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Abstract

Nanocelluloses have good rheological properties that facilitate the extrusion of nanocellulose gels in
micro-extrusion systems. It is considered a highly relevant characteristic that makes it possible to use
nanocellulose as an ink component for 3D bioprinting purposes. The nanocelluloses assessed in this
book chapter include wood nanocellulose (WNC), bacterial nanocellulose (BNC), and tunicate
nanocellulose (TNC), which are often assumed to be non-toxic. Depending on various chemical and
mechanical processes, both cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC) can be
obtained from the three mentioned nanocelluloses (WNC, BNC, and TNC). Pre/post-treatment
processes (chemical and mechanical) cause modifications regarding surface chemistry and nano-
morphology. Hence, it is essential to understand whether physicochemical properties may affect the
toxicological profile of nanocelluloses. In this book chapter, we provide an overview of nanotoxicology
and safety aspects associated with nanocelluloses. Relevant regulatory requirements are considered.
We also discuss hazard assessment strategies based on tiered approaches for safety testing, which can
be applied in the early stages of the innovation process. Ensuring the safe development of
nanocellulose-based 3D bioprinting products will enable full market use of these sustainable resources
throughout their life cycle.

Keywords: Nanocellulose, 3D printing, bioprinting, toxicology, medical devices, regulatory frameworks.

1. Introduction
Several types of nanocelluloses can be obtained from different raw materials, including wood, annual
plants, agro-industrial side streams, bacteria, and marine resources. The most common nanocelluloses
are obtained from hard- and softwood chemical pulp fibers, e.g. kraft and sulfite pulp fibers and will
be referred to as wood nanocelluloses (WNC) in this chapter. Wood pulp fibers are roughly 1-5 mm in
length and 15-50 pum in width.
Wood pulp fibers are processed with chemical and enzymatic pre-treatments to facilitate the structural

deconstruction of the fibers into two main types of WNCs, i.e., cellulose nanofibrils (CNF) and cellulose
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nanocrystals (CNC). Depending on the pre-treatments, wood CNFs have dimensions of roughly >1 pum
in length and <100 nm in width, while wood CNC are shorter nano-objects with lengths of <200 nm
and widths<50 nm (Table 1). For simplicity, in this book chapter, we will apply the term CNF in general,
including cellulose nanofibrils, cellulose nanofibers, microfibrillated cellulose, and nanofibrillated
cellulose.

Compared to wood-derived nanocelluloses, bacterial nanocellulose (BNC) is obtained from bacterial
biosynthesis and is commonly composed of longer and nano-sized fibrils (diameters < 100 nm). Also,
tunicate nanocellulose (TNC) is another type of nanomaterial obtained from marine animals
(Tunicates). BNC and TNC are composed mainly of cellulose, while WNC may contain hemicellulose
and residual lignin due to the plant origin.

Various types of nanocelluloses have been assessed from a biomedical perspective. Applications
include wound dressings, scaffolds for tissue engineering, neural guidelines, to name a few [1-5]. These
applications would benefit from a controlled deposition of nanocellulose and additional components
to form specific and personalized constructs. It would make it possible to fabricate biomedical devices
that are tailor-made for particular patients and situations. Such technology is also most valuable for
constructing tissue models that mimic tissues such as skin, tumors, and human organs. Here is where
three-dimensional (3D) printing will play a significant role, i.e., the development of tailor-made model
constructs for testing drugs, medicines and, in the long run, for replacing malfunctioning body organs
with fully functioning vascularized 3D printed constructs.

3D printing is an additive manufacturing process to create a 3D object layer-by-layer, aided by a pre-
defined computer model. There exist various types of 3D printing processes applied to the fabrication
of biomedical devices and tissue models, e.g., fused deposition modeling (FDM), stereolithography,
inkjet printing, and micro-extrusion (also called direct-ink-writing) [6-8]. The fabrication of tissue
models or organoids can comprise the 3D printing with biomaterial inks (e.g., nanocelluloses, collagen,
and alginates) to construct scaffolds and then load the scaffolds with cells to form a tissue model that

is maturated in a bioreactor. A more direct approach is to utilize a biomaterial ink directly loaded with
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cells (defined as bioink) and deposit the bioink layer-by-layer following a pre-defined design, also
termed as 3D bioprinting [9].

This book chapter will describe various nanocelluloses intended for biomedical applications, focusing
on physicochemical properties that may determine the toxicological profile. More attention to 3D
bioprinting of nanocellulose-based bioinks and the requirements necessary to fulfill from a regulatory

point of view will be given.

2. Overview of nanocelluloses

Good overviews have been recently published about several types of nanocelluloses for biomedical
applications and 3D bioprinting [8, 10, 11]. The various studies are mostly based on wood
nanocelluloses with different physicochemical characteristics that may affect the toxicological profile
and the 3D printability. Note that the nanocelluloses WNC, BNC, and TNC differ on the source of
cellulose (wood, bacterial biosynthesis, and tunicate, respectively). Depending on the raw materials
pre-treatment, the nanocelluloses may have different structural and surface chemical characteristics
(Table 1 and Fig. 1).

WNCs are probably the most common type of cellulose nanomaterial proposed for biomedical
applications. Wood CNF is one type of WNC and is characterized by being high-aspect-ratio nano-
objects with diameters in the nanoscale (<100 nm) and lengths in the micrometer-scale (roughly >1
micrometer) [12-14]. CNF is composed of amorphous and crystalline domains [15]. CNF for biomedical
applications and testing have been obtained by mechanical nanofibrillation by using, e.g.,
homogenizers, fluidizers, and grinders [16-18]. Before the mechanical nanofibrillation, various
chemical and enzymatic pre-treatments can be applied to ease the fibrillation of fibers into
homogeneous nanofibril dispersions. Such pre-treatments affect not only the physical characteristics
of the nanofibrils but also the surface chemistry. Contrary to enzymatic pre-treatments [19], chemical
pre-treatments introduce e.g. carboxyl, carboxymethyl and aldehyde groups [12, 13, 20, 21].

Phosphorylation has also been applied to introduce phosphoryl side groups on the surface of CNF [22].
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Wood CNCs are another type of WNC and are low aspect ratio nano-objects prepared by chemical
hydrolysis (through HCl and H,S0.) of the amorphous parts of the nanofibrils (Fig. 1D). Although the
mechanical strength (Young modulus) of CNC has been reported to be high, this may vary considerably
depending on the source of cellulose, methodology, and direction of measurement, e.g., transversal

or longitudinal [23].

Table 1 Some characteristics of nanocellulose produced from woody biomass. Reprinted and adapted

with permission from [8]. Copyright (2018) American Chemical Society.

Nanofibril
Carboxyl | Carboxy-methyl | Aldehyde Sulphate half Nanofibril
Sample DP diameter References
(umol/g) (umol/g) (umol/g) ester (umol/g) length (um)
(nm)
M-CNF 100 890 <100 >1 [16, 24, 25]
E-CNF 24 913 ~20 >1 [19, 26]
[5, 14, 24,
T-CNF 765-1800 211 250-620 <20 0.2-1.1
27, 28]
[5, 13, 16,
C-CNF 58 346-515 <20 <1
24]
C-P-CNF 393 1202 <80 <20 <0.2 [21]
CNC 300 920 <20 <0.2 [20, 27]

*The CNF materials were produced without pre-treatment (M-CNF) and with enzymatic (E-CNF),
TEMPO mediated oxidation (T-CNF), carboxymethylation (C-CNF), and carboxymethylation/periodate

oxidation (C- P-CNF) pre-treatments, respectively. DP is the degree of polymerization.




In book series: Advances in Experimental Medicine and Biology, Springer Nature Switzerland AG.
Publication date: Jun 2021.

Fig. 1 Transmission electron microscopy images of wood CNFs: (A) mechanical grade, (B) enzymatic
pre-treated, and (C) TEMPO mediated oxidized. (D) wood CNC, (E) BNC, and (F) TNC have been treated
with H,SO,. Reproduced and modified with permission from [29]. Copyright (2014) American Chemical

Society.

BNC consists of only glucose monomers, which are biologically extruded into cellulose nanofibrils by
Gram-Negative acetic acid bacteria, resulting in extracellular cellulose pellicles [30]. Various carbon
sources are utilized and fermented in the acidic-neutral pH range by the bacteria [31]. The BNC
materials have a series of advantageous characteristics: high water holding capacity, a large degree of
polymerization, high crystallinity, and excellent mechanical properties. Compared to WNC, BNC has a
low production yield, being thus an expensive biomaterial. However, based on its purity (only cellulose
chains), BNC has been proposed for a series of high-value applications within the biomedical sector
[10]. BNC per se is not 3D printable as the material is produced as cellulose pellicles. Hence, additional

post-processing of BNC has been applied to produce nanocrystals through acid hydrolysis [32] and
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(mechanical disintegration and homogenization) to make a 3D printable BNC dispersion [33].

TNC is derived from tunicate animals, which contain cellulose in the tunic tissues, i.e., on the surface
of the epidermis of the tunicate marine animals. The cellulose nanofibrils are synthesized by enzyme
complexes involved in the synthesis of glucan chains [34]. TNC is obtained by processing the tunicate
material with alkali process, similar to kraft pulping of woody material [35], is composed almost

entirely of cellulose, and the nanofibrils are highly crystalline and with a high aspect ratio (Fig. 1F).

3. Nanotoxicology and safety aspects

Due to their natural origin, cellulosic materials (e.g., WNC, BNC, and TNC) are often assumed not to be
toxic. However, the induction of lung diseases by cellulose fiber-containing dust in textile workers and
the pulp and paper-producing industry has been well recognized since the last century [36], leading to
several studies investigating the possible health risks associated with cellulosic materials. Although the
toxicological findings were contradictory among studies, all of them agreed on the high biopersistence
of cellulose fibers. According to the fiber pathogenicity and frustrated phagocytosis paradigms,
biopersistent long (>10 um) fibers may have the potential to be carcinogenic [37, 38], leading to lung
cancer [39]. Although it is expected that long and stiff fibers (e.g., carbon nanotubes, the base of the
frustrated phagocytosis paradigm) may negatively affect phagocytosis, CNFs are considered softer and
flexible, which may facilitate the phagocytosis by macrophages. However, features, such as nanoscale
sizes (at least one dimension less than 100 nm), larger surface area, and modified surface chemistry
may impart novel material properties and biological behavior compared with conventional materials
[40]. Therefore, it is necessary to address the human health and environmental safety aspects of
nanocelluloses before scaling up their production [41].

Various studies and reviews have addressed the potential toxicity of nanocelluloses. According to
Stoudmann et al. [42], the studies revealed variations and some contradictory findings attributed to

several factors, e.g., cellulose source, pre-treatments, and incomplete material characterization. It
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seems that compared to CNC, various grades of CNFs have caused the most variable results when it
comes to endpoints such as cytotoxicity, genotoxicity, and inflammation. It is important to emphasize
that CNFs vary considerably depending not only on the source but also on the pre-treatment (e.g.,
enzymatic and chemical) and mechanical nanofibrillation (Table 1). It is thus essential to be specific
when the toxicological profile of CNF materials is assessed and describe the physicochemical aspects
in detail, including, e.g., the size (width and length), the nanofibrillation yield (fraction of nanofibrils
concerning the total mass), and the surface chemistry (which depends on the pre-treatment) (Table
1).

Keep in mind that nanocelluloses include a wide range of CNC and CNF materials, and most studies are
based on lab-scale production of nanocelluloses, which may raise concerns about the reproducibility
of the assessed materials. Hence, an appropriate comparison of the toxicological findings of different
studies may be difficult. Also, samples of wood CNFs may contain micrometer-sized residual fibers [43],
depending on the pre-treatments and mechanical equipment (grinders, homogenizers, and fluidizers)
been applied during production. Hence, it is also essential to quantify the nanofibrillation yield [44].
Unfortunately, in some previous studies concerning toxicology, CNFs have mostly been grouped and
generalized as one nano-object, and no adequate characterization or description of the CNF materials
has been provided. This may lead to confusion and misleading conclusions that have to be taken with
care. Hence, this observation raises a significant concern previously emphasized, i.e., "proper
characterization of structural, chemical and biological aspects should be a requirement in scientific
publications in order to document the characteristics of nanocelluloses and their biological impacts"
[8].

Hence, in this section, to the best of our knowledge and depending on the information provided by the
specific reviewed studies, we have tried to identify the various specific CNF grades according to the
terminology used in Table 1 to provide more insight into the physicochemical effects on the

corresponding toxicological profile.
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3.1.Routes of exposure

The route of exposure may determine the toxicological responses to nanocelluloses. The main portals
of entry to the human body include the gastrointestinal tract, skin, systemic circulation, and the lung,
through inhalation [36]. The latter is considered the primary route of exposure for humans for any
nanoparticle released into the environment, especially in occupational settings [45]. A life cycle risk
assessment of nanocelluloses identified inhalation of dry nanocellulose powders or, in the case of wet
slurry, airborne wet nanocellulose-containing particles during the production and manufacturing of
nanocelluloses as the most relevant exposure scenarios [46]. Also, nanocelluloses seem to have long
pulmonary biopersistence, as supported by in vitro experiments with artificial lung airway lining and
macrophage phagolysosomal fluids [47], and by in vivo evidence [48-53]. As previously mentioned, the
biopersistence of fibers has been identified as a critical feature governing the toxicological response
following chronic inhalation exposures. Therefore, the release and inhalation of cellulose/polymer
particles during processing steps, such as drilling, cutting, and sanding of polymer nanocomposites, in
addition to possible liquid aerosols in wet operations, might be a concern [41].

Although inhalation has been pointed out as the main route for human exposure to nanomaterials,
there is little information about exposure concentrations. When M-CNF were properly handled, no
significant increases of particles in the air, compared to background levels, were observed during
friction, grinding and spray drying [54]. Dustiness measurements were used in another study to
simulate occupational exposure to spray-dried CNC [55]. The authors estimated that the mass fractions
of inhalable, thoracic, and respirable particles were moderate. The National Institute for Occupational
Safety and Health (NIOSH, USA) conducted an exposure characterization study of the production of
CNC that had been tagged with cesium [56]. The analyses of filter-based air samples for elemental
cesium indicated that CNCs were aerosolized during centrifugation and manipulation of the dry
product without exceeding the occupational exposure limit (OEL) values for cellulose dust. There is not
enough data on occupational exposure or inhalation toxicity for nanocelluloses to determine material-

specific occupational exposure limit (OEL) values for airborne dust [56, 57]. As for other nanomaterials,
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lower exposure levels may be expected to be harmful to nano-sized fibers, compared to bulk forms.
Exposure to nanocelluloses may also happen by the oral route, as nanocelluloses are intended to be
incorporated into food (e.g., as a rheological agent), as well as in food packaging [18, 58, 59]. No clear
demonstration of release from packages has been shown to date [46]. Recently, fluorescently labeled
E-CNFs were used for monitoring leaching in laboratory papers (100% E-CNFs and E-CNF-fiber blended
papers). The results showed loss values below 3 wt% E-CNFs, as fibrillation of E-CNF increased,
improving paper stability, and reducing overall cellulose nanofibril loss [59].

Most of the potential 3D printed applications involving nanocelluloses are meant to be biomedical
applications [8, 11]. Dermal exposure is the potential route for wound dressings- assuming that
nanocelluloses are released from the dressings- especially as the absorption may be higher through
the damaged skin barrier (e.g., burn skin). In the case of constructs for tissue engineering and drug
delivery systems, nanocellulose-based products are expected to be directly delivered into the human
body. Hence, the toxicity of the nanocelluloses will be determined by their potential release from the

products, translocation through different body compartments, and clearance rate from the body [60].

3.2.Human toxicological studies

Knowledge of the potential adverse biological impact of nanocelluloses is still scarce, despite the
increasing number of studies addressing the toxic effects of these materials in the last few years. The
excellent reviews of Roman [60], Endes et al. [36] and Seabra et al. [61], followed by the more recent
ones of Ventura et al. [62], Coli¢ et al. [63] and Stoudmann et al. [42], summarize the existing studies,
showing that conflicting conclusions are reached.

Most toxicological studies on nanocelluloses have been performed in vitro, using mammalian cell
cultures. These studies (summarized in the previously reported reviews) indicated absence or low
cytotoxicity for CNCs, whereas more contradictory responses seemed to be reported for CNFs. As
mentioned above, this is most probably due to the complex physicochemical characteristics of

different CNFs (Table 1). Regarding genotoxic effects, the existing studies are too scarce to allow clear

10



In book series: Advances in Experimental Medicine and Biology, Springer Nature Switzerland AG.
Publication date: Jun 2021.

conclusions. Although in vitro models are appropriate for identifying acute effects and elucidating
mechanisms of action, they cannot provide information on the behavior of the materials in complex
systems, such as whole organisms [62]. In vitro methods are neither well-suited for studying long-term
effects. Hence, in vivo studies using animal models are still needed to get full understanding the toxic
effects of nanocelluloses.

Most of the few existing in vivo studies have been performed by administrating the nanocelluloses
through the respiratory tract, mainly by intratracheal instillation [52] or (oro)pharyngeal aspiration
[48-51, 64-66]. Regarding CNC, they elicited an acute inflammatory response in mice 24 h after a single
administration [64]. Pulmonary exposure to repeated doses of CNC resulted in reprotoxic effects in
male mice three months after the last administration [65]. Some CNFs appear to be highly
inflammogenic 24 h following pulmonary exposure, but the inflammatory response subsides within a
month [51, 52]. Interestingly, different inflammatory pathways seem to be involved in response to CNC
or CNF exposures [66]. On the other hand, some CNFs seem to show a genotoxic potential [49, 50, 52],
which raises concerns about their possible carcinogenicity. Only one study has assessed the toxicity of
CNC by inhalation [55]. Rats were exposed to aerosolized CNCs at a maximum concentration of 0.26
mg/L for 4 hours. After monitoring the animals for mortality, gross toxicity, and behavioral changes for
a period of 14 d, they were euthanized and subjected to autopsy. No adverse effects were observed.
In all previous studies, the maximum post-treatment period analyzed was up to one month. Shvedova
et al. [48] investigated the effects of repeated doses of CNC (resulting in an accumulated dose of 240
pg/mouse) after three months post-exposure, showing an inflammatory response more pronounced
in females than male mice. More recently, one study investigated the pulmonary toxicity exerted by
BNC nanofibrils after a total period of 6 months [53]. C57BL/6 mice were intratracheally instilled with
repeated doses (for three consecutive weeks) of 100 pg/mouse of BNC nanofibrils. Histological
analyses revealed a chronic bronchoalveolar inflammation together with alterations in the lung tissue
after six months.

As concerns, animal experiments performed by other routes, no skin sensitization, corrosion, or

11
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irritation was demonstrated for CNC using standardized Organization for Economic Co-operation and
Development (OECD) Test Guidelines [55]. The same authors did not find acute or sub-chronic toxic
effects after oral administration of CNC. Although still very limited in number, the available studies
suggest that CNCs are non-toxic upon ingestion or contact with the skin [60]. On the other hand, rats
administrated with M-CNF (produced by grinding) by gavage showed no significant differences in
hematological and serum markers and histopathological analyses than control animals [18]. In another
study, no adverse effects were observed in rats fed with CNF for 90 consecutive days [67]. The CNF
was produced by mechanical homogenization, i.e., apparently a type of M-CNF (Table 1).

To date, no human biomonitoring studies specifically dealing with nanocellulose exposure have been
performed. The few toxicological studies on nanocellulose-based products in humans are clinical trials
for some specific biomedical applications. For instance, CNF (homogenized and without pre-treatment
reported by the authors, M-CNF) was applied to develop a wound dressing assessed in a clinical trial
on burn patients. No allergic reaction or inflammatory response was observed [17]. On the other hand,
a BNC-containing wound dressing incorporating sericin and polyhexamethylene biguanide was
assessed by applying it on the skin of healthy volunteers. No signs of irritation were shown on the skin

of any of the individuals [68].

3.3.The effect of physicochemical properties
It is well-recognized that physicochemical features of nanomaterials may affect their toxicity [40, 69,
70]. CNC and CNF are produced using different techniques, which dramatically affect their
physicochemical characteristics (see Table 1). Hence, they also show different hazard features. CNC,
which is internalized by macrophags and lung epithelial cells, triggers an inflammatory response. On
the other hand, some types of CNFs, which may not be so efficiently phagocytized or taken up, elicit
none or milder inflammatory reaction [62, 71]. Furthermore, both CNC and CNF show less hazardous
effects than those produced by other nanofibres that also display a high aspect ratio and show long

pulmonary biopersistence, such as multiwalled carbon nanotubes (MWCNTSs)[51, 72]. E-CNF appeared

12
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to be more potent than MWCNTSs in inducing systemic acute phase response in one in vivo study [52].
Therefore, differences in other physicochemical properties, such as rigidity or metal impurities, may
explain the more severe effects of MWCNTSs [66].

Differences in some physicochemical properties are also affecting the biological behavior of
nanocelluloses belonging to a similar category (e.g., CNC vs. CNF). For instance, the interaction of CNF
with dendritic cells depended on the thickness and length of the material [73]. On the other hand, the
magnitude of the immune response triggered by three different CNCs in the human lung alveolar
epithelial cell line A549 was directly related to their effective particle sizes [71]. Moreover, surface
functionalization is indeed one of the key features [60]. Surface functionalized nanocelluloses are
increasingly proposed for several applications, such as healthcare products and food packaging, due
to the new beneficial properties imparted by the surface modifications [58]. The abundance of
hydroxyl and carboxyl groups on the surface of nanocellulose, allowing subsequent modification with
polymers, has made this material attractive for drug delivery applications [74, 75]. However, different
functionalization will determine differences in the agglomeration rate, hydrophobicity, surface charge,
and surface chemistry of nanocelluloses, affecting their cellular uptake, interaction with subcellular
organelles downstream biological responses [62]. Surface functionalization, which affects the material
surface chemistry and the size (width) and morphology, has been reported to drive the inflammatory
response to CNF [16]. A pro-inflammatory response, measured by cytokine secretion, was detected in
THP-1 macrophages treated with an E-CNF. However, such an effect was not observed when the
surface charge groups carboxymethyl (C-CNF) and hydroxypropyltrimethylammonium were
introduced into CNF [16]. On the other hand, the same group has recently assessed the effects of CNFs
with different surface modifications (carboxymethylation, hydroxypropyltrimethylammonium
substitution, phosphorylation, and sulfoethylation) on the intestinal cell line Caco-2 [58]. In this case,
CNF surface functionalization did not have an impact on the cell metabolic activity and cell membrane
integrity. The effect of surface charge on the immunological response evoked by two differentially

functionalized CNCs has been investigated in a mouse macrophage-like cell line (J774A.1) and human
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THP-1 macrophages [76]. The cationic CNCs-poly (aminopropylmethacrylamide, APMA) showed a
more robust secretion of inflammatory cytokines in the murine cell line, while the anionic CNCs-poly
(N-iso-propylacrylamide, NIPAAm) showed a significant NLRP3 inflammasome-dependent and
independent immunological response in human macrophages. Furthermore, mitochondrial function
was differentially affected by both types of CNCs. Differential induction of cell morphology changes
was previously reported for the same CNCs, with CNCs-poly (NIPAAm) causing cell enlargement and
elongation [77]. In another study, the capacity of one type of unmodified CNC and four cationic
derivatives of it to stimulate NLRP3-inflammasome-dependent immunological response and enhance
the production of mitochondrial reactive oxygen species (ROS) was analyzed in the J774A.1 cell line
[78]. Only one of the cationic derivatives activated the inflammatory response, being the presence of
amide linkage and fewer cationic polymer brushes the potential modulating factors. On the opposite,
nanocellulose (denominated as CNC by the authors) bearing negatively charged carboxylic groups
(introduced through TEMPO mediated oxidation), which were used as precursors to obtain hydrogel
patches by cation-induced gelation, did not show cytotoxic effects on a human melanoma cell line[79].
A short-term repeated oral toxicity study revealed hepatotoxicity of a CNC modified with oxalate ester
in the exposed rats [75]. As pointed out by the authors, the introduction of this functional group at the
surface of CNC might increase its hydrophobicity, a surface characteristic that has been associated with
increased cytotoxicity and inflammatory response. Unfortunately, the unmodified CNC was not
included in the study of Otuechere et al. [75], which precludes raising conclusions on whether the
observed deleterious effects were exclusively due to the modification.

Hadrup et al. [52] studied the adverse effects induced in mice exposed to E-CNF and carboxylated CNF,
provided by different manufacturers, by intratracheal instillation. They concluded that carboxylation
of CNF was associated with reduced pulmonary and systemic toxicity, and suggested the involvement
of hydroxy groups in the inflammatory and acute phase responses. This conclusion has to take into
account that carboxylation (probably through TEMPO mediated oxidation, T-CNF, Table 1) causes a

higher nanofibrillation of pulp fibers, compared to enzymatically pre-treated CNF (E-CNF), i.e., E-CNF
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may have a larger fraction of residual fibers, lower nanofibrillation yield and thicker and longer
nanofibrils. Hence, conclusions about toxicity and considering only the surface modifications and
chemistry of CNFs have to be taken with caution as in most cases, the effect of the surface modification
cannot be decoupled from the CNF morphology and physical properties (e.g., width, length,
nanofibrillation yield, and residual fibers). This is a crucial point, usually not considered in toxicological

studies.

Similar results were found in other studies where the same materials and C-CNF were administrated
to mice by (oro)pharyngeal aspiration [50, 51]. CNFs (apparently M-CNF and E-CNF based on the data
provided by the authors and producers) were more prone to trigger inflammation [51] and to induce
DNA strand breaks in the lungs [50] than those modified by carboxymethylation (C-CNF). Interestingly,
when tested in vitro, E-CNF was the only material showing high cytotoxicity and significant increased
production of the pro-inflammatory cytokines IL-1 and TNF-o. in exposed THP-1 macrophages [51].
But none of the materials induced cytotoxicity or genetic damage in human bronchial epithelial BEAS-
2B cells, suggesting that the mechanisms involved in the genotoxic effects detected in vivo are not
present in the in vitro model [50]. Alternatively, the increase of pro-inflammatory cytokines caused by
E-CNF in this particular study may have been triggered by the relatively high endotoxin levels (1.27
EU/ml) reported by the authors [51].

Far from being an obstacle, the possibility of moderating biological responses by modifying the
properties of the materials opens up the option of designing them safer [40, 80]. As concerns
biomedical applications, the consideration at early stages of the design of those attributes linked to
the safety and efficacy of the product are the pillar of current quality-by-design approaches [81]. In
that sense, the characterization needs, which are addressed in currently available regulatory
documents for nanotechnology-enabled health products, have been extracted and categorized by the
REFINE project [82]. Hence, requirements for characterization were suggested as endpoints for quality

and safety assessments. Most of the extracted parameters refer to the nanoscale properties specific
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for or associated with the materials, such as size, shape, morphology, or surface properties [82].
However, the success of those strategies requires the existence of validated characterization methods
for nanomaterials [70], which are still lacking for a reliable characterization of nanocelluloses, both in

complex liquid media used in in vitro cellular models [69] and real occupational settings [46, 83].

3.4.Regulatory frameworks

Nanomaterials are explicitly or implicitly covered by the European Union’s (EU) regulatory framework,
which consists of several pieces of horizontal and sector-specific legislation, each of them with a
defined purpose and scope. For each regulation, specific provisions for the safety assessment and
authorization of nanomaterials are applied [84].

As concerns the production of nanocelluloses, they are exempted from the Registration, Evaluation,
Authorization, and Restriction of Chemical (REACH) regulation (1907/2006/EC). Cellulose is a natural
polymer, and natural polymers (including nanoforms) are exempted from the REACH registration.
Worker protection is regulated in the EU through the directive on safety and health at work
(89/391/EEC), the directive on risks related to chemical agents at work (98/24/EC), and their related
national legislations. Occupational exposure limit (OEL) values are set to any chemical agent relevant
to the work environment, except for carcinogen (regulated by the carcinogens and mutagens directive,
2004/37/EC). As mentioned above, no specific OEL values exist for nanocelluloses. The Permissible
Exposure Limit allowable by the Occupational Safety and Health Administration (OSHA, USA) for
cellulose dust is 5 mg/m3 for the respirable fraction, expressed as 8-h time-weighted average, TWA
[57]. No OEL values for cellulose dust are available at the EU. Instead, several countries (e.g., Finland)
use the OEL value for unspecific organic dust as inhalable fraction (5 mg/m3, TWA). On the other hand,
an OEL value of 0.01 fibers/cm3 has been recommended for nanocelluloses [85], which is the same
value suggested for other biopersistent fibrous nanomaterials, e.g., carbon nanofibers. However, the
same authors recommended minimizing the exposure as far as reliable methods for quantitative

measurement of air sample concentrations, which would allow comparison with the suggested OEL
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value, are available.

Although polymers are exempted from the REACH registration, they should comply with food-related
regulations. Both cellulose fibers (millimetric scale) and micro-cellulose (micrometric scale) have been
evaluated by the European Food and Safety Agency (EFSA) [86]. As neither intestinal absorption nor
toxicity was observed, both materials were considered as safe. A similar statement applies to the
chemically modified celluloses that were included in the same assessment. However, other types of
modified celluloses should be considered as a different material than those authorized, and a new
process to obtain the pre-marketing authorization must start. In the case of nanocelluloses, their nano
features may affect the interaction with biological systems. Hence, a specific assessment is required
during their safety evaluation, as described by the EFSA Guidance on Nanomaterials [86], which is
currently under revision.

To date, no specific regulatory framework exists for nanomaterial-based medical products and devices.
Instead, nanotechnology-enabled health products follow current regulatory frameworks for medicinal
products or medical devices. However, they may require additional quality and safety assessments
triggered by the nanomaterial's unique characteristics [82]. Furthermore, the classification of a
product into a medicinal product or a medical device depends on the primary mode of action. Such
classification may not always be clearly defined for nanotechnology-enabled health products due to
their increasing complexity and high diversity. A product's components may have different modes of
action, which are governed by different regulations [82]. Recently, a draft guideline on the quality
requirements for drug-device combinations has been released [87].

Most of the 3D printing applications involving nanocelluloses are related to medical devices, which are
regulated by the Medical Devices Regulation (EU) 2017/745 (MDR), and the In Vitro Diagnostic Medical
Devices Regulation (EU) 2017/746 (IVDR). Both Regulations entered into force in May 2017 and have
a staggered transitional period of 4 and 5 years, respectively. The latter does not contain specific
requirements regarding nanomaterials, whereas several provisions on nanomaterials are included in

the former [82]. The MDR requires special attention when devices have or consist of nanomaterials
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that can be released into the patient's or user's body unless they only come into contact with intact
skin [82, 84]. An indication informing on the presence of nanomaterials on the device should be
included on the device's label. Nanomaterials also require an independent safety assessment, even if
the corresponding non-nano sized substance is already authorized. The biological evaluation -included
in the safety assessment- can be performed according to the ISO/TC 194 (2012) [88]. The MDR also
specifies that medical devices incorporating or consisting of a nanomaterial belong to class lll, i.e., the
highest risk class, unless the nanomaterial is encapsulated or bound in such a manner that it cannot
be released into the patient's or user's body when the device is used within its intended purpose [84].
The guidance adopted by the Scientific Committee on Emerging and Newly Identified Health Risks
(SCENIHR) on the Determination of Potential Health Effects of Nanomaterials Used in Medical Devices
[89] can help to clarify how the MDR should be applied in practice. A summary of it can be found in

Annex B of the REFINE white paper [82].

3.5.Safety assessment and testing strategies
Safety assessment is required in all the above-described regulations, most of which agree on the
human health and environmental effects that should be addressed [90]. Hazard assessment generally
relies on several toxicological endpoints that are assessed using validated test guidelines or guidance
documents, most of them still requiring animal experiments. However, new alternative methods, in
agreement with the 3R principles, may replace them in the future [91]. 3R means that all animal tests
should be replaced by alternative methods when this is possible (Replace), reduce the number of
animals used much as possible without compromising the quality of the data (Reduce), and that all
experimental procedures are performed in a way that minimizes suffering, stress and pain of the
animals (Refine).Besides, nanotechnology-enabled health products always require clinical trials before
their use in clinical practice can be approved [82]. Therefore, the production and commercialization of

nanocelluloses and nanocellulose-based products will have to comply with the corresponding
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regulatory requirements, depending on the products' intended final use. Nevertheless, it is highly
advised to screen the toxic potential of the nanocelluloses, based on in vitro assays, at the pre-
commercialization or pre-clinical stages, which allows supporting safe-by-design and quality-by-design
strategies [41]. Figure 2 summarizes the different steps of the testing strategies that have been
proposed, which would allow a safety assessment of nanocelluloses before their regulatory approval

for medical applications.
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Fig. 2 A testing strategy for the safety assessment of nanocelluloses used in medical applications (based

on Ventura et al. [62] and Coli¢ et al. [63]).

One of the challenges in testing nanomaterials is that the observed toxic effects may change from one
nanoform to another similar one that shows a slight variation in any of its physicochemical features
[92]. Hence, a thorough characterization of the tested nanomaterials is required [70, 92]. Although
protocols for characterizing nanocelluloses have recently been proposed [93], not well-validated

methods are still available, especially concerning characterization in culture media [69].
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Bacterial endotoxins are lipopolysaccharides originating from the outer wall of Gram-negative
bacteria. Endotoxins are known to trigger inflammation, and they may induce oxidative stress and,
subsequently, other toxic effects (e.g.,, DNA damage) [94]. Therefore, demonstration of a level of
endotoxins sufficiently low in the material is recommended when investigating the toxicity of
nanomaterials [95], especially for immunotoxicity testing, and is required for biomedical applications
[3, 94]. As bacterial endotoxins are common contaminators of naturally derived materials, endotoxin
testing is especially relevant in the case of nanocelluloses [3]. However, endotoxin testing is
challenging as nanomaterials may interfere with the endotoxin assays [94]. Polymyxin B has sometimes
been used in parallel immunotoxicity experiments to inhibit the potential effects of any endotoxin
present in the CNF samples [16]. However, it is more desired to produce and handle the nanocelluloses
in an environment as much endotoxin-free as possible. An illustrative example is the method that
Nordli et al. [3] developed to obtain ultrapure T-CNF suitable for wound dressings.

Several testing strategies suitable for nanomaterials have been proposed in the last years [96-98]. All
of them suggest a battery of assays to assess key endpoints involved in nanomaterials-induced adverse
cellular effects [91]. Nanomaterials can induce cells to produce reactive oxygen species (ROS), which
may lead to pro-inflammatory effects. Increased ROS levels produced directly by the nanomaterial or
as a consequence of the inflammatory response can result in DNA or chromosome damage [62, 91].
Each of these endpoints can be assessed using methods already existing for conventional chemicals.
However, many of the methods need to be modified when applied to nanomaterials, mainly due to

the materials' interference with the assays [84].

Cytotoxicity is usually the first step in assessing the toxicity of nanomaterials. It is one of the endpoints
requested for testing of medical devices to obtain regulatory approval [Medical Devices Regulation
(EU) 2017/745 (MDR)], and it is also required as a pre-test for establishing the range of doses to be
evaluated in the genotoxicity assays [96]. However, although cytotoxicity assays are useful for the early

screening and ranking of nanomaterials, they do not provide information on the type of hazardous
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event and the possible mechanism of action. Furthermore, the lack of cytotoxicity does not mean lack
of hazardous effects [41]. For instance, Lopes et al. [16] reported inflammatory effects induced by E-
CNFs (Table 1) in macrophages at doses that did not impair the cells' viability.

Generation of ROS is a normal mechanism in maintaining cellular metabolism, but when produced in
excess (oxidative stress) results in adverse effects [75]. As oxidative stress is the prevailing paradigm
in explaining how nanomaterials induce adverse cellular effects [91], this endpoint is included in most
of the testing strategies proposed for nanomaterials, including the one suggested by Endes et al. [99]
to mimic the inhalation of high aspect ratio nanoparticles in a 3D lung model. Endes et al’s and other
strategies also recommend assessing immunotoxicity [97, 99], as inflammation is one of the initial
steps that may give rise to lung fibrosis, secondary genotoxic effects, and carcinogenesis after inhaling
biopersistent nanofibers [41]. Furthermore, immunotoxicity testing is part of the regulatory
assessment of nanotechnology-enabled health products [82]. Finally, genotoxicity is a critical endpoint
in the toxicity testing of nanomaterials [96, 97], as it is a hazard endpoint required in all the regulations
previously described. It is because of the critical consequences of mutations on human health, as they
play a crucial role in the initiation and progression of carcinogenesis, and reproductive and
developmental abnormalities [41].

Current in vitro toxicological testing of nanomaterials is limited by the the ability of the present assays
to deal with secondary toxic mechanisms and organ specificity that are fully present only in a whole
organism in vivo [41]. Co-culture of, e.g., inflammatory and target cells and 3D tissue models may help
in detecting secondary effects of nanomaterials, although the number of studies utilizing these
techniques is scarce. In the case of nanocelluloses, an in vitro multicellular model of lung epithelium
using an air-liquid interface cell exposure system was used to assess the specific fibre-cell interactions
of two types of CNCs [100]. On the other hand, Ventura et al. [44] used a co-culture of A549 and THP-
1 cells to assess the toxicity of T-CNFs. More recently, an advanced intestinal co-culture model
consisting of Raji B, Caco-2, and HT29- MTX cells has been used for toxicological testing of CNFs [101].

Furthermore, omics approaches can present a supporting tool in elucidating the prevailing
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mechanisms of nanomaterials' toxicity. To date, only one study has assessed gene expression changes
in the lung tissue of mice three months post-exposure to CNC using a high-throughput mRNA
microarray [48]. However, more data is needed to validate these methods before making a clear

conclusion and recommendations about their applicability [91].

4. 3D bioprinting of biomaterials and model tissue constructs

Significant advances have been made regarding 3D printing of biomaterials, and 3D bioprinting,
including cell-laden bioinks, as well as supporting components into complex 3D functional scaffolds
[102]. Hence, 3D bioprinting, which involves additional complexities, should consider the technical
printing and the interaction of the biomaterial with the cells. However, there is still a lack of knowledge
concerning the materials for bioprinting [103].

3D bioprinting implies requirements regarding the biomaterial preferences: the material must be
dispensable in the technologies used for deposition and patterning, it needs to quickly solidify after
material dispersing, maintain volume during and after 3D printing (not swell or shrink). A biomaterial
to be tested for 3D bioprinting of, e.g., tissue models, medical devices, and vehicles for drug delivery,
should be biocompatible and safe, and this should be ensured as described in the previous sections.
During 3D bioprinting, each layer should be joined together to keep the structure, mechanical
characteristics should be similar to the in vivo situation, and it should be stable in a growth
environment for cells, often 37 °C. Further, the material must allow cells to attach, migrate and
proliferate; it should not be cytotoxic (as explained in the previous sections), and depending on the
application, it should be degradable [102, 104].

Materials for 3D printing falls under two main categories, distinguished by their components and
means of production, naturally derived and principally synthetic. Examples of naturally derived
biomaterials for 3D printing are nanocellulose, collagen hydrogels, gelatin, agarose, hyaluronic acid-
based hydrogels, alginate, and chitosan-alginate composite scaffolds [105]. Synthetic inks often consist

of poly(ethylene glycol) (PEG), Polyvinylpyrrolidone (PVP), poly(lactic-co-glycolic acid) (PLGA) or
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Polycaprolactone (PLC).

Biomaterials are often combined to optimize a bioink; for example, nanocellulose has been mixed with
alginate to obtain better shear thinning, cell survival, cellular differentiation, and to keep a stable
construct during culturing [26, 106]. This exemplifies an essential aspect of biomaterials, i.e., that a
single biomaterial cannot meet all the criteria necessary to fabricate a functional bioink for bioprinting
[107].

Bioinks are utilized to fabricate scaffolds with specific shapes, sizes, and geometrical complexities to
create 3D tissue constructs that may mimic the human body [108]. 3D structures enable different cell
responses, compared to the corresponding 2D structures, e.g., integrin expression, cell migration, cell
mechanics, proliferation, differentiation, stemness [109-113]. The possibility to bioprint scaffolds to
mimic the human microenvironment as in vitro models makes it possible for various applications, such
as tissue engineering, regenerative medicine, drug screening with high-throughput assays, wound
dressing, transplantation, and clinical application [108]. Different tissue constructs that mimic native
tissues and organs have been successfully bioprinted utilizing several 3D printing approaches, for
example; skin [114], cardiac [115], bone [116], cartilage [117], liver [118], and lung [119]. However,
the fabrication of fully functional tissue models and organs is still demanding due to limitations
regarding, e.g., vascularization [120].

3D bioprinting has been an alternative for tissue engineering and regenerative medicine and a robust
drug screening tool and discovery tool. 3D bioprinting will facilitate these in vitro models that
potentially represent the specific pathological environment of patients. Remember that the lack of
relevant human mimicking pre-clinical models is a primary reason for drug candidates failing in clinical
trials [121, 122]. Additionally, multiple cancer cell lines have exhibited more drug resistance when
cultured in 3D than 2D [123-125], and drug resistance in the 3D cultures has also been shown more
similar to in vivo models [126-130]. It is also important to emphasize that there are increasing legal
requirements and public opinions for the use of alternative, non-animal models in the regulatory safety

assessment of chemicals, drugs, and medical devices [131]. It is considered one of the significant

23



In book series: Advances in Experimental Medicine and Biology, Springer Nature Switzerland AG.
Publication date: Jun 2021.

driving forces regarding the research community's efforts to develop fully functional tissue models by
3D bioprinting technologies. It is important to emphasize that the research community,
pharmaceutical companies, and regulatory instances are striving to work according to 3R (Replace,

Reduce, Refine).

4.1.Nanocellulose-based inks for 3D printing

Specifically, nanocelluloses have demonstrated a considerable potential to be utilized in 3D printing of
several medical devices and tissue models, including wound dressings, tissue engineering models, and
drug delivery. The performance of nanocellulose inks on 3D printing operations depends on various
factors, including i) the concentration, ii) the rheology, iii) surface chemistry, and iv) the cellulose
nanofibril and cellulose nanocrystal physical characteristics.

The research and development of nanocelluloses have advanced, and this is exemplified by various
companies that are presently offering nanocelluloses that can be used for 3D printing applications.
Companies were requested to provide information about their corresponding (semi)commercial
products, and the information provided by the companies that kindly responded to this request is listed

in Table 2.

The commercial nanocelluloses are obtained from different sources from woody biomass (soft- and
hardwood) and marine animals (Tunicates), applying various pre-treatments and consequently have
different characteristics (Table 2). It is crucial to provide such specifications relevant to the 3D printing
process and understand the application of nanocellulose-based inks for specific 3D bioprinting
purposes and the corresponding biological effects.

Various types of nanocelluloses can be applied for 3D bioprinting processes [26, 132-135]. The
concentration of nanocellulose inks can also be tuned, which may affect the structure of the scaffolds.

The porosity and pore connectivity in scaffolds are essential for the diffusion of nutrients during the
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maturing of tissue models. The structures of the 3D printed scaffolds are observed in Fig. 3. Note the
differences regarding the porosity and pore wall roughness, which are most probably caused by the

nanofibril morphology.

Fig. 3 3D printing of different CNFs and the corresponding pore structures of the printed and freeze-
dried structures. Left) T-CNF (2.5 wt%, produced by RISE PFI). Middle) TUNICELL ETC CNF (2.5 wt
produced by Ocean TuniCell AS). Right) Exilva CNF (5 wt%, produced by Borregaard). All the scaffolds
were 3D printed with a Regemat3D printing unit, utilizing a nozzle of 0.41 mm and a speed of 3 mm/s.
The same settings were used in all the printing operations, and no attempt was made to improve the

3D print quality.

Compared to BNC, which has been extensively developed for wound dressings [136], T-CNFs have been
proposed as a good alternative as it can form translucent structures, with good liquid absorption,
adequate mechanical strength in wet conditions [137], some antimicrobial properties [138, 139] and
particular immunogenic properties [140, 141]. Also, nanocelluloses are in general 3D printable (Fig. 3),
which opens the possibility to 3D bioprint skin constructs, e.g., testing wound dressings or for medical
use in wound healing situations.

As mentioned above, one of the potential and promising applications of nanocellulose-based inks is

the fabrication of tissue models for, e.g., cancer research (Fig. 4, Fig. 5). Scaffolds can be 3D printed,
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freeze-dried, and seeded with cancer cells. The scaffolds are incubated for a limited time, and
laboratory testing can be performed, e.g., gene expression analysis, western blot, flow cytometry, and

functional testing (Fig. 4).
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Fig. 4 Workflow of drug screening using 3D printed tissue scaffold and gene expression analysis.

In Fig. 5, breast cancer cells have been grown on T-CNF and imaged using scanning electron microscopy
(SEM). It clearly shows that cells are attaching to the surface, and there are many different phenotypes
of cells. Note the different shapes such as elongated and rounded up. Further, it also shows that cell
interconnection exists between adjacent cancer cells and cells that are far from each other. It is
considered a promising observation as cancer cells can be grown on T-CNF scaffolds. The next steps
currently being explored are the maturation of such constructs and the cancer cells' corresponding
characterization through gene expression analysis. This approach will potentially facilitate cancer
tissue models that can be applied for drug screening and, thus, developing personalized medicine for
cancer treatment.

It is important to note that nanocelluloses used for 3D printing of tissue models, e.g., drug screening,

could be easier to commercialize than nanocelluloses that will be applied for, e.g., tissue engineering
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and medical devices that will be in direct contact with human tissue. This is due to the extensive
regulations applied to nanomaterials (Regulation (EU) 2017/745) that can be released into the patient's
or user's body. However, the development of nanocellulose for 3D printing of tissue models should

follow the Regulation (EU) 2017/746 on In-Vitro Diagnostic Devices.

Fig. 5 Cancer cells grown on T-CNF 3D printed scaffolds. The concentration of the T-CNF was 1%, and

the scaffolds were freeze-dried.

5. Concluding remarks

This book chapter has provided an overview of nanotoxicology and safety aspects associated with
different types of nanocelluloses, including CNC and CNF. Although the assessed nanocelluloses are
mainly obtained from woody biomass, different kinds of nanocelluloses can be produced from
tunicates or bacterial biosynthesis. Relevant regulatory requirements were considered. Finally, a short
overview was provided of (semi)commercial nanocelluloses that are or can be used as ink components

for 3D bioprinting, and a specific example towards bioprinting of cancer tissue model was exemplified.
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This demonstrates the potential of nanocellulose as a natural biopolymer for biomedical applications,

also considering aspects related to regulatory approval before commercialization.
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Table 2 Characteristics of some (semi)commercial nanocelluloses. All the values in this table has been kindly provided by the corresponding companies.

Commercial | Raw Pre- Concentration | Purity (%) Crystallinity | Degree of Nanofibril Endotoxin | Commercial/ | Company
name material | treatment/Type | (Wt%) (%) polymerization | morphology | content Semi-
of (nm) (EU/ml) commercial
nanocellulose
TUNICELL Tunicates Enzymatic 2.5 Glucose 89.07+1.6 3900-4200 Width: 8.5 <0.5 Commercial Ocean
ETC 99.2+0.3 Length: TuniCell],
2519 Norway
Exilva Softwood Not stated 2-10 Hemicellulose Not stated 800-2000 Diameter Not stated Commercial | Borregaard
sulfite <10 range: 5- Norway
pulp Lignin <1 1000 nm
Corbiocel Hardwood | TEMPO mediated 1-2 Extractives: Not stated 250-270 Width:2-3 Not stated Semi- Regemat3D
Kraft oxidation 0.4 Length: 400- Commercial Spain
Bleached Lignin: 0.3 600
Pulp Glucan: 73.7
Xylan: 19.5
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In book series: Advances in Experimental Medicine and Biology, Springer Nature Switzerland AG. Publication date: Jun 2021.

Ashes: 0.7
GrowlInk™ Hardwood | “native” <3 wt% Contains ~70 500 - 1800 Width: 4-20 <5 Commercial UPM,
kraft pulp | nanofibrillar hemicellulose Length: product, Finland
cellulose and 1000-20000 potential for
anionic (depending use in clinical
nanofibrillar obviously environment.*
cellulose somewhat Manufactured
on grade) according to
1S013485
standard.
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