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Abstract

Nanofibrillated cellulose (NFC) is a sustainable and renewable nanomaterial, with diverse potential
applications in the paper and medical industries. As NFC consists of long fibres of high aspect
ratio, we examined here whether TEMPO-(2,2,6,6-tetramethyl-piperidin-1-oxyl) oxidised NFC
(length 300-1000 nm, thickness 10-25 nm), administrated by a single pharyngeal aspiration, could
be genotoxic to mice, locally in the lungs or systemically in the bone marrow. Female C57BI/6 mice
were treated with four different doses of NFC (10, 40, 80 and 200 pg/mouse), and samples were
collected 24 h later. DNA damage was assessed by the comet assay in bronchoalveolar lavage (BAL)
and lung cells, and chromosome damage by the bone marrow erythrocyte micronucleus assay.
Inflammation was evaluated by BAL cell counts and analysis of cytokines and histopathological
alterations in the lungs. A significant induction of DNA damage was observed at the two lower
doses of NFC in lung cells, whereas no increase was seen in BAL cells. No effect was detected in
the bone marrow micronucleus assay, either. NFC increased the recruitment of inflammatory cells
to the lungs, together with a dose-dependent increase in mMRNA expression of tumour necrosis
factor a, interleukins 13 and 6, and chemokine (C-X-C motif) ligand 5, although there was no
effect on the levels of the respective proteins. The histological analysis showed a dose-related
accumulation of NFC in the bronchi, the alveoli and some in the cytoplasm of macrophages. In
addition, neutrophilic accumulation in the alveolar lung space was observed with increasing
dose. Our findings showed that NFC administered by pharyngeal aspiration caused an acute
inflammatory response and DNA damage in the lungs, but no systemic genotoxic effect in the
bone marrow. The present experimental design did not, however, allow us to determine whether
the responses were transient or could persist for a longer time.

© The Author 2016. Published by Oxford University Press on behalf of The UK Environmental Mutagen Society.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.
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Introduction

Nanocellulose is an innovative raw material with diverse potential
applications including high quality paper, coatings, food, nano-
composite formulation and reinforcement, and biomedical applica-
tions such as drug delivery carriers, cell culture support, substitute
implants, tissue repair and regeneration, and antimicrobial materials
(1-3). Because nanocelluloses are prepared directly from cellulosic
fibres, they are considered genuinely sustainable and renewable
materials (4). Nanocelluloses are generally classified into three main
groups based on the source and dimensions of the material: nanofi-
brillated cellulose (NFC, also called microfibrillated cellulose or cel-
lulose nanofibrils), cellulose nanocrystals (CNC, also referred to as
nanocrystalline cellulose or cellulose nanowhiskers) and bacterial
cellulose (BC, also called microbial cellulose). Nanocellulose dimen-
sions are mainly a consequence of the processing method used to
obtain the material (2,5).

NFC consists of aggregates of cellulose microfibrils obtained
by the mechanical disintegration of cellulosic materials without
the use of hydrolysis, resulting in a low concentrated, viscous and
shear thinning aqueous gel which has the ability to form a trans-
parent film, once dried. The key properties of NFC are linked to
its high specific area and its extensive hydrogen-bonding ability,
allowing its use in nanocomposites, electronics and biomedical
applications (6). The production of NFC on an industrial scale may
lead to increased exposure to these materials both at workplaces
and in the general environment. As NFC consists of long fibres
of high aspect ratio, inhaled NFC may have similar properties as
nano- and microscale mineral fibres which are known occupational
hazards (7-9).

Exposure to cotton or wood dusts, which principally consist
of cellulose, can cause respiratory problems and cancer (10,11).
Sarcoma formation was described in rats treated intraperitoneally
(i.p.) with respirable cellulose fibres (12,13). Several studies using
rats or mice suggested that exposure to cellulose fibres by intratra-
cheal administration or inhalation causes inflammation, granuloma-
tous lesions and pulmonary fibrosis (13-17). However, there is very
little information on the possible health effects of nanocelluloses.
Therefore, the potential adverse effects associated with exposure to
NFC and other nanocelluloses need to be assessed.

Knowledge on the toxicity of nanoscale celluloses is still scarce.
In vitro, low toxic potential to cultured mammalian cells was
reported for BC (18-20), CNC (21) and NFC (7,22). These results
seemed to be supported by data on the biocompatibility of BC and
NFC films, membranes, hydrogels or scaffolds in contact with cul-
tured mammalian cells (23-29). In some in vitro studies, cytotoxic
effects were described for CNC fibres (30,31). Pharyngeal aspira-
tion of CNC as a gel or a powder facilitated an innate inflammatory
response in mice (32,33).

Since nanocelluloses may be inhaled in an aerosolised form
during various stages of their life cycle (30), we investigated here
whether exposure to NFC by pharyngeal aspiration has genotoxic
potential in mice. In addition, inflammatory response, which could
be the driving mechanism of possible secondary genotoxicity, was
assessed in the same animals.

Materials and methods

NFC production, characterisation and dispersion

NFC was produced, in pilot scale, at the Centre Technique du Papier
(Grenoble, France), specifically for this study. In short, spruce sul-
phite dissolving pulp (Domsj6 Fabriker AB, Sweden) was first disin-
tegrated in a slusher and then moved to a TEMPO-oxidation stage,
where TEMPO (2,2,6,6-tetramethyl-piperidin-1-oxyl), sodium
bromide and sodium hypochlorite were added to the system. The
reaction time in the TEMPO-oxidation stage was 2h. After that,
the suspension was washed four times in a centrifuge, to remove
the chemical reagents. The washed pulp was then submitted to a
mechanical treatment in a high-pressure homogenizer, to ensure
the liberation of microfibrils. The resulting suspension was a trans-
parent, gel-like structure of 2% solid content (Figure 1a) to which
50 ppm of the biocide Busan 1009 (Buckmann Laboratories, Ghent,
Belgium; containing 10% of 2-(thiocyanomethylthio)benzothiazole,
10% of methylene bis(thiocyanate) and 80% of heavy aromatic
naphta and petroleum distillates) was added.

The total acidic group content of the fibres before fibrillation
was measured by the conductometric titration method according
to the standard SCAN-CM 65:02 (34). The zeta-potential of the
NFC particles was determined using Zetasizer Nano ZS equipment
(Malvern Instruments Ltd, Malvern, UK). The instrument measures
the electrophoretic mobility of particles, which is converted into
zeta-potential values using the Smoluchowski model. The measure-
ments were carried out at 25°C in disposable folded capillary cells
(Malvern DTS1060) using refractive indices of 1.47 for NFC and
1.33 for the dispersant. The apparent viscosity of the NFC suspen-
sion was measured with the Brookfield rheometer RVDV-III Ultra
(Brookfield Engineering Laboratories, Middleboro, USA) by using
vane geometry at 1.5% solid content. More details of this method
are presented by Lahtinen et al. (35).

Light microscopic examinations were performed with a Zeiss
Axioplan microscope (Carl Zeiss Microscopy GmbH, Géttingen,
Germany). To visualise nanoscale fibrils, NFC suspension was depos-
ited on carbon coated grids and then examined with a transmission
electron microscope (TEM) (Philips CM200 ‘Cryo’, FEI, Hillsboro,
OR, USA), operated at an acceleration voltage of 80 keV.

The 2% water-based stock dispersion of NFC was diluted in
phosphate buffered saline (PBS; Lonza, Verviers, Belgium). Dilutions

Fig. 1. Macroscopic appearance (a), optical microscopy image (b) and transmission electron microscope (TEM) micrograph (c) illustrating the states of the

TEMPO oxidised nanofibrillated cellulose gel.
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were sonicated at 37°C for 20min using a 37kHz Elmasonic
Ultrasound Cleaner (Elmasonic, Singen, Germany), and immediately
administrated to the animals by pharyngeal aspiration.

Animals

Female C57Bl/6 mice (7-8 weeks old; ~20g per mouse) were pur-
chased from Scanbur AB (Sollentuna, Sweden) and quarantined for
1 week. The C57Bl/6 strain was chosen on the basis of the criteria
described by Shvedova et al. (36) and because methods for the assess-
ment of both genotoxicity and pulmonary inflammation have been
developed for this strain. The mice were housed in groups of four,
randomly assigned in stainless steel cages bedded with aspen chip,
and provided with standard mouse chow diet (Altromin no. 1314
FORTI, Altromin Spezialfutter GmbH & Co., Germany) and tap
water ad libitum. The environment of the animal room was carefully
controlled, with a 12-h dark/light cycle, temperature of 20-21°C
and relative humidity of 40-45%. The experiments were performed
in agreement with the European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific
Purposes (Strasbourg March 18, 1986, adopted in Finland on May
31,1990). The study was approved by the Animal Experiment Board
and the State Provincial Office of Southern Finland.

Pharyngeal aspiration exposure

Pharyngeal aspiration was performed as previously described by
Porter et al. (37). Eight mice per group were exposed to a single dose
(50 pl/mouse) of either PBS alone (negative control group), or 0.2,
0.8, 1.6 or 4mg/ml of NFC (equivalent to 10, 40, 80 and 200 pg/
mouse). The range of doses chosen was similar to the one tested in
previous studies with nanocelluloses (32). In addition, a biocide con-
trol group received a single dose of 25 ng/mouse of Busan 1009 diluted
in PBS, corresponding to the concentration (0.5 ppm) of the biocide
present at the highest dose of NFC. Furthermore, a positive control
group (n = 6) for the genotoxicity assays was treated with a single
1-mg dose of tungsten carbide-cobalt mixture (WC-Coj; a gift from
Université catholique de Louvain, Belgium) by pharyngeal aspiration
(50 pl/mouse of 20mg/ml WC-Co in apyrogenic pure water), and
with cyclophosphamide (CP; Baxter, Helsinki, Finland) by i.p. injec-
tion (50 mg/kg body weight). All mice survived after the exposure and
exhibited no negative behavioural or health symptoms. The mice were
killed 24 h after the exposure by an overdose of isoflurane, and sam-
ples were collected as described below. All the animals were sampled
for the immunological and histological analyses, whereas samples for
the genotoxicological analyses were collected from six mice per group.

Sample collection

Blood was collected from the vena cava, and the lungs were lavaged
via the tracheal tube, once with PBS (800 pl for 10s, at room tem-
perature) for the cytological and immunological analyses of bron-
choalveolar lavage (BAL) fluid, and then six times with 0.15 M NaCl
(800 pl each, at room temperature) to collect a BAL sample for the
comet analyses. The first BAL sample was cytocentrifuged onto a
slide, and the cells were stained with May-Griinwald-Giemsa and
counted from three high-power fields under a light microscope. The
next BAL samples were united and stored on ice (for 2-3h) until
centrifugation (at 400x g for 5 min, 4°C).

The mouse chest was opened, and the right pulmonary lobes
were removed, placed onto a petri dish containing 0.15M NaCl,
and then minced and mechanically dispersed to a single cell suspen-
sion, as described elsewhere for the comet assay (38). These cells
represented a mixture of the different cell types present in the lungs.

Half of the left pulmonary lobe was removed, quick-frozen and kept
at -70°C for later RNA isolation.

The rest of the lung was formalin-fixed, embedded in paraffin,
cut and affixed on slides for histological evaluation. From a few ani-
mals, a slice of the lung and BAL cells were fixed with glutaraldehyde
and prepared for TEM analyses, as previously described (39).

The femur was dissected from one right back leg and used for
bone marrow extraction.

Determination of cytokines and chemokines
RNA isolation from the lung tissues, cDNA synthesis and polymer-
ase chain reaction (PCR) were performed as previously described
(40) for analysing the mRNA expression of the pro-inflammatory
cytokines interleukins 18 and 6 (IL-1f3 and IL-6) and tumour necro-
sis factor oo (TNF-a), and the chemokine (C-X-C motif) ligand 5
(CXCLYS) in the lung tissue.

To determine the protein levels of the studied cytokines and
chemokine, enzyme-linked immunosorbent assay (ELISA) was per-
formed as previously described (40).

Comet assay from BAL and lung suspensions

The comet assay was performed in alkaline conditions (pH > 13) for
the BAL and lung cells as previously described (41), in accordance
with OECD TG 489 (42). The slides were coded, and one scorer
performed the comet analysis using a fluorescence microscope
(Axioplan 2, Zeiss, Jena, Germany) and an interactive automated
comet counter (Komet 4.0, Kinetic Imaging Ltd., Liverpool, UK).
The percentage of DNA in the comet tail was analysed from two
slides per animal (50 cells/slide; 100 cells/animal), as recommended
by Lovell and Omori (43), to measure the amount of DNA strand
breaks.

Automated MN assay in bone marrow erythrocytes
Bone marrow was extracted, and microscopical slides were pre-
pared as previously described (41), in accordance with OECD TG
474 (44). Using the MetaSystems Metafer Metacyte image system
(MetaSystems, Altlussheim, Germany) on coded slides, 2000 poly-
chromatic erythrocytes (PCEs) per animal were scored for the fre-
quency of micronucleated polychromatic erythrocytes (MNPCEs)
and 1000 erythrocytes per animal to determine the percentages of
PCEs and normochromatic erythrocytes (NCEs).

Histological evaluation
The histological preparations were stained with hematoxylin and
eosin as previously described (41). In addition, a novel method
recently developed for the specific detection of cellulose fibres (9),
based on the use of a biotinylated carbohydrate binding mod-
ule (CBM) of B-1,4-glycanase (EXG:CBM; from Cellulomonas
fimi), was used. EXG:CBM has been shown to bind quantitatively
to various cellulose fibres, including four different NFCs (9). The
biotinylated EXG:CBM was visualised by horse radish peroxidase
(HRP)-tagged avidin labelling.

Microphotographs were taken with a Leica DM4 B microscope
(Immuno Diagnostic Oy LMS, Espoo, Finland) equipped with a
19-mm sCMOS camera imaging port.

Statistical analyses

A hierarchic analysis of variance (ANOVA) was used to study if the
percentage of DNA in tail in BAL and lung cells was influenced by
the treatments. One-way ANOVA was applied to examine if the
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exposures affected the number of different types of cells on the
BAL slides, the mRNA and protein expression levels of cytokines
and chemokine, and the frequencies of MNPCEs in bone marrow.
Dunnett’s test was used for an a posteriori comparison of each of the
doses with the negative control.

For all end-points analysed, dose-response relationships were
investigated by linear regression analysis.

Differences were interpreted to be significant if P was below 0.05.
The statistical analyses were performed by the IBM SPSS Statistics
for Windows (2013, version 22.0).

Results

Characterisation of NFC

Total acidic group content of the NFC fibres before fibrillation was
1073 pmol/g. After fibrillation, the 2% NFC suspension had a high
cellulose surface charge (zeta potential of 69.5 mV), a lightly basic
pH (7.98), and conductivity of 730 mS/m. In aqueous environment,
the high surface charge of NFC makes it behave like polyelectrolyte
rather than typical wood-fibre. The viscosity measurement showed
a thixotropic behaviour of the NFC suspension, and the apparent
viscosity was 8.6 Pa-s at 1.5% solid content, indicating a gel-like
behaviour at low solid content. NFC suspension particle size and
shape affected the rheological properties.

Light microscope examinations (Figure 1b) showed a rather
homogeneous structure, with only some small residual fibre frag-
ments appearing as dark elements surrounded with NFC which was
not visible at this resolution.

The TEM pictures showed well individualised microfibrils
having a length range of 300-1000nm and a thickness range of
10-25nm (Figure 1c). Therefore, these fibrils had a high aspect ratio
(12:1-100:1). Results obtained with the novel fractionation device
of the Technical Research Centre of Finland (45) supported the
conclusions that this type of NFC with TEMPO pre-treatment con-
tained well individualised microfibrils (over 80% passing 1 pm net),
as compared with other NFC samples (produced without TEMPO
pre-treatment) with more branched structure.

Immunotoxicity

The degree of pulmonary inflammatory response was estimated by
differential counts of alveolar macrophages, neutrophils, eosinophils
and lymphocytes in BAL preparations (Figure 2). NFC induced a
significant increase in the number of macrophages (P = 0.003)
and lymphocytes (P = 0.002) only at the lower two doses (10 and
40 pg/mouse), without showing a linear dose-response. Conversely,

a significant increase was observed in neutrophils (P < 0.001) at
the highest two doses (80 and 200 pg/mouse) and in eosinophils
(P = 0.005) at the highest dose (200 pg/mouse), with a significant
linear dose-response (P < 0.005, slope = 0.396 and 0.003, respec-
tively). The biocide (Busan 1009) alone did not affect the number of
the inflammatory cells.

NFC induced a significant mRNA expression of the cytokines
IL-1p and IL-6 at the highest dose (200 pg/mouse; P = 0.001), show-
ing a significant linear dose-response (P < 0.001, slope = 69.667 and
41.422, respectively) (Figure 3). The mRNA expression of TNF-a
was not increased at any of the doses tested in comparison with the
negative control group, although there was a significant linear dose-
response (P = 0.012, slope = 6.868). The chemokine CXCLS showed
a borderline increase in mRNA expression (P = 0.067) at the highest
tested dose (80 pg/mouse in this case), together with a significant
linear dose-response (P = 0.002, slope = 45.420). Busan 1009 did
not influence the mRNA expression of any of the tested cytokines.

The protein levels of the cytokines and chemokine studied
remained unaffected after the NFC or Busan 1009 treatments (data
not shown).

Genotoxicity

A significant increase (P < 0.001) in the percentage of DNA in tail,
compared with the zero dose, was found in the lung cells at the low-
est two doses (10 and 40 pg/mouse) of NFC (Figure 4). However,
no effect was observed in BAL cells. NFC did not induce a linear
dose-response in any of the cell types. The positive control treat-
ment, WC-Co plus CP, induced a significant increase (P < 0.001) in
% DNA in tail for both lung and BAL cells, whereas Busan 1009
showed no effect in either tissue.

NFC did not increase the frequency of MNPCEs in the bone mar-
row, as shown by the micronucleus assay (Figure 5). Busan 1009
did not either influence the frequency of MNPCEs. On the contrary,
the positive control treatment produced a clear response, inducing
a 3.4-fold increase in MNPCE frequency (P = 0.005). The percent-
age of PCEs of all erythrocytes was (average + SEM) 47.22+1.35,
50.04+5.26, 46.53+2.33, 44.28+1.01, 47.97+1.60, 50.27+3.14
and 44.52+2.41 for the negative control, NFC doses 10, 40, 80 and
200 pg/mouse, biocide and the positive control, respectively. Thus,
similar results were obtained with the NFC exposed mice and the
unexposed mice, indicating no bone marrow toxicity.

Histology
At necropsy, all animals showed viscera of normal appear-
ance in macroscopic terms. The histological examination of

Fig. 2. Cell counts (average + SEM) from three high-power fields (HPF) of bronchoalveolar lavage (BAL) fluid of mice (eight mice per group) as a function of
different doses of a single pharyngeal aspiration with nanofibrillated cellulose (NFC) 24 h post-administration. Asterisks indicate a significant increase (*P < 0.01,
**P<0.001, ANOVA) in comparison with the negative control group, double crosses a significant linear dose-response (P < 0.005, linear regression). BIO, biocide
control consisting of Busan 1009 diluted in phosphate-buffered saline at the concentration present at the highest dose of NFC.
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Fig. 3. mRNA expression levels of pro-inflammatory cytokines interleukin 1f (IL-18) and 6 (IL-6) (LEFT PANEL), and tumour necrosis factor a (TNF- a) and
chemokine (C-X-C motif) ligand 5 (CXCL5) (RIGHT PANEL) measured from lung tissues of mice (eight mice per group) 24 h after a single pharyngeal aspiration
with different doses of nanofibrillated cellulose (NFC). The results are shown in relative units (RU; average + SEM). Asterisks indicate a significant increase
(P<0.01, ANOVA) in comparison with the negative control group, double crosses a significant linear dose-response (P < 0.05, linear regression). BIO, biocide
control consisting of Busan 1009 diluted in phosphate buffered saline at the concentration present at the highest dose of NFC.

Fig. 4. DNA strand breaks (percentage of DNA in comet tail; average
+ SEM) in lung and bronchoalveolar lavage (BAL) cells of mice (six mice
per group) 24h after a single pharyngeal aspiration with different doses
of nanofibrillated cellulose (NFC). Asterisks indicate a significant increase
(P < 0.001, ANOVA) in comparison with the negative control group. BIO,
biocide control consisting of Busan 1009 diluted in phosphate buffered
saline at the concentration present at the highest dose of NFC; POS, positive
control—a combination of tungsten carbide-cobalt mixture (1 mg/mouse,
pharyngeal aspiration) and cyclophosphamide (50mg/kg body weight,
intraperitoneally).

the lung samples suggested that the accumulation of NFC
increased with dose. NFC was found inside the bronchi and
in the alveoli (Figure 6a—c). This effect was more clearly seen
with the HRP-EXG:CBM staining (Figure 6d and e), which
revealed the presence of cellulose material also inside mac-
rophages (Figure 6f). There was a variable and dose-related
neutrophilia around the small and large bronchi (Figure 6a—c),
as well as neutrophilic accumulation in the alveoli at higher
doses. Lung samples from the biocide-treated mice showed a
normal appearance, similar to the negative control group (data
not shown).

These results were confirmed by TEM analyses which showed the
presence of NFC in the alveoli (Figure 7a), recruitment of neutrophils
(Figure 7a) and phagocytic activity of macrophages (Figure 7b and ¢).

Discussion

In this study, the exposure to NFC triggered a recruitment of
inflammatory cells to the lungs. Mice exposed to NFC displayed an

Fig. 5. Frequencies of micronucleated polychromatic erythrocytes (MINPCEs;
average + SEM) among 2000 polychromatic erythrocytes (PCEs) in bone
marrow of mice (six mice per group) 24 h after a single pharyngeal aspiration
with different doses of nanofibrillated cellulose (NFC). Asterisks indicate a
statistically significant difference (P < 0.01, ANOVA) in comparison with
the negative control group. BIO, biocide control consisting of Busan 1009
diluted in phosphate buffered saline at the concentration present at the
highest dose of NFC; POS, positive control consisting of a combination of
tungsten carbide-cobalt mixture (1mg/mouse, pharyngeal aspiration) and
cyclophosphamide (50 mg/kg body weight, intraperitoneally).

increase in the number of neutrophils, macrophages, lymphocytes
and eosinophils. The overall high level of inflammatory cells upon
the NFC exposure indicated an acute inflammatory response. Our
results conform with those of Yanamala et al. (32) who found that
treatment of C57BL/6 mice with two different types of CNCs by
pharyngeal aspiration (50-200 pg/mouse) caused increased recruit-
ment of neutrophils, lymphocytes and eosinophils in BAL fluid
24h post-exposure. In comparison with the negative control, they
observed a dose-dependent increase in the percentage of neutrophils
and eosinophils but a decrease in the percentage of macrophages. In
a recent study, the same authors (33) showed that a repeated cumu-
lative exposure (240 pg/mouse) to CNC caused impaired lung func-
tion, pulmonary inflammation and tissue damage 3 months after the
last exposure.

Acute cellular responses to airborne particulates are driven by
the release of inflammatory mediators. We found a significant dose-
dependent increase in the mRNA expression of the four cytokines
analysed, although their protein levels remained unaffected. A sig-
nificant up-regulation of IL-3, IL-6 (32,33) and TNF-a (32), among
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Fig. 6. Mouse lung sections stained with hematoxylin and eosin (a—¢) and after horse radish peroxidase detection of biotinylated carbohydrate binding module
of 3-1,4-glycanase (d-f), 24 h after a single pharyngeal aspiration with 10 ng/mouse (a, d), 40 pg/mouse (b) or 200 ng/mouse (c, e, f) of nanofibrillated cellulose

(NFC). Arrows (f) indicate macrophages containing NFC.

Fig. 7. Transmission electron microscope (TEM) micrographs of mouse lung tissues 24 h after a single pharyngeal aspiration with 80 pg/mouse (b) or 200 pg/
mouse (a, ¢) of nanofibrillated cellulose (NFC). (a) Presence of NFC in the alveolar space with some neutrophils. (b) A bronchoalveolar macrophage full of NFC.
(c) A bronchoalveolar macrophage phagocytising NFC. AW, alveolar wall; NEU, neutrophil.

other inflammatory cytokines, was also reported in the BAL fluid of
mice after CNC treatments (CXCL5 was not analysed).

Conversely to the in vivo studies, nanocelluloses did not seem
to be efficient stimulators of the in vitro production of cytokines.
Colic et al. (46) saw no increase in the secretion of IL-1f, TNF-a
or Th2 cytokine (IL-4) in NFC-treated (31.25-1000 pg/ml) mouse
L929 cells, rat thymocytes or human peripheral blood mononuclear

cells. TNF-a expression was neither affected in human acute mono-
cytic leukaemia THP-1 cells treated with 0.4 or 0.8 mg/ml of micro-
fibrillated cellulose (47). Vartiainen et al. (7) did not detect increased
expression of several cytokines and chemokines, including IL-3, IL-6
and TNF-q, in mouse macrophages or in human monocyte-derived
macrophages exposed to microfibrillated cellulose (30-300 pg/ml).
CNGCs caused no significant stimulation of TNF-a or IL-f in a 3D
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triple coculture model of the human epithelial airway barrier (30)
or in human monocyte-derived macrophages (31). Whereas all these
studies evaluated nanocellulose gels, Hua et al. (5) reported a sig-
nificant secretion of TNF-a and the anti-inflammatory cytokine
IL-1 receptor antagonist (IL-1ra) by THP-1 cells in response to NFC
films, depending on their different surface chemistries.

NFC induced an increase in DNA damage in the lungs of the mice
in the present study. However, this increase was statistically signifi-
cant only at the lowest two doses, whereas the higher doses exhibited
levels of damage similar to the untreated mice. One explanation for
this finding might be that, at the higher concentrations, NFC formed
larger agglomerates that could more easily be eliminated from the
respiratory track by coughing. However, the histological analysis
revealed a dose-related accumulation of NFC, with similar distribu-
tion inside the bronchi and in the alveoli at all of the doses.

There are only a few studies dealing with the genotoxic poten-
tial of nanocelluloses. BC nanofibres did not induce DNA damage
in Chinese hamster ovary CHO cells when tested up to 1mg/ml
(19). Similarly, no micronucleus induction was reported in CHO-K1
cells treated with BC membranes (25), in Chinese hamster V79 cells
treated with BC/silk fibroin nanocomposites (29), or in BEAS-2B
cells treated with CNCs (31). However, de Lima et al. (4) reported
an induction of DNA strand breaks in Balb/c mouse 3T3 fibroblasts
and human peripheral blood lymphocytes as well as chromosomal
aberrations in Allium cepa, by cellulose nanofibres obtained from
curaua and different kinds of cottons, although the genotoxic effect
varied depending on the origin of the fibres and the cell type used.
Nano-sized cellulose fibrils and BC nanofibres did not increase the
number of revertant colonies in the Salmonella mutagenicity test
(19,22). However, the suitability of this assay for testing nanomate-
rials has seriously been questioned due to limited uptake of particu-
lates in Salmonella; nanomaterials have mostly given negative results
in this test (48).

To our knowledge, only one previous study has assessed the gen-
otoxic effects of nanocelluloses in vivo. Pinto et al. (49) reported no
induction of MNPCEs in the bone marrow of Swiss Webster mice
treated for 3 days with 200 mg/kg bw/day of BC (dimensions were
not described) by oral (gavage) or i.p. administration (sampling 24 h
after the last treatment). The mice showed no myelotoxic effects
(ratio of PCEs/NCEs) and no clinical signs of toxicity. Moreover, the
i.p. BC treatment clearly antagonised the myelotoxic and genotoxic
effects of a single i.p. injection of CP (25 mg/kg bw) administrated
45 min after the last BC dose (49). In this study, NFC neither exerted
systemic genotoxic effects, as assessed by the micronucleus assay in
bone marrow erythrocytes, at doses that induced local DNA dam-
age in the lungs of the same mice. When judging the negative out-
come of the micronucleus assay, it should be considered that the 24 h
sampling time after the last exposure may have been too short to
allow sufficient translocation of nanocellulose to circulation or an
adequate secondary genotoxic effect in the bone marrow.

WC-Co, one of the components of our positive control, is
another example of a material that has only a local genotoxic effect
when administered by pharyngeal aspiration. In our earlier study
(41), WC-Co, known to generate reactive oxygen species, induced
a significant increase in micronucleated alveolar type II cells in the
lungs of the exposed mice but no increase in MNPCEs in the blood.
This suggests that the significant elevation of MNPCEs induced by
the positive control treatment in the present study was due to the
second component, CP, an efficient micronucleus inducer. Our find-
ings again highlight the limitations of the mammalian erythrocyte
MN test (44) in testing nanomaterials in short-term studies and the

necessity of using and further developing in vivo genotoxicity assays
that could be applied to the local target cells (41,50).

Secondary genotoxicity has been suggested to play an important
role in the carcinogenic potential of fibrous nanomaterials, e.g. car-
bon nanotubes (51), and it may also be involved in the in vivo geno-
toxic response elicited by NFC in the present study. Macrophages
and neutrophils are recruited to the site of particle deposition, as
part of the normal innate inflammatory process, in response to an
increase in the levels of pro-inflammatory cytokines, e.g. IL-1f (40)
and generate reactive species (52) On the other hand, TNF-o has
been suggested to stimulate the production of superoxide by mono-
cytes and neutrophils, resulting in clastogenic effects (53). In this
study, the number of macrophages in the BAL fluid showed a similar
response as the induction of DNA damage in the lung cells, and our
histological results demonstrated that NFC was present in the cyto-
plasm of macrophages. In addition, there was also a significant linear
increase in the number of neutrophils and in the mRNA expression
levels of IL-1p and TNF-a with the dose. However, the protein lev-
els of both cytokines remained unaffected at the 24-h time point
studied. Therefore, it is difficult to conclude whether these events
are correlated.

In general, the genotoxic and inflammatory responses observed
in the present study with NFC correspond with the known pulmo-
nary toxicity previously reported for ‘conventional’ cellulose fibres
(12-16). As the present study was based on an acute experiment,
with sampling 24 h after a single pharyngeal aspiration of NFC, con-
clusions are limited to this short post-exposure time. A key question
in the risk assessment of NFC is whether the inflammatory and geno-
toxic responses were transient or could persist for a longer time. The
comet assay depicts primary DNA damage that is subject to repair,
and is therefore short-lived, except for a small portion of damage
that may turn into gene and chromosomal mutations due to errors in
DNA repair and replication. However, if the conditions resulting in
DNA damage prevail for a longer time, the probability of mutations
accumulating will increase, which may contribute to cancer risk.

Conventional cellulose fibres have been described to have longer-
term toxic effects in the lungs, which has been attributed to the low
clearance and long persistence of cellulose (13). Granulomatous
inflammation and fibrotic lesions caused by cellulose fibres were still
present one year after a single intratracheal (2mg/rat) deposition
(16). On the other hand, inhalation experiments with rats indicated
that thermo-mechanically processed wood cellulose fibres of various
sizes caused a marked but transient inflammatory response, which
did not progress after a recovery period of 28 days (13). Also nano-
celluloses can be expected to be biopersistent. Exposure of different
types of NFC and CNC to artificial lung airway lining fluid for up
to 7 days and alveolar macrophage phagolysosomal fluid for up to
9 months suggested that cellulose nanomaterial is biodurable in the
human lungs (54). In fact, 3 months post repeated CNC exposure,
giant alveolar macrophages—which are recognised as the pathologi-
cal hallmark of granulomatous diseases—were found in mice lungs
(33).

Last but not least, the possible role of microbial contamination
cannot be ruled out. Although the biocide was added immediately
after the synthesis of our NFC to prevent microbial growth, some
contamination could still have existed, contributing to the inflam-
matory effect.

In summary, our study showed that NFC administrated by phar-
yngeal aspiration caused an acute inflammatory response and DNA
damage in murine lungs. Although the short post-exposure time (24 h)
did not allow us to determine whether these responses were transient
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or could persist for a longer time, the existing evidence on the low
clearance and biopersistence of cellulose fibres rise concerns on their
toxic hazards which need to be further assessed by longer-term studies.
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