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REVIEW ARTICLE

Human hazard potential of nanocellulose: quantitative insights from
the literature

Natasha Stoudmanna, M�elanie Schmutza, Cordula Hirschb, Bernd Nowacka and Claudia Soma

aTechnology and Society, Swiss Federal Laboratories for Materials Science and Technology (Empa), St.Gallen, Switzerland; bParticles-
Biology Interations, Swiss Federal Laboratories for Materials Science and Technology (Empa), St.Gallen, Switzerland

ABSTRACT
This review aims to elucidate the current knowledge and future research needs regarding the
hazard potential of nanocellulose to human health. Growing interest from research and industry
alike has led to increasing likelihood of human contact to the material via various exposure
routes. Although a number of comprehensive reviews on human health hazards of nanocellu-
lose have been conducted, this paper brings new insights as it systematically analyzes and
quantitatively assesses the results of in vivo and in vitro tests in terms of investigated endpoints,
tested concentration ranges, physicochemical properties, surface modifications and source of
the tested nanocellulose, exposure route, and cell lines used. The quality of the studies is further
inspected based on various established criteria. Considering the rapid development of nanocel-
lulose-based products and the novelty of the material, human health studies remain scarce. By
assessing those that have been conducted, patterns and gaps were identified that will be help-
ful to guide future research. The results show that there are still significant uncertainties remain-
ing, particularly regarding in vivo testing, with pulmonary exposure showing some cause for
concern. Although a substantial number of in vitro studies have been undertaken, results are
often conflicting. The detected effects could not be directly attributed to size of nanoparticles,
cell lines, surface modifications or tested concentrations. This may also be linked to the varying
quality of the studies. This review ends by identifying key gaps to help pave the way for future
research and ensure the safe development and use of nanocellulose.
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Introduction

With increasing use of nanocellulose (NC) in a wide
range of industries and applications comes an
increased likelihood of human exposure to this
material during the various life stages of NC-con-
taining products (Gottschalk and Nowack 2011). NC
shows promise within a multitude of application
fields, from healthcare to construction (Piccinno
et al. 2016; Stoudmann, Nowack, and Som 2019).
NC can come from many different sources, ranging
from wood pulp and cotton to food waste and
algae. The two main types of NC are cellulose nano-
fibers (CNF) and cellulose nanocrystals (CNC), which
differ in terms of production process, morphology,
and functions (Blanco et al. 2018). CNC generally
display higher stiffness than CNF, and are produced

through acid hydrolysis, as opposed to mechanical
grinding or high-pressure homogenization in the
case of CNF. The dimensions of CNC depend on the
initial cellulosic material and hydrolysis process
used, but are generally between 10 and 50 nm in
width and 1–5 mm in length (Usov et al. 2015). CNF
are flexible fibers ranging from 3–100 nm in width
and more than 1 mm in length (Dufresne 2017),
even reaching critical fiber lengths of more than
5 mm and often forming web-like structures.
Pretreatments (e.g. 2,2,6,6-tetramethylpiperidine-1-
oxyl radical (TEMPO) oxidation, carboxymethylation,
enzymatic treatments… ) are frequently used either
before or after the extraction process of NC to
enhance the final material properties (Jonoobi et al.
2015). Currently, CNF is by far the most produced
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and utilized, although there has been a shift to pro-
duction of CNC at industrial scale in recent years
(Future Markets Inc 2015).

Recommendations regarding the Occupational
Exposure Limits Value (OEL) of NC via inhalation or
dermal exposure are limited due to the small
amount of data available regarding the hazard of
this material. Following the precautionary principle,
the OEL value of 0.01 fibers cm�3 (the same as for
carbon nanofibres) has been suggested due to the
potential biopersistence of NC when inhaled
(Stockmann-Juvala, Taxell, and Santonen 2014).

A number of review studies on NC have shown
that toxicity studies remain scarce and knowledge
gaps remain. Furthermore, certain studies have
shown diverging results. A screening-level life cycle
risk assessment of NC (CNC and CNF) conducted by
evaluating its toxicity according to various exposure
scenarios pointed out that studies on long-term
exposures and with realistic concentrations are cur-
rently lacking, as well as studies on certain common
human health endpoints such as carcinogenicity,
neurotoxicity and reproductive effects (Shatkin and
Kim 2015). These data gaps therefore inhibit a clear
conclusion regarding the human health impacts of
NC to be made. A review of the toxicity of CNC
found that although the small number of in vivo
studies on oral and dermal toxicity showed no signs
of adverse effects, the results from both pulmonary
(inhalation in vivo) and cytotoxicity studies showed
inconsistent results (Roman 2015). However, consid-
ering the differences in cell lines, cellulose source,
and testing conditions, these results were not sur-
prising. The author calls for more studies to be con-
ducted to elicit clearer conclusions, as well as
highlighting the importance of analyzing samples
for contaminants. Another review also focusing on
the toxicity of CNC, but specifically used as carriers
in medicine, stressed the crucial role that the prepa-
ration–including the various possible chemical mod-
ifications of these versatile materials–plays in
determining their toxicity (Seabra et al. 2018). An
extensive review of the current knowledge of the
impacts of NC on human and environmental health
showed that realistic doses and exposure scenarios
seem to suggest a low toxicity potential (Endes
et al. 2016). However, certain specific physicochemi-
cal characteristics appear to lead to increased tox-
icity, although the structure-activity relationship is

currently not well understood. The authors identi-
fied wide divergences between study findings, and
point out the current lack of chronic, low dose, and
repeated exposure studies. These variations in study
findings were attributed to a wide range of factors
including variation in exposure doses, test model,
cellulose source, pretreatment methods, exposure
scenarios, or incomplete material characterization.
However, the authors stressed that heightened tox-
icity cannot be attributed to any single physico-
chemical property. One review also points out that
the low number of peer-reviewed studies and of
long-term exposure studies of NC seems to be a
big issue (Lie, Ålander, and Lindstr€om 2017). From
the results of the few existing in vivo studies, inhal-
ation of the material may be a potential threat, and
the authors recommend prudence when this expos-
ure route is a possibility. Recently, a review of the
knowledge surrounding risk of NC through inhal-
ation exposure, as well as an assessment of the
quality of the studies relating to their usefulness for
risk assessments showed some positive results (Ede
et al. 2019). Using two sets of criteria developed by
Krug and Wick (2011) and Card and Magnuson
(2010) to assess the quality of nanotoxicity studies,
the authors found that although the overall quality
was currently inadequate for the results to be used
for risk assessments, studies were improving over
time. This inadequacy was due to a number of fac-
tors, including but not limited to inadequate char-
acterization, unrealistic doses, lack of long-term
testing, and lack of controls. The authors conclude
that short-term exposure via inhalation of CNF has
similar effects as poorly-soluble low toxicity (PSLT)
particles, and that neither CNC nor CNF appear to
conform to the fiber paradigm. However, long-term,
low dose exposure studies were again identified as
a major data gap.

Most recently, �Coli�c, Tomi�c, and Beki�c (2020)
reviewed knowledge on the immune system’s
response to nanocellulose, with particular focus on
macrophages and dendritic cells. The study shows
that through surface modifications, the pro-inflam-
matory response of NC can be reduced and even
become anti-inflammatory. The authors highlight
the value this may hold to medical applications of
NC, such as wound healing, as well as the need for
further immunological studies and 3D model sys-
tems in vitro.
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The overarching conclusions of these reviews are
that uncertainties are still present, preventing a
straightforward judgment to be made regarding
health and safety issues surrounding NC. However,
from these reviews it is difficult to judge what
exactly has or has not been assessed. The aim of
this paper is to clarify the current state of know-
ledge on the potential hazard of NC. By doing so,
it will be easier to target research needs of
toxicological studies with adequate quality and to
understand the current state of knowledge for deci-
sion-making in material and product innovation.
Through the quantification of what has been done
in the literature in terms of endpoints, material
characteristics, and testing models, we are able to
map existing knowledge gaps. To do so, data from
various toxicity endpoints, cell lines, concentration
ranges and sizes of tested NC was systematically
gathered and quantitatively analyzed.

Literature review

Using the Web of Science database in February
2019, we identified 60 studies with the keywords:
Nanocellulose OR ‘Cellulose nano�’ AND Toxicity OR
Genotoxicity OR Inflammation OR ‘Oxidative stress’
OR ‘Reproduct�’ OR ‘in vivo.’ From these, 38 were
selected as relevant research studies, i.e. peer
reviewed studies that investigated the human
health effects of NC. We collected information
regarding the physicochemical characteristics of the
investigated nanomaterials, cellulose source, surface
modification, the employed testing methods and
models, the exposure routes when applicable, and
the tested dose/concentrations ranges.

In order to have an overview of the quality of
the identified studies, we selected 8 criteria from
the Literature Criteria Checklist developed within
the Data and knowledge on Nanomaterials (DaNa)
project (DaNa 2016), as well as crystallinity of CNC.
From the Literature Criteria Checklist, only the crite-
ria judged as most relevant for the intended pur-
pose of this paper and the nanomaterial at hand
were selected (Schmutz et al. 2017); our aim was to
gain an overall view of the quality of the existing
studies (Table 1).

Although all studies reported on concentration
and most studies on particle length (90% of stud-
ies), shape (87%), test medium (90%), negative

controls (90%), and positive control (64%), other cri-
teria were far less frequently discussed. Impurities,
crystallinity of CNC, and check for interferences
were reported for less than half of the studies at
hand. The two most extensive and comprehensive
studies reported 9 of the 11 selected criteria (Ong
et al. 2017; Ilves et al. 2018), and the median was 6
out of 11 criteria (see Supplementary material
Table S1).

Overview of nanocellulose hazard potential

In order to provide a quantitative visual overview of
the current state of knowledge regarding the haz-
ard potential of NC and to identify trends or incon-
sistencies in study findings and potential gaps, the
38 studies were analyzed by investigating what
endpoints have been looked at. Figure 1 summa-
rizes the hazard potential of materials tested in vivo
and in vitro according to various toxicity endpoints.
These endpoints were selected as they are the ones
needed to assess human health risks (Jesus et al.
2019). To be as detailed as possible, each count in
Figure 1 represents a single material (i.e. with a spe-
cific physicochemical property). Studies can there-
fore find themselves in more than one box, if
multiple materials or endpoints were investigated.
In the Supplementary material, Figure S1 details the
number of studies having looked at each of these
endpoints, and the detailed list of the 38 reviewed
studies can be found in Supplementary Table S2. In
the next sections, we look in further detail at the
hazards described in Figure 1.

In vivo research

While the majority of studies are in vitro, few in vivo
studies have been performed. Three studies were

Table 1. Share of studies fulfilling certain quality criteria
selected or adapted from the Literature Criteria Checklist
developed in the Data and knowledge on Nanomaterials
(DaNa) project. Number of studies: n¼ 38.
Quality criteria %

Impurities 18
Particle length 90
Particle shape 87
Crystallinity (only for CNC, n¼ 20) 17
Test medium 90
Tested concentrations 100
Positive control 64
Negative control 90
Check for interferences 18
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identified that conducted in vivo acute testing of
CNC via pulmonary exposure. The first, looking at
the pulmonary toxicity of two CNC materials (in gel
form and as a powder) derived from wood pulp
and administered by pharyngeal aspiration to mice
showed significant variations in oxidative stress, tis-
sue damage, and inflammatory response depending
on the material 24 h after exposure (Yanamala et al.
2014). Both tested materials were found to cause a
more severe acute inflammatory response in lungs
than asbestos (concentration range of 50–200 mg/
mouse), with the CNC gel exhibiting the greatest

effect on the test mice. Pulmonary damage, meas-
ured by increased LDH activity in BAL, was also
observed for both materials. On the other hand, in
the second study, no inflammatory response nor
pulmonary damage was observed while testing
both CNC and CNF, also administered by pharyn-
geal aspiration, at concentrations of 40 and 80 mg/
mouse (Park et al. 2018). Although the materials
persisted in the lungs 14 days post-exposure and
showed signs of inducing an inflammatory
response, neither of the tested materials behaved
as ‘asbestos-like’ materials. The third study, using a

Figure 1. Systematic review of toxicity results of CNC and CNF. The length of the bars refers to the number of investigated mate-
rials (i.e. each with specific physicochemical properties) per endpoint, represented in terms of observed effect. As certain studies
looked at multiple materials, a similar table relating to the number of studies having been conducted per endpoint can be found
in the Supplementary material Figure S1.
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wood-derived CNC, looked at acute inhalation tox-
icity in rodents and found the LD50 to be greater
than 26 mg/L, as well as at genotoxicity by perform-
ing an in vivo erythrocyte micronucleus test on
mice, where no adverse effects were observed
(O’Connor, Berry, and Goguen 2014).

Eight materials from four studies were identified
regarding pulmonary exposure of CNF, of which the
study by Park et al. (2018) mentioned above where
no adverse effects were observed. The studies by
Hadrup et al. (2019) and Ilves et al. (2018) show
consistencies and share overlaps. With regard to
the investigated materials, both looked at non-func-
tionalized and carboxylated CNF from wood-based
pulp. However, Hadrup et al. (2019) reported
greater inflammation than the study by Ilves et al.
(2018) for the same materials. Hadrup et al. (2019)
found that testing the pulmonary effects of two
CNF materials (non-functionalized and carboxylated)
administered by intratracheal instillation in mice eli-
cited an inflammatory and acute phase response,
leading the lowest tested dose (0.3mg/kg by body-
weight) to be suggested as lowest observed
adverse effect level (LOAEL) value for the tested
materials. While no significant genotoxicity was
observed for the non-functionalized CNF, the car-
boxylated material induced increased DNA damage
in BAL. The authors further demonstrated pulmon-
ary presence of both materials 28 days post-expos-
ure. Ilves et al. (2018) looked at four CNF materials
(two non-functionalized, carboxymethylated and
carboxylated) administered via oropharyngeal aspir-
ation, and found that they persisted in the mice for
at least a month. However, the effects were signifi-
cantly less severe than those due to rigid multi-
walled carbon nanotubes (CNT), to which the
results were compared. The authors also found sig-
nificant influx of neutrophils into BAL after 24 h for
all materials. While Hadrup et al. (2019) used intra-
tracheal instillation, Ilves et al. (2018) used aspir-
ation, put forward as an explanation to the
observed differences in inflammatory response
between the studies. The viscosity of CNF means
that a larger fraction of material may be blown into
the lung and lower airways by intratracheal instilla-
tion than with aspiration, where the material is
dosed on the back of the tongue and where the
inhalation itself drags the material down the lung.
Both studies observed significant toxicity at all

tested concentrations (6 and 18lg/mouse, and 10
and 40 mg/mouse, respectively), and observed that
carboxylation lowered toxicity. Lastly regarding pul-
monary exposure, Catal�an et al. (2017) found dose
depended genotoxicity looking at CNF from spruce
sulfite dissolving pulp administered by pharyngeal
aspiration, with a significant increase in percentage
of DNA tail in murine lung cells at the two lowest
doses (range 10–200 mg/mouse). The authors further
observed an acute inflammatory response 24 h post
exposure, as well as a dose-dependent accumula-
tion of CNF in the bronchi and alveoli.

Two studies were identified regarding repeated-
dose via pulmonary exposure. Shvedova et al.
(2015) found that CNC administered to male and
female mice by pharyngeal aspiration twice a week
over three weeks led to chronic pulmonary inflam-
mation and damage, oxidative stress, and abnormal
histology of conductive and respiratory airways. The
second study, by Farcas et al. (2017), looked at the
effect of long-term exposure of CNC on the repro-
ductive system of mice. Three months after expos-
ure via aspiration to a cumulative dose of 240 mg/
mouse administered over three weeks (40mg/
mouse/day), results showed DNA damage to sperm,
testicular and epididymal oxidative stress, patho-
logic abnormalities of testes and inflammatory
response, and significant reproductive toxicity. No
repeated-dose studies via pulmonary exposure were
identified for CNF.

The materials having been tested with regard to
exposure via ingestion, dermal contact, and ocular
contact come from two studies. O’Connor, Berry,
and Goguen (2014) looked at acute and repeated
dose oral toxicity as well as skin sensitization of
CNC. The authors found no significant effect for any
tested concentrations and endpoints. The NOEL was
found to be greater than 2000mg/kg bodyweight/
day for the repeated oral dose, and as no effect
was observed from the single dose ingestion, the
authors hypothesize that the LD50 is also greater
than 2000mg/kg bodyweight/day. Ong et al. (2017)
also looked at acute oral toxicity and skin irritation,
as well as eye irritation after exposure to lignin-
coated CNC and CNF. The authors did not observe
any significant effects for any of the endpoints and
materials. Although the three endpoints from these
studies did not show signs of toxicity, firm conclu-
sions cannot be made considering this small study
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number. The same can be said regarding other
in vivo endpoints, with very few studies having
looked at dermal and ocular contact and injection.

In vitro research

In this section we look in more detail at the results
of the in vitro endpoints and the reasons why: cer-
tain materials may have exhibited a significant
effect while others did not for the same endpoint.
This is the case for cytotoxicity, oxidative stress,
inflammation of both CNC and CNF, as well as for
genotoxicity of CNF (Figure 1). However, this infor-
mation deserves further analysis as the results are
dependent on the model system, concentration
ranges tested, assay duration and physicochemical
properties of the materials (Jesus et al. 2019).
Below, we present these diverging studies in more
detail, specifically focusing on genotoxicity, oxida-
tive stress and inflammation. The cytotoxicity results
will be analyzed in more depth later on.

Genotoxicity
Regarding CNC, two studies looking at genotoxicity
were identified, both having found no significant
effects. Looking at cotton-derived CNC, Catal�an
et al. (2015) found no significant genotoxicity in
human bronchial epithelial cells using the micronu-
cleus assay to assess chromosomal damage at doses
ranging from 2.5 to 100mg/mL. In the second study,
O’Connor, Berry, and Goguen (2014) observed no
signs of genotoxicity using the in vitro mammalian
chromosome aberration test in cultured Chinese
hamster ovary cell lines (800, 2000, and
5000 mg/mL).

The ambiguous results from the genotoxicity
endpoint regarding CNF warrant further investiga-
tion, as this would give information regarding long-
term risks of NC. Three studies relating to in vitro
genotoxicity of CNF were identified. Results from
the study by Pitk€anen et al. (2014) showed no gen-
otoxic effect of CNF on Salmonella typhimurium
using the bacterial reversion assay at concentration
ranges of 19–300 mg/mL, and controls performing
as expected. However, the authors point out that
follow up genotoxicity testing to this first screening
is needed for the studied materials. Looking at five
CNF materials from various sources, de Lima et al.
(2012) found two of them (brown cotton and

curaua (Ananas erectifolius)) to be significantly gen-
otoxic at all tested concentrations (0.01, 0.1 and
1%) in lymphocytes, while the other three (white,
ruby, and green cotton) were not, using the Comet
assay. The study also looked at plant cells using the
Allium cepa assay, with results showing greater gen-
otoxic effect to be tied to green, white and brown
cotton and curaua. Ruby cotton was the only CNF
source that did not induce any significant DNA
breaks in either cell types. Similarly, Ventura et al.
(2018) assessed genotoxicity using the Comet and
Micronucleus assays in a co-culture of A549 cells
(adenocarcinomic human alveolar basal epithelial)
and THP-1 macrophages. A genotoxic effect was
observed from the Comet assay results at the high-
est tested concentration (range 1.5–25 mg/cm2),
although DNA damage was low, as was the case for
de Lima et al. (2012). The micronucleus assay
showed a significant increase in the frequency of
micro nucleated binucleated cells at the two lowest
concentrations, warranting further investigation.
Parameters explaining these varying results could
be for example the physicochemical properties of
each of the tested materials. However, tested con-
centrations did not appear to be a good indicator
of whether genotoxicity was or was not observed
(see Supplementary material Table S2 for tested
concentrations).

Oxidative stress
Diverging results are also apparent with regard to
oxidative stress and inflammation. Two CNC materi-
als tested on A549 cells, varying in terms of cellu-
lose source (cotton and tunicates) and
physicochemical properties (aspect ratio, zeta
potential, stiffness, surface charge), showed no signs
of oxidative stress through the assessment of GHS
levels (Endes et al. 2014). Menas et al. (2017) tested
multiple CNC and CNF materials varying in terms of
their synthesis and physicochemical properties
(length, structure, polydispersity index), also on
A549 cells. All materials except a CNC produced by
acid hydrolysis exhibited signs of oxidative stress
and inflammation after 72 h, through the assess-
ment of GHS and SH levels and release of cyto-
kines/chemokines, respectively. The study concludes
that predicting NC toxicity requires a concerted
approach where physicochemical properties are
known and target endpoints selected to allow for
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correlating physico-chemical properties to biological
outcomes, going beyond classical assays. Looking at
CNF from spruce, �Coli�c et al. (2015) did not observe
signs of oxidative stress in murine fibroblasts at any
of the six tested concentrations (31.25 mg/mL-
1000mg/mL).

Inflammation
As for oxidative stress, Endes et al. (2015) did not
observe any signs of inflammatory response at any
of the tested concentrations of the two CNC materi-
als using a 3D multi-cellular model of the human
epithelial airway barrier at the air liquid interface.
Neither did Catal�an et al. (2015) when looking at
CNC from cotton in human monocyte-derived mac-
rophages. Menas et al. (2017) however did find that
CNC induced a significant inflammatory response in
A549 cells, greater than the two CNF materials also
investigated in the study. Also using A549 cells as
test systems, Ventura et al. (2018) similarly did not
observe any inflammatory response tied to TEMPO-
mediated CNF. In a study interested in safety sur-
rounding friction grinding and spray drying of CNF,
no inflammatory effects on human peripheral blood
mononuclear cells (PBMCs) and murine macro-
phages (RAW 264.7) were observed (Vartiainen et al.
2011). CNF is also receiving a lot of interest from
the medical field. A wood-derived CNF was found
to be attractive for biomedical applications as it did
not induce an inflammatory response in peripheral
blood mononuclear cells (�Coli�c et al. 2015). Another
study found TEMPO-mediated CNF to show promise
as wound dressing material, with no observed
increased secretion of inflammatory cytokines in
human epidermal keratinocytes (Nordli et al. 2016).

A number of comparative studies have been con-
ducted regarding the inflammatory effect of CNF.
One study looking at the effects of CNF derived
from cotton, CNT, and crocidolite asbestos fibers
(CAFs) on a human 3D lung cell coculture model
showed that although CNF did lead to a dose
dependent toxicity and induce an inflammatory
response, these were significantly lower than those
seen by CNT and CAFs (Clift et al. 2011). The
authors highlight the issues tied to the use of
monocultures for hazard screening. The study by
Lopes et al. (2017) found that although a pro-
inflammatory response was observed for an
unmodified CNF on human monocytic cells, this

effect was not apparent from the two modified
materials (carboxymethylated, and 2,3-epoxypropyl
trimethyl ammonium chloride (EPTMAC)
quaternized).The authors concluded that inflamma-
tion may be driven by the surface chemistry of the
materials. A similar conclusion was reached regard-
ing the study by Ilves et al. (2018) looking at four
CNF materials, with the two non-surface modified
materials showing greater inflammatory potential
compared to the other three materials (carboxyme-
thylated and carboxylated). An inflammatory
response was observed on human monocytic cells
(THP-1) for the non-functionalized materials, and
milder signs for the two modified CNFs. The authors
hypothesize that the difference in results between
the two unmodified CNFs could be due to the neu-
tral zeta potential of the material showing no nega-
tive effects, potentially causing less inflammatory
response. Lastly, in an extensive study performing
cytokine profiling of 19 engineered nanomaterials
(ENMs), the four investigated CNF materials were
found to be nontoxic at concentrations up to
100 mg/mL (Bhattacharya et al. 2017). However, all
four induced an inflammatory response at sub-cyto-
toxic doses.

This overview highlights the complexity and
ambiguity surrounding results from the literature
when considering them as a whole. The small num-
ber of studies is clearly an issue, preventing any
straightforward conclusions to be made at this
point. In the next section, we try to further disen-
tangle the studies to gain further insights into what
has been done and still needs doing.

Fiber paradigm

In order to deepen the analysis, the lengths of the
NC materials were compiled to see whether this
material property could be linked to cytotoxicity
(Figure 2). Cytotoxicity was selected as it is the end-
point having the largest number of data points.

Due to the high aspect ratio of many NC materi-
als, there have been discussions about the possibil-
ity of the fiber paradigm coming into play. Length,
rigidity, dose and biopersistence determine a fiber’s
pathogenicity. Phagocytosis or encapsulation of
fibers by macrophages is not possible when fibers
are longer than about 10 mm and show relatively
high stiffness (Donaldson et al. 2010). From Figure 2
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we see that length alone is not an accurate pre-
dictor of toxicity, as certain long CNFs showed no
signs of toxicity whereas other longer ones did, and
vice versa. While CNFs are flexible and often inter-
twined, CNCs are more rigid and rod-like, with a
Young’s modulus ranging between 50 and 143GPa
(Hoeng, Denneulin, and Bras 2016, Voisin et al.

2017). In comparison, the Young’s modulus of sin-
gle walled carbon nanotubes (SWCNTs) range
between 320 and 1470GPa, and multi-walled car-
bon nanotubes (MWCNTs) between 270 and
950GPa (Voisin et al. 2017). The biopersistence of
NC is still unclear, but it is likely that these particles
reside for long periods of time, similarly to bulk cel-
lulose (Shatkin and Kim 2015). Ilves et al. (2018) and
Hadrup et al. (2019) both found that CNFs were still
present in the lungs of mice one month post-expos-
ure via oropharyngeal aspiration and intratracheal
instillation, respectively. Park et al. (2018) also found
that both CNC and CNF were still present in the
lungs 14 days post-exposure, also via oropharyn-
geal aspiration.

In the collated studies of this paper, no CNC
materials were above the fiber paradigm’s length
threshold of >5mm (Donaldson et al. 2010).
Nevertheless, the possibility remains that certain
fibers do meet this criterion. Considering the rigid
nature of these materials, there is therefore a need
for further studies looking into the possibility of
CNC and the fiber paradigm (Camarero-Espinosa
et al. 2016). Based on Figure 1, in vivo studies via
pulmonary exposure should be a focus, as certain
studies observed significant effects. Thorough ana-
lysis of material properties in correlation to specific
lung injuries is also advisable.Figure 2. Observed cytotoxicity effect as a function of length

of 42 tested CNC materials and 18 CNF. The dashed line at
5mm in the CNF plot refers to the lower length threshold for
materials to fit the fiber paradigm (Donaldson et al. 2010).

Figure 3. Number of materials studied for cytotoxicity with effect/no effect as affected by maximum tested concentrations. For
example, four CNC materials having shown an effect have been tested in concentrations ranging from 0 to 249mg/mL, the highest
tested concentration for these studies. For comparative reasons, studies reporting concentrations in mg/cm2 were not included.
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Ranges of tested concentrations and their
toxicity effect

In Figures 3 and 4, we sorted the collated studies
looking at cytotoxicity and inflammation in vitro
(the two most reported in vitro endpoints) based
on maximum tested concentrations. We did not do
so for the six CNC materials under in vitro inflam-
mation (Figure 1), as the material and methods sec-
tions of the respective papers did not allow for
comparability due to the units used (e.g. mg/cm2,
mg/mL). It should be noted that all tested cell lines
and assays were pooled together in creating these
graphs. Certain cell lines are likely more sensitive
than others, as well as there being differences in
the physicochemical properties of the materials
under consideration. These graphs should therefore
be taken as an overview of what has been done,
and not be overly interpreted.

Four CNC materials having caused significant
cytotoxic effects (Figure 3) were from a study look-
ing at the effect of surface coatings of CNC on
mammalian cell lines (mouse macrophages
(J774A.1) and human breast adenocarcinoma cells
(MCF-7) (Jimenez et al. 2017). Five materials were
tested by MTT and Lactate Dehydrogenase (LDH)
assays, including four CNCs with coatings (amino
functionalized, b-cyclodextrin coating, poly(N-iso-
propylacrylamide) (NIPAAm) coating, and poly(N-3-
aminopropyl) methacrylamide (APMA) coating). At
24 h only the two highest concentrations induced a

marginal effect, but only in J774A.1 cells and only
three of the materials (poly(NIPAAm), amino func-
tionalized, and poly(APMA)). In MCF-7 cells, two of
the materials induced an increase in cell viability at
higher concentrations. However, these effects did
not seem to be dose-dependent. After 48 h, all
materials induced a marginal reduction in cell via-
bility in J774A.1 cells, not dose-dependent.
However, only amino functionalized CNCs induced
cytotoxicity in MCF-7 cells, although also not dose-
dependent. All materials induced a marginal dose-
dependent LDH release in J774A.1 cells. There did
not seem to be a correlation between these
observed time-dependent effects and anionic or
cationic surface coatings. The authors conclude that
there is a need for long-term studies looking at the
effect of functionalization on immunogenicity and
cytotoxicity. Hanif et al. (2014) did not observe sig-
nificant cytotoxic effect from four CNC materials at
concentrations below 250 mg/mL, with a maximum
tested concentration of 1000 mg/mL. Many CNC
materials were tested at high concentrations with-
out an effect being observed, while fewer studies
tested very high concentrations (�1000 mg/mL) for
CNF. Cytotoxic effects were nevertheless observed
in certain studies looking at CNF materials. In one,
CNF showed a slight cytotoxic effect on human cer-
vical cancer cells (HeLa229) at 24 h at the highest
concentration tested (240 mg/mL) but no genotoxic
effects (Pitk€anen et al. 2014). Cytotoxicity was

Figure 4. Number of CNF materials studied for inflammatory response in vitro with effect/no effect as affected by maximum
tested concentrations. For comparative reasons, studies reporting concentrations in mg/cm2 were not included.
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assessed by highest tolerated dose (HTD) and total
protein content (TPC), both at 24 h and 72 h. In
another study having found a toxic effect (Clift
et al. 2011), the authors used the LDH assay and a
3D human lung cell coculture and a concentration
range of 5–30 mg/mL. Cytotoxic effects were also eli-
cited by CNF in a study at concentrations between
200 and 5000 mg/mL (total range: 0.02–5000 mg/mL),
observed through flow cytometer assay on bovine
fibroblasts (Pereira et al. 2013). It should be noted
that this dose range is very high and unlikely to
occur in an occupational setting, as low-level, long-
term exposure are the most likely conditions
(Shatkin and Kim 2015). Furthermore, the authors
do not seem to have tested for impurities or inter-
ferences. �Coli�c et al. (2015) also tested a high con-
centration (1000 lg/mL) that may have led to
interferences with the assay system, however the
authors did not observes any cytotoxic effects to
L929 cells nor inflammatory response to human
peripheral blood mononuclear cells (PBMNCs). Ilves
et al. (2018) found one of the non-modified CNF
materials to reduce cell viability, while no cytotox-
icity was observed from the three other materials
tested on human monocytic cells (THP-1) at a max-
imum concentration of 100 mg/mL. The authors fur-
ther looked at inflammation in vitro on this same
cell line, and also found only this same non-modi-
fied material to induce an inflammatory response.

Most of the CNF materials that induced an
inflammatory effect in vitro were in the lowest con-
centration range (Figure 4): Also testing on human
monocytic cells, Bhattacharya et al. (2017) found
that three of the four tested CNF materials at a
maximum concentration of 25mg/mL induced a
pro-inflammatory response, but no significant cyto-
toxicity. The authors hypothesize that this may be
due to the ‘deactivation of nuclear receptor path-
ways.’ Testing at a maximum of 30 mg/mL, Clift
et al. (2011) also observed a pro-inflammatory
response in a 3D human lung cell coculture,
although far less than the responses observed from
multi-walled carbon nanotubes or crocidolite asbes-
tos fibers. Unmodified CNF was also found to be
the only one out of three tested materials to induce
a significant inflammatory effect on human mono-
cytic cell lines (Lopes et al. 2017). The tested range
was the highest of the reviewed studies that
showed an effect, being between 50 and
500 lg/mL.

Regarding studies looking at inflammation
in vivo, Figure 5 shows the fold increase of neutro-
phils in BAL as a function of concentration. The
three CNC materials experienced relatively low fold
change, with the maximum being a 3.2 fold
increase compared to the control at 200 mg/mouse
(Yanamala et al. 2014). Neutrophils increased far
more with CNF materials. The maximum fold

Figure 5. Fold increase of neutrophils in BAL as a function of tested concentrations of five in vivo studies looking at the inflam-
matory response of eight CNF materials (green) and three CNC (orange). Shapes of markers refer to specific materials.
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increase can be seen in the linear dose-dependent
increase resulting in the 75 fold increase at 200 mg/
mouse observed by Catal�an et al. (2017), using a
biocide control (Busan 1009 diluted in phosphate
buffered saline). The other CNF materials testing
less high concentrations all also induced a dose-
dependent increases of neutrophils in BAL.

In Table 2, the various surface functionalizations
used in the compiled studies looking at cytotoxicity
and inflammation (in vitro and in vivo) are listed.
Not many studies were identified, and the results
from those that were highlight the need for further

investigation into the effect of these surface coat-
ings on toxicity and pro-inflammatory responses. In
the investigation of the cytotoxicity of four CNF
materials on human monocytic cells (THP-1), with
concentrations ranging from 1 to 100 mg mL�1, only
an unmodified material led to significant dose-
dependent toxicity (Ilves et al. 2018), in contrast to
the study on CNC discussed above, where only the
modified CNC caused effects (Jimenez et al. 2017).
Coating of CNC with sulfate groups and phenyl sul-
fonates was found to be a good way to control the
antiviral activity of CNC (Zoppe et al. 2014). Also

Table 2. Types of Functionalization used in various studies looking at the cytotoxicity and inflammation of NC. The color and
shade of the cells represent whether or not a significant effect was observed and the maximum tested concentration, respect-
ively. For ease of comparison, studies reporting concentrations in mg/cm2 were not included.
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regarding the use of CNC for medical purposes, no
toxicity to human brain microvascular endothelial
cells (HBMECs) from aminated CNC has been found,
making it a good candidate for the targeted deliv-
ery of therapeutics (Roman et al. 2009). Neither the
aldehyde-modified CNC nor the Rhodamine B iso-
thiocyanate-modified CNC showed significant cyto-
toxicity (Mahmoud et al. 2010, Yang et al. 2013).

Certain studies did however see a cytotoxic effect
from functionalization: one study looked at three
types of CNFs, namely without surface modification,
carboxymethylated, and 2,3-epoxypropyltrimethy-
lammonium chloride (EPTMAC) quaternized and
found a pro-inflammatory effect on THP-1 cells only
from the unmodified CNF (Lopes et al. 2017).
Similarly, two unmodified CNFs led to greater pro-
inflammatory response than the carboxymethylated
and carboxylated CNFs, also tested on THP-1 cells
(Ilves et al. 2018).

Regarding surface modification and inflammation
in vivo, only the studies by Ilves et al. (2018) and
Hadrup et al. (2019) investigated a same

functionalization, namely carboxylation. Although
Hadrup et al. (2019) observed a significant pro-
inflammatory response from this material, this
response was lower than for the other investigated
materials. Ilves et al. (2018) found that the carboxy-
lated material was the only one not to elevate the
expression of cytokine IL-13. Overall, both studies
found that carboxylation lowered toxicity. Looking
at inflammation in vitro, Lopes et al. (2017) found
that carboxymethylation and EPTMAC quaterniza-
tion lowered the inflammatory response compared
to non-functionalized CNF.

Another factor playing a role in the observed
effects of NC is the source of cellulose. Different
sources will yield NC with various physicochemical
properties, as well as impurities from previous proc-
essing (Roman 2015). The majority of studies used
NC extracted from wood pulp, where pulping may
result in certain traces of chemicals remaining.
Cotton is also often used, and the same issue
applies. The variety of cellulose sources and the
observed effects regarding cytotoxicity and inflam-
mation are presented in Table S3 in the
Supplementary material.

The link between concentration and toxicity or
inflammatory response is not straightforward. Since
we summarized results from very different materials
(in terms of NC source, physicochemical properties,
etc.), assessed in different cell types/model systems
and exposed for different time periods, such a
‘putative discrepancy’ can be explained.
Furthermore, inflammation also largely depends on
endotoxin (Dobrovolskaia, Shurin, and Shvedova
2016; Li, Fujita, and Boraschi 2017), and as shown in
Table 1, only 18% of studies tested for contamin-
ation, making it tricky for conclusions to be made.
Counterintuitively, some of the highest tested con-
centrations for cytotoxicity of CNC showed no sig-
nificant toxicity, whereas a small number of
materials showed toxicity in the lowest concentra-
tion range tested (Figure 3). All of the studies falling
in these categories had negative controls, although
not all positive controls. No commonalities were
identified between these materials to explain these
results. Similarly, regarding in vitro inflammation,
certain of the lowest tested concentrations induced
an inflammatory response whereas the highest
tested concentrations showed none (Figure 4). The
three studies responsible for these most extreme

Figure 6. Sensitivity of various cell lines to CNC (top) and CNF
(bottom). Multiple points for the same cell line (e.g. THP.1)
represent different tested concentrations and NOAEL values.
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results all had both positive and negative controls,
although did not always control for interferences
(Clift et al. 2011; �Coli�c et al. 2015; Bhattacharya
et al. 2017). These low concentrations having
induced an effect highlight the need for long-term
studies using realistic exposure concentrations to
be used for risk assessments.

Sensitivity of cell lines

In addition to considering all different cell lines in
in vitro tests without any distinction, we looked at
toxicity relating to specific cell lines used in the
context of cytotoxicity to identify whether any pat-
terns emerged. Different cell lines used could
explain differences in study results, as various cell
lines are more or less sensitive. We identified 16
cell lines having been tested against CNC, and 13
for CNF (Figure 6), from 22 studies. Data from 50
CNC and 45 CNF materials are shown. In the
Supplementary material further explanation on the
cell lines is given. To visualize the data, we
employed a similar method as the probabilistic spe-
cies sensitivity distribution (PSSD) used in ecotoxi-
cology (Hauser, Li, and Nowack 2019; Wigger et al.
2020). PSSD curves represent the cumulative sensi-
tivity of species to a substance within an environ-
mental compartment. A Predicted No Effect
Concentration (PNEC) is then derived from the HC5
(hazardous concentration for less than 5% of spe-
cies) (European Chemicals Agency 2008). In our
case, we replaced the species by cell lines (Bilal
et al. 2019), to create a probabilistic cell sensitivity
distribution (PCSD). Our goal was purely data visual-
ization, and we did not extract a PNEC value from
the resulting curve.

In order to explore whether any patterns exist
regarding the cell lines and concentrations tested
under the experimental conditions, we extracted
endpoints from the compiled studies. These were
either Lowest Observed Adverse Effect Level
(LOAEL) values or, most frequently, Highest No-
Effect Concentration (HNEC) values, when no signifi-
cant toxicity was observed even for the highest
tested concentration. We converted these LOAEL or
HNEC values to No Observed Adverse Effect Level
(NOAEL) values by using a dose-effect assessment
factor (AFe) (European Chemicals Agency 2017). We
applied an AFe of 2 for LOAEL values, and 1 for

HNEC values. As no chronic studies were identified,
we did not apply any acute-to chronic ratio. This
PCSD allows for a visual representation of the sensi-
tivity of the materials tested under their specific
testing conditions. For example, regarding CNF, we
see that considering the specific study conditions,
16HBE14o- cells are the most sensitive as their
mean NOAEL value is the lowest, while the L929
cells are the least sensitive, having the highest
NOAEL mean value. L929 cells are also the least
sensitive for CNC under the respective study condi-
tions, and J774A.1 cells the most. Although general-
izations cannot be made from these results, Figure
6 gives an overview of what cell lines have been
tested with regard to each material, and Table S4 in
the Supplementary material gives more detail
regarding each cell line. Most cell lines are from
humans and mice. For both CNF and CNC, mouse
fibroblasts L929 seem to be least affected compared
to the other tested cell lines and within the tested
conditions. For CNF, monocyte-derived macrophage
(MDM) and monocyte-derived dendritic cell
(MDDC), both immune cells, were among the most
highly affected. Considering the sensitivity of these
cell lines, it would be worthwhile to increase the
pool of studies relating to the immunotoxicity of
NC. Regarding CNF, the human bronchial epithelial
cell (16HBE14o-) also appeared amongst the most
sensitive cell line (same value as for MDDC and
MDM). This is in line with the results found in vivo
(Figure 1), where studies looking at pulmonary
exposure observed significant effects on various
endpoints. 16HBE14o- should thus be considered
and examined in more detail as a predictive in vitro
model for pulmonary toxicity. There does not
appear to be a pattern regarding tested species,
with human and mouse cell lines being dispersed
across both CNC and CNF PCSD curves. The results
from Figure 6 should be interpreted with caution,
as the testing conditions were different for all mate-
rials. Data quality is also an issue, and the resulting
curve would likely be different if we had EC50 val-
ues rather than LOAEL and HNEC values.
Interactions between the immune system and nano-
materials are highly relevant for toxicology studies
(Jesus et al. 2019) and particle induced inflamma-
tion remains one of the most studied endpoints in
nanotoxicology, as well as being very relevant for
nanomedicine. Considering NC, relatively few
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studies on its pulmonary effects have been con-
ducted, particularly regarding CNC (Figure 1), and
more studies would be needed to fill this gap.

Outlook and conclusion

Considering the interest that NC is receiving from
research and industry, as well as the number of
novel applications rapidly being developed, it is cru-
cial that in-depth risk analyses are performed to
ensure that all safety aspects have been considered
before commercialization. In Table 3, we present
some of the most relevant research needs based on
the literature analyses conducted in this review.
This list of five research needs is by no means
exhaustive, but rather represents the areas where
the largest knowledge gaps remain.

This review shows that up until now, few studies
have been carried out regarding the hazards of NC
to human health, and that there is room for
improvement regarding the quality of those identi-
fied. Many study results are not comparable as dif-
ferent assays have been used and the
physicochemical properties of the tested materials
impact study outcomes, an issue affecting all ENMs.
For certain endpoints study findings are ambiguous,
for example in the case of in vitro studies looking at
inflammation, cytotoxicity, oxidative stress, and geno-
toxicity. This can likely be attributed to a multitude
of factors including variations in performed experi-
ments and investigated materials, testing method,
experimental model, dose/concentration range, cell
type, exposure duration, and the physicochemical
properties of the investigated NC (e.g. cellulose
source, length, surface modification, crystallinity,
etc.). The effect of various surface modifications also
deserves further research. The relation between func-
tionalization and toxicity is currently not straightfor-
ward, with studies having tested different types of
surface modifications showed diverging results.

Further investigations about the materials’ surface
properties would therefore be useful.

This review also highlights that inhalation of
nanocellulose may cause adverse effects to human
health. However, the scarcity of studies means that
these effects are not yet fully understood or conclu-
sive. Furthermore, little is known about the bioper-
sistence of NC. More research needs to be done to
ensure that NC is not affected by the fiber para-
digm. Low dose, long-term studies looking at pul-
monary exposure are still needed to fill this gap.
Only one in vivo study performed a whole animal
inhalation test, with all others having used installa-
tion or pharyngeal aspiration as exposure route.
Occupational exposure to airborne NC during raw
materials processing and manufacturing phase likely
pose the greatest risk, and appropriate measures
should be taken to ensure safe working conditions.
Although few in numbers, none of the studies look-
ing at the toxicity of NC via dermal contact have
shown any cause for concern. The scenarios relating
to dermal exposure pathways therefore probably do
not pose a great risk within the occupational set-
ting. The interest NC is generating for wound dress-
ing may however call for more in-depth studies
looking at the long-term impacts of NC on skin and
especially on open wounds. Furthermore, the sensi-
tivity of certain tested immune cells calls attention
to the need for further studies looking at inflamma-
tion. Particularly when considering the fiber para-
digm, as inflammation, as a mechanism of immune
defense (Jesus et al. 2019) plays a role in the forma-
tion of mesothelioma, this endpoint remains key to
ensuring the safe production and use of NC.

Our study aimed to establish patterns regarding
these various factors and hazard to human health.
The analyses performed regarding existing studies
allowed for more detail regarding the current state
of knowledge to be established, and thereby forms
a clearer picture of future research needs. Not only

Table 3. Relevant identified research needs.
Identified research needs Materials Justification

Pulmonary exposure, particularly repeated dose CNC, CNF Effects observed in the few studies having been conducted;
Lack of low dose, long-term studies

Biopersistence CNC, CNF Lack of studies
Exposure via dermal contact CNC, CNF Lack of long-term studies (relevant considering use of NC for wound dressing)
Inflammation as a mechanism of immune

defence
CNC, CNF Sensitivity of certain immune cells observed in the few studies having been conducted;

High relevance of in vivo pulmonary effects of nanomaterials in general

Effects of surface modification CNC, CNF Lack of long-term studies;
Inconsistent inter-study findings
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more, but also better quality studies are still needed
to fully understand the effects of NC in its various
forms on human health. Considering the results
from the quality assessment, using many of these
study results for a risk assessment would likely be
unsuitable. Checking for interferences and impur-
ities was only done by a small share of the studies,
and the lack of positive controls in many should
also be considered. More rigorous physicochemical
characterizations are needed, as well as more realis-
tic exposure dose, chronic, repeated exposure stud-
ies, all with appropriate controls. At this point in
time, more studies–and importantly of good quali-
ty–are required before being able to come to any
firm conclusions regarding the safety of NC.
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