PBS and harves*ader tripsinizaticzatibime comet assay was performed as
described in Louro et al. (767.Briefly, thethe cmispensions were centrifuged (1200 r/min, 10
min, 4 °C) and the pets resuspendecdhded and embadde8l % low melting point agarose, then
spread onto 1 % rarose-precoateoated microscope $ldpsds per slide). Slides were immersed
in lysis solutbn (2.5 M NaQCl, 100 mM EDTA, 10 mMi3, 10 % DMSO and 1 % Triton X-
100, pH10) for a minimmum of 1 hour and washed @éwgth enzyme buffer (40 mM HEPES,
100 mM KCIl, 'ss mM EDTA, 0.2 mg/mL BSA, pH 8). Thesultant agarose-embedded
nucleoidis-were then treated either with enzymedoudf with 50 pL of formamidopyrimidine
DNA glycosylase (FpG, kindly provided by Dr. A. Rollins, University of Oslo, Norway),
for 30 min, at 37°C. The slides were immersed aulol electrophoresis buffer (0.3 M NaOH,
1 mM hydrated Ns£EDTA; pH 13) for 30 min to allow DNA unwinding undelkaline

conditions followed by a 25 min electrophoresis (88 V/cm. Finally, after 10 min
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neuralization with BS, slides were rinsed another 10 min with destilletewnalried overnight
and stained with ethidium bromide (0.428/uL). Three independent experiments were carried
out, each with two replicates per treatment coaditiin each experiment, a total of 100
randomly selected nucleoids (i.e., 50 nucleoids gedy were analysed in FpG-treated and
untreated gels for each culture, using an Axioplém2ging epifluorescence microscope
equipped with a high resolution camera (Carl Zblgsoscopy, Gottingen, Germanwscoring )
was done with the Comet Imager 2.2 software (Met&Sys, Althlussha, Germanwy,,
choosing the percentage of DNA in the tail as asueaof DNA damage he results rep represent

the Mean + Standard Deviation (M = SD) of threeeipendent expeaments.

2.8 Micronucleus assay

The cytokinesis-blocked micronucleus..assvas carrieduvit. as described by Louro et al.
(2014). Following the A549/THP-1 ce co-culture expesure to 1.5, 3, 6, 12.5, and 25 pgicm
of CNF for 6 hours, cytochala: B (Sigma) was add adideeach well at a final concentration of
6 pg/mL. For each experimt, negative (ne¢ (non-tree¢dld) and positive (50 pg/mL mitomycin

C, Sigma) controls we included. B. Briefly, at thedeof the 48 hour treatment, cells were
washed twice wit PBS and, follollowing detachmentwtiypsin-EDTA, cells were submitted

to a hyptént shock withae'a RPMI 1640:dH20:FBS §312.5:1) solution, centrifuged and the
pelet spread onto w microscope slides. The slides deed, fixed in absolute methanol (Sigma),
stained with : 4% Giemsa (Merck, Darmstadt, Germamg air-dried at room temperature.
Slides wvere scored under a bright field microsdopéhe presence of micronuclei (MN), using
the criteria described by Fenech et al. (2007).lesst 2000 binucleated cells from two
independent cultures were scored per treatmentittmménd the results of the frequency of

micronucleated binucleated cells (MNBC) are presgras the M £ SD. In addition, nuclear
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buds and nuleoplasmic bridges were also scored in those baatiet cells and their mean
frequency determined. The proportion of mordQ), bi- (BC) or multinucleated-cells (MTC)
was calculated by scoring 1000 cells per treatraedt the cytokinesis-blocked proliferation
index (CBPI) was calculated as follows (OECD, 201CBPI= (MC + 2BC + 3MTC)/Total
cells. The Replication Index (RI) was calculatethgghe following equation:

RI =[(BC + 2MTC)/Total cells, in treated cellsHC + 2MTC)/Total cells, in untread cells| |

2.9 Statistical analysis

Statistical comparisons of the clonogenic, MTT aodnet astys data betwetween treated and
control cells were performed through a one-way ysisbf variance (ANNOVA) followed by
Tukey's multiple comparison test, after testingf@data normality . T Then, in the Comet assay,
the two-tailed Studenttstest was used to comre the differencesnces betweeresults obtained
with and without FpG treatment. Thame test was also; @ased to compare the CBPI results
between the treated and control cells: 2-tailed Fisiebr’s exact test was applied to analyse the
results of the frequency of mimucleated ted celld.afalyses were performed with the SPSS

statistical package (vetsi?2, SPSS Inc. Cic. Chickgo,

3. Reaults
3.1 Nanocellulose ¢ characterization

The nanocelluulose sample was fully characterizextdier to assess the properties that could be
more sigjnificant for the cytotoxicity and genotagidests. For that, their chemical and physical
characteristics (Table 1) were evaluated by meagtine amount of carboxylic groups attached
to the cellulose chain after the TEMPO-mediatediation, as well as the obtained degree of

substitution and degree of polymerization.
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Tade 1

A FE-SBM image of low magnification is presented to showstinecture organization of the

cellulose nanofibrils (Figure 1), in which aggloraton of the fibrils is observable. Tsize of Hf
the fibrils was assessed by AFM (Figure 2). Ashlesin the Figure B, the saipre presents a_ 1

wide distribution of diameters, with the mode ie 80-25 nm range. A \ue for the ler 1€ngth of
the nanofibrils could not be assessed by AFM siheg are severanicrometers longong. In fact,
for nano-objects with such a high aspect rati thia commaorimitation. In o1 order to analyse
a larger number of nanofibrils, a dynamic analysaxer on light scscattering was also used.
Although not adequate for non-spherical partiniteprovides a ccevwparison between different

samples. The result obtained in this stur\.ihe < 50 nm v2aygnitude.

Figure 1

Figure 2

3.2 Cytotoxic ~&zects

Figure 33 presents the results of the MTT assaysaow/s that none of the CNF concentrations
tested during a 24-hour exposure period inducegréfisant cytotoxic effect in A549 cells, as
compared to controlp & 0.05, one-way ANOVA). Following 48 hours of exposto the same

CNF dose-range, an increase in cells viability wlaserved for the two lowest concentrations
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(1.5 and Jug'cm?) and a significant decrease in cell viability vedserved for the two highest
concentration testeg & 0.003 ancp = 0.0004, respectively). Nevertheless, accordinthé
ISO 10995-5, a clear cytotoxic effect was obsefeedhe 25 pg/crhconcentration only (51 +
1.42 %), whereas the 12.5 pgfcooncentration decreased cells viability to 72 #32%, i.e.,
slightly above the 70 % imposed by internationaindards. A dose-response effect was
obtained following a potential functior?& 0.987). The positive control showed_a rive cell 2
viability of 2.1% and 2.6% at 24 hours and 48 hptespectively.

Regarding the results of the LDH assay following8&hour incubatioitime, a statiatistically
significant membrane integrity loss was observdg fan the highesCNF concentratration tested
(p = 0.03). Nevertheless, it should be highlighted thes aliference corresnoponds merely to a
4% increase in cytotoxicity relatively to contralis (figure 4).

The clonogenic assay was additionally usedsess the CNF abiility to impair cell proliferation
following a longer exposure period (8y3). A statistically significant increase in the number
of A549 colonies formed was observior the 1.5 pg.Emgof CNF, as compared to controfs (
< 0.05, Tukey HDS), followedy a slight non-sienifjcdint decrease in cell proliferation ability
for higher CNF concentrans. The dose-ree-resporiaéarship was fitted to a sigmoidal curve
(r?=0.987, Figure 5). he positive coicontrol producedearease of cells surviving fraction to

50% relativel tévontrol.

Figure 3

Figuie 4

Figure 5
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3.3 Immundoxic effects

Cells exposure to three CNF concentrations (1d&ndb25ug/cnt) during 24h did not induce
the release of detectable levels ofllk.to the culture medium (detection limit of 0.35 pgjm

The positive control had a determination of 57 dgbhlIL-1p in the cell culture supaatant.

3.4 Genotoxic effects

The genotoxic effects of the CNF under study wesesased by = comet and thd the micronucleus
assays performed in A549 cells cultured in the alm®scried co-culture s» system. The selection
of the concentration-range was based on the reof the cytotoxiciiity tests with A549 cells
monocultures, assuming that the presenceHP-1 cells woulld not negatively affect A549
cells viability. The results of the conassay (without FpoG treatment) revealed a significant
genotoxic effect of CNF in the ca-cultof A549 cells and THP-1 differentiated macrophages,
following exposure to the hinh: concentrantrationet@$25 pg/crf), as compared to controls (

= 0.019 one-way AUVA, Tukey:y-yvst-hoc test) (Figusg However, even for this
concentration, thlevel of DNAIA damage measureguige low (6.68%) and may not have
biological reltvance. The DIDNA damage detected byctimet assay with FpG apart from DNA
single- md double-strarand breaks includes alsoaixiel lesions that are converted in DNA
breaks. For CNF-trtreated cells the overall leveDdIA breaks was not statistically different
from that_of ccontrol cellspg(> 0.05, ANOVA). The comparison between the mearcgraage

of DNA in tail obtained with and without FpG treagnt was only statistically significant for
cells exposed to 12.5 pg/érof CNF ( < 0.05) but still within very low levels. The mean
percentage of DNA in tail obtained foMS, the positive control, was 30.0 % and 38.2 %,

without and with FpG treatment, respectively.
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Figure 6

Figure 7

The frequencie of MNBCs and the CBPI estimated following co-culs exposure to CENF
are presented in Figure 8 (and Table 1 supplemematerial). Nanocellulose i1 induced a
statistically significant increase in the frequermdyMNBCs at he two lowest st concentrations
(1.5 and 3ug/cn¥) tested |p = 0.035 and 0.001, respecly); the freque:quencywfiear buds
was also significantly increased by 3 pgf@hCNF (p = 0.05). No) significant induction of

nucleoplasmic bridges was observed in all ( concentrations ttested.

Figure 8

4. Discussion

The subcimral number er-dnd variety of nanocellubggaications has raised the likelihood of
human exposure 2 in environmental and occupationdifings, or as consumers and,
consequently.y, has increased the concern aboutpgbeEntial adverse health effects. All high
aspect-raatio nanomaterials, as nanofibrillatedutesde is, are recommended to be tested for
their toxicity at the first phase of a flow chagwloped by Dekkers et al. (2016) that attempts
to prioritize the hazard assessment of nanomatesiadl develop a nanospecific approach for

their risk assessment. For this purpose, sevemaplmnentaryin vitro assays covering
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biological effecs relevant for the occurrence of long-term effegésticularly cancer, are used.
Compared withn vivo approachesn vitro assays to characterize nanomaterials toxicity have
shown to generate results in a simpler, fasteeandomic manneMoreover, they can provide

a basis for evaluating potential health risks gbasure and they can give insights into the
mechanisms underlying the effects of nanomatenialsells (Collins et al. 2016). For example,
measuring the levels of pro-inflammatory cytokinesy give a first indication on theility of

the nanomaterials to cause immunotoxic effactdvo whereas the cytotoxiy 1s central fariur
a good interpretation of the results of lnevitro genotoxicity assaysid can provicovide also
mechanistic information about the interactions witie intraellular organelkelles, e.g.,
mitochondria or lysosomes. The strategy foniro genoto:ciiy testing of nananomaterials needs
to include the detection of the most relevant evfor* dre multistepp process of malignancy,
I.e., DNA damage, clastogenicity and aneucity, which are ccovered by the combination of
the comet assay and tivevitro micronuwatus assay (Louraro €t al. 2015).

In this study, a preliminary safety essment of t &ENF produced by TEMPO-mediated
oxidation of an industrial bleacd Eucalyptus glebuius was conducted before its production is
scaled-up. Following CNFroduction, its pk physicanieal characterisation showed that a high
fibrillation degree (yied) was achieveved, with 1@®of the material in the nanoscale. In fact,
with the pre-feachent, a hieh au amount of carboxgiioups was introduced in the cellulose
moleculss, confirmed t py the degree of substituttyse to 0.2. The high charge caused
repulsion between n the nanofibrils that composdfitite wall. The subsequent high-pressure
homogenizatition was therefore able to effectivepasate and break the fibre chains, producing
a nanoceellulose sample with a small degree of pehaation. The results are in accordance
with the literature for CNF produced by TEMPO-meedhoxidation applyinga. 5 mM NaClO

/ g of cellulose fibre (Jin et al. 2014; Lourent¢@ke 2017; Saito and Isogai 2007). As mentioned

before, the diameter of the nanofibres was assdsséd=M and compared to that obtained
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from DLS measurements. The achieved mode of diametecamenon value for this type of
material (Gamelas et al. 2015; Hanninen et al. 20@6renco et al. 2017), and the DLS result
is of the same magnitude of those obtained fortidainnanofibrils (Gamelas et al. 2015;
Lourenco et al. 201 Mandal andChakrabarty 2011).

The cytotoxicity of the CNF was assessed in A54% dgy three assays spanning different
endpoints, from the alteration of cells metabolitivaty (MTT assay) or loss of nmbrane
integrity (LDH assay) to the cells proliferativeildly in the presence of theanofibres. A" Al
assays revealed the capacity of the highest CNEertration (251g/cnf) to induce ahlveolar
cells death, following a 48-hour or 8 days expogkigures 3- 5). In contrast, the 4848 hours of
treatment with the lowest CNF concentration (1.5cd) resuiled in a signgficicant increase in
cell viability (MTT assay) and the 8 days treatr-stitrulated cellsls proliferation and their
capacity to form colonies (clonogenic assayius? the results 001 the MTT and the clonogenic
assays are in general agreement in tie ttltect of CNF on cell viability is concentration-
dependent whereas the LDH assay reed a lower siwsitisdy to detect CNF influence on cells
viability. These findings agreeith those wnoued. tBdColi¢ et al. (2015), showing a dose-
dependent decrease in 19 fibroblastic ¢ic cell peodifion and metabolic activity after an
incubation of 48 hourwith a high CI CNF concentmratf@50 pg/mL - 1 mg/mL). However, as
the cell prolifeantim inhibitiou waas less than 3@%d not associated with cell death or oxidative
stress, 1@ CNF was cc considered as non-cytot@adi¢ et al. 2015). It should be noted,
however, that the ¢ concentration-range tested irrdéferred work was much higher than that
heremn used asiand does not encompass the ones theased cell proliferation. Other studies
have adddressed the cytotoxic potential of nandcsis in several cell lines and the majority
showed non-toxic effects following a 24-hour expessimilarly to the data obtained in this
study for the same exposure length. Kollar et2811(Q) observed no significant effect on THP-

1 cell growth and viability after treatment withx siariously modified types of non-nanosized
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cdlulose after 24-hour incubation, except for dialdehgeléulose that significantly decreased
cell viability. Likewise, Lopes et al. (2017) reped the absence of cytotoxic effects in THP-1
differentiated macrophages, HDF ad@RC-5 cells exposed to three types of CNF for 24rfiou
(Lopes et al. 2017). Pitkanen et al. (2014) rembrte cytotoxic effect of a finest fraction of
CNF in human cervix carcinoma (HelLa229) cells, sseased by the highest tolerated dose
(HTD) test. However, they reported the inhibitidncellular growth and viabilitv deease at  t
the highest dose using the total protein conteRQ)Ttest (24- and 72-hoursposures). Hsy: nua
et al. (2015) also reported the absence of toxinityre indirect cytotoxicty test perforiormed in
THP-1 cells exposed for 24 hours to the extractiomaf three diffesntly functionalnlized CNF
films. No toxic effects in indirect cytotoxicity says (crystrvioet, MTT and ILILDH) were found
in mouse fibroblasts incubated with the acts-of TEMP'O-oxidized CNF and
carboxymethylated CNF during 1, 4, and 7 s'(kashad et al. 2201/). On the other hand, very
high concentrations (25 mg/mL) of a rem@-nke cellulosose nanowhiskenircotton cellulose
were cytotoxic to bovine fibroblasts exsed for 24 hadirs (Pereira et al. 2013); an upregulation
of the expression of stress- arpoptosis-related gemes KISP70.1, PRDX1 andBAX) was also
identified.

None of those studi' has reported ted a stimulatioredif metabolism upon nanocellulose
exposure. A hpaaesis for the.et effect herein obeig that CNF, at low concentrations, may
stimulat: alveolar cellsis to proliferate becauseytlage biocompatible, and they mimic
encogenous fibrousus structures that may faciliteteadhesion. Indeed, the observation under
phase contrasast microscopy of cells grown durindhd@rs in the presence of CNF confirmed
that theyy were attached to CNF aggregates/agglaeseirathe bottom of the culture well. At
higher concentrations, however, CNF may slowdowh pmliferation due to increased
mechanical stress, mimicking what has been obsanv@&@NF hydrogels for 3D cell cultures

(Nordli et al. 2016; Malinen et al. 2014). On thihey hand, uncontrolled cell proliferation may
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also be a consequence of the nanofibre interactitimtive mitotic spindle apparatus, as it has
been describeih vitro for asbestos fibres in various types of cells (itpat al. 2011), for 1 to

4 nm width single-walle€NT in BEAS-2B and SAEC cells (Sargent et al. 200®) 10 to 20
nm thin multi-walled CNT in BEAS-2B cells (Siegristal. 2014), and hypothesised for 13 and
14 nm multi-walled CNT in A549 and BEAS-2B cellxflro et al. 2016). These diameters are
close to the ones of the CNF under study and tyargbrference with the mitotiq stdle can 1
be also a plausible explanation for the observerkase in cell viability at lowoncentrationiuiis.
At high concentrations agglomeration/aggregaticcuog and the availality of single (e CNF to
be uptaken by cells and interact with the spinddeet greatly deeases. Interestizstingly, this
effect resembles the induction of fibroblasts geoétionin vitro following exposure to thin
and curled dispersed single-walled CNT (Vietti e 26135; Wang et ¢ al. 2010) as this CNF is.
The fibroblastic response to CNT is known tayd key role in tiissué fibrosis that, in turn, may
result in a carcinogenic effect on the s=rerut-

Overall, the referred studies evidence gap that exiats regarding long-term toxicity studies of
CNF. Once we observed a sigcant cytotoxic.sfectféedy with an exposure length of 48 hours
or more, there is still a newof focusing the the Qbbkcity studies on longer exposure times and
encompassing the lovlose range. Thi This is partigulaportant since low-dose chronic studies
are nowadaycuisidered more. sre suitable experimeradkels for risk assessment than single

acute eyosure studies 1s’in that they better mimmdmexposure (Oberdoérster 2010).

Immunotoxicity of ' CNF was assessed by determirtiegconcentration of the proinflammatory
cytokine IL-1P in the A549 cell co-culture supernatant. Our finding o€banged levels of IL-
1B n the co-culture of A549 and THP-1 is in agreement with tdwerall results from more
comprehensive studies available in the literatoua¢ €CNF has no proinflammatory effect (Basu
et al. 2017;Coli¢ et al. 2015; Hua et al. 2015Mertaniemi et al. 2016; Nordli et al. 2016;

Vartiainen et al. 2011). In addition, toxicologicudies on the pulmonary toxicity of carbon
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nandubes have suggested that when the nanofibre lengtheelscthe macrophages length, it
triggers frustrated phagocytosis, which in turmsiiates a cytokine proinflammatory response
(Brown et al. 2007Murphy et al. 2012). However, Clift et al. (201Eported that cellulose
nanowhiskers from cotton, a nanocellulose that mesembles the needle-like structure of
asbestos, did not cause any form of frustrated @hdgsis in macrophages, being instead
internalized within vesicles. No signs of phagosidavere also found in THP-1 maphages 2s
exposed to three different modified CNF (Loped.€2@17). Nevertheless, Cain'et al. (201 2u.7)
reported that CNF produced using TEMPO oxidatiagged the recruinent of neutrutrophils,
macrophages, lymphocytes and eosinophils to th@sluof CYBl/6 mice exixposed by
pharyngeal aspiration, indicating an acute inflatonearessonse."A significant.dt dose-dependent
increase in mMRNA of the pro-inflammatory cytoki1t=1p and IL-6, tumour necrosis factor o
(TNF-0) and chemokine (C-X-C motif) ligand 5 (CXCLS) was ¢ detected in theatutissue, but
without an increase in their protein les:1topts et al. (20117) also reported increased levels of
[I-13 and TNFe in THP-1 macrophag treated wi with 250 and p&@nL, and 500 pg/mL,
respectively, of unmodified CN(Lopes etal 201 ZL. THese CNF concentrations are in the range
of those tested in the Célet al. (2015) stu studit,thonversely, reported no induction of those
pro-inflammatory cyikines in pereripheral blood maoolear cells (PBMCs) cultures
stimulated wit*pnytohemaggljglutinin (31.251000 pg/mL). Still, the CNF concentrations
herein ued are below 31.25 pg/mL and, therefore, a negative result was not unexgeblen-
narometric celluloose fibres also trigger an inflaatony response in Wistar rats by inhalation,
but it appears S to be transient, declining in a &g-period (Cullen et al. 2000).

Concernning the genotoxic effects of exposure tmnalulose, the present results showed that
the CNF under study induced a low but significavel of DNA damage in A549 cells in co-
culture with THP-1 cells, at the 26g/cnf concentration. In addition, two CNF concentrations

(1.5 and 12.5 pg/cfhcaused a slight induction of the level of oxidatDNA lesions detected
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as FpG-sensitive sites, e.g, oxidised 8-oxoGua. kiniswn that oxidative stress can be rapidly
repaired by the cell repair systems and therebg4hleour timepoint might have been too long
to allow the detection of this type of DNA damageekposed cells. In fact, there are studies
e.g., with TiQ nanomaterials, that showed an induction of Fp&itige sites in A549 cells at

2 or 3 hours, which were not apparent at 24 hoxpe®ure (El Yamani et al. 2017; Ursini et
al. 2014) indicating that from this study data itha@uction of oxidative DNA damartcannot t
be completely excluded. In the study by Stefantadd.(2014) nanocelluloseiciuding CNF,
induced significantly more free radicals than thfe¢he essentially inert calose microcrocrystals,
which could lead to reactive oxygen species foromaéind DNA darage. Low, but sit significant
values of DNA damage, detected by the comet asgare aiso obtainecdLin vitro in human
lymphocytes exposed to brown cotton and curawdfibres (Lima ett al. 2012). Regardiing
vivo studies, Catalan et al. (2017) reported iricaiit positive ccomet assay resulfs< 0.001)

in the lung cells of mice exposed to 1fa #oig/mouse oBf UNF by pharyngeal aspiration, but
non-significant values of % DNA tail compapared tbe zero dose for the highest
concentrations tested, 80 and) pg/mouse _This. oHsisrehtion agrees with the presamtitro
results in that low CNF coentrations seem 2em to@eduaore toxicity in lung cells than the higher
ones, eithem vitro orin vivo.

Interestingly,fetwo lowest CNFNF concentratiorsgdd by theén vitro micronucleus assay were
also ab: to increase £ significantly the frequenéycloromosome numerical or structural
ananalies in A549 9 cells, while for the highest doe®ffects were observed. On the other hand,
the results of f the CBPI did not show any significaecrease of A549 cells capacity to divide
at those? higher dose levels of CNF and thus amenfie of toxicity on the micronucleus
frequency is not likely. This result confirms timeidence of the CNF biological effects on the
low-concentration range. A decrease in the genoteffect associated with a dosage increase

has been reported for other nanomaterials, e.gonaranotubes, and it is thought to be related
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with the aggregation or aggieration of nanomaterials at the highest doseddbek decreases
the bioavailability of nano-object8fown et al. 2008; Rittinghausen et al. 2014; Slovedet

al. 2005). A hypothesis associated with the deeckasxicity observed with functionalized
carbon nanotubes is that their functionalizatioith wither carboxyl or amino groups, increase
the adsorption of proteins in protein-rich biolaimedia, which promotes their agglomeration
(Allegri et al. 2016). Cellulose nanofibres alscowha strong tendency to_aomerate, 2,
especially after drying and in highly concentrasepieous solutions due toorig inter- an? and
intra-molecular hydrogen bonding; in nonpolar meley tend to form azregates (Lim_ima et al.
2012). These authors observed an inverse assoclagitween CNlaggregation ancand toxicity
while Pereira et al. (2013) observed that high eabtatias-or cotton CNF.reresulted in large
CNF aggregates and increased cytotoxicity. In thsert saudy, an agaggregation/agglomeration
of CNF in the cell culture medium was cleasbser'ved under titne optical microscope (Figure
1 supplementary material) 24 hours r teris treatment witn the highest concentrations (25
pg/cn?), supporting the hypothesishat the dec decreasedcitpxis related to a lower
bioavailability of CNF in its napsized form.....

Catalan et al. (2017) reped no micronuclnucleusdtidn in the bone marrow erythrocytes of
mice exposed to CNby pharyngeal 2al aspiration, teitime between the exposure of mice to
CNF and thruty®e marrow. sarmsampling might not haven badficient to allow a systemic
genotoxc effect (Catalalan et al. 2017). Even thowghobserved micronuclei induction by the
two lowest CNF cooncentrations tested, whether thene mediated by clastogenic or aneugenic
mechanisms, , both leading to irreversible chromosalamage linked to early events in
carcinogjenesis, was not investigated (Bonassi.e2(dl1). Clastogenic events can often be
associated to the formation of DNA adducts andkidative stress that result in DNA breakage
that should have been distinguished by the comsayasOn the other hand, loss of

chromosomes may be explained by a direct interactioghe CNF with tubulin from the mitotic
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spindle, or with proteins involved in the segregatajrthe chromosomes in metaphase, events
that are not detected in the comet assay. Likewisggnificant disruption of the mitotic spindle
by multi-walledCNT has been previously reported (Siegrist et@L42. Several studies have
stated that the micronucleus assay is more seasttiletect genotoxic effects of nanomaterials
than the comet assay (Louro et al. 2016), butythe &nd repair capacities of target cells, the
stage of cell cycle, and the time elapsed betwaponsire and analysis are additicfactors rs

that may contribute to the different sensitivittdghese assays (Valentin-Sen et al. 20032uu3).

5. Conclusions

Overall, the data of the present work suggests @i produced witith an oxidative pre-
treatment mediated by ™MEPO is able to produ: concentration-dn-dependentctsffan the
viability and proliferation of human alveolcells and genotooxic effects in these cells co-
cultured with THP-1 macrophages, jicularly at a low concentration-range. The results of
cytotoxicity assessment also suggest CNF expo expsdonger than 24 hours are needed to
yield detectable effects. Thee of A549549 cellscolbured with THP-1 monocyte-derived
macrophages allowed a_liminary assesssessment of i@funotoxicity that confirmed the
absence of a proirimatory effeniett at a low CNRoemtration. Concerning CNF genotoxicity
assessed inie same in vitro system, although no biologically relevant DNA d@®mavas
detectecin A549 cells s by the comet assay, the doam of micronuclei at the two lowest
corcentrations testisted raised some concern abowdafeey of this nanofibre. Further studies
should be perarformed to complement these findingsesthey suggest that low CNF doses,
which arre the most realistic exposure doses to hapraay stimulate cell proliferation and
induce aneugenic/clastogenic events in alveolds,c&presenting a potential risk for human

health.Given that this toxicity assessment of a newly pozdi CNF was conducted in an early
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phase of the nanofibre development, the present findings expected to stimulate its

modification towards a safer material.
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Figure captions
Figure 1. Field-Emission SB of films of cellulose nanofibrils

Figure 2. Cellulose nanofibrils AFM image in phase imagingdao(A) and nanofibrils

diameter distribution obtained by AFM (B).

Figure 3. Relative viability of A549 cells after exposuredifferent concentratiorof CNF (24
hours and 48 hours) as assessed by the MTT assauylt®Rare exprezd as M + SD o of 3

independent experiments.

Figure 4. Cytotoxicity results after a 48 hour exposure.2#2tells to a cancecentration-range

of CNF, as assessed by the LDH release assay.t®aeexpressed ad as M + SDp ¥ 0.05.

Figureb5. Colony forming ability of A549 cellsfter 8 days expossure to different concentrations
of CNF, as assessed by the clonogeassay. Results arezltexpressed as M + SD of the cells

surviving fraction relative to control.

Figure 6. Comet assay refiv'tbtained in | in the co-cultur&5#0 epithelial cells and THP-1
differentiated macropages exposed sea’to CNF, wittemd with FpG addition. Results are

expressed as M 3D. * p <0.05..

Figure 7. A549 cell nucleouvids observed under the fluoresceniceoscope in the comet assay
with FpG additiona.” (A) Non-exposed cells contro) (849 cells exposed to 12y/cm? of

CNF (C) Posnitive EMS exposed cells control.

Figure 8. Results of the micronucleus assay after A549 @{[sosure to CNF. In columns,
frequency of micronucleated binucleated cells (MNB@er 1000 binucleate cells (BNC); the

dotted line represents the cytokinesis-blockedifaraltion index (CBPI). Mitomycin C was
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used as a pdasve control and induced 54.8INBNC/1000BNC p = 0.000). Results are

expressed as M + SD.pr< 0.05.
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Fig 7
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Table 1. Charaterization of the nanocelluse sample.

Yield  Ccoon darm dbLs
DS DP

(%) (ueq-g/g) (hm)  (hm)

82.4 1177 0.19 289 25.9 18.5

Ccoon Carboxyl group content; DS: Degree of substituytibP: Degree of pohietization;

darm,pLs: Diameter (obtained by AW or DLS)
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