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Abstract
Nanoscaled versions of cellulose viz. cellulose nanofibers (CNF)
or cellulose nanocrystals (CNC) isolated from natural resources
are being used extensively since the past decade in the
biomedical field e.g. for tissue engineering, implants, drug de-
livery systems, cardiovascular devices, andwoundhealing due to
their remarkable mechanical, chemical and biocompatible prop-
erties. In the recent years, 3D printing of nanocellulose in com-
bination with polymers is being studied as a viable route to future
regenerative therapy. The printability of nanocellulose hydrogels
owing to their shear thinning behavior and the possibility to sup-
port living cells allows 3D bioprinting using nanocellulose, a
recent development which holds tremendous potential.
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Introduction
3D printing also known as additive manufacturing (AM)
or rapid prototyping (RP) follows a bottom up process
and has been applied in medicine since the early 2000s
to make dental implants and customized prostheses [1e
3]. AM technologies such as direct ink writing (DIW),
standard lithography, laser-based polymerization, or
epitaxial assembly techniques can be employed in order
to create 3D structured objects [4]. This review is
focused on the DIW process, which is an extrusion-
www.sciencedirect.com
based technique that enables programmable assembly
of three-dimensional periodic architectures.

An advantage over the other techniques is that a broad
range of materials can be printed at the micrometer
scale by DIW. The main challenge related to this DIW is
assigned to the development of inks possessing opti-
mum rheological behavior [5].

3D printing technology used in biomedical field, in-
volves collecting accurate information of tissues and

organs for designing the model, transferring the infor-
mation into electrical signal to control the printer, and
developing a printing process that maintain the cell
viability during the fabrication process.

Cellulose is a linear carbohydrate polymer with long
chains of b-(1 / 4)-linked D-anhydroglucopyranose
moieties repeating units (Fig. 1a), it is made up of sugar
monomers and is hence a polysaccharide. Nanocelluloses
are isolated from diverse cellulose sources via a top down
approach and known to have different nomenclature for

the same type of nanocellulose as described below [6e8].

� Cellulose nanocrystals (CNC) (Fig. 1b), with other
designations such as nanocrystalline cellulose, cellu-
lose (nano)whiskers, rod-like cellulose microcrystals;
which are the ordered regions in cellulose chains,
isolated via acid or enzymatic hydrolysis and having
diameters in the range of nanometers

� Cellulose nanofibers (CNF) (Fig. 1c), with the syno-
nyms of nanofibrillated cellulose (NFC), micro-
fibrillated cellulose (MFC), cellulose nanofibrils;

comprising of the ordered and disordered regions of
cellulose chains, usually isolated via mechanical
disintegration, having diameters in nanoscale and
lengths in micron range.

Abundance, wide availability, insolubility in water/sol-

vents, biocompatibility etc are the reasons why nano-
cellulose is being considered in biomedical application.
In the recent years, research activities in the field of
“biomedical application of nanocellulose” has grown
exponentially [6] and the use of 3D printing is one of
the most recent and promising developments in this
field. The specific reasons why nanocelluloses are used
in 3D printing are that they can be utilized as rheological
modifiers for the inks, ensuring the viscoelastic response
required for filament printing; their specific mechanical
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Fig. 1

a) Repeating unit of cellulose chemical structure and images of b) cellulose nanocrystals and c) cellulose nanofibers.
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properties; their ability to support cells and the possi-
bility to accurately control pore structure and shape in
scaffolds and implants.

Compared to traditional fabrication approaches, the 3D
printing technology allows fabrication of more complex
structures by integrating layer by layer (bottom to top)
slices of the designed and desired objects [9,10]. More-
over, it provides substantial liberty to fabricate new and
untested geometric designs where, for instance, well-
organized nanoscale building blocks can be assembled
in a specific fashion to bridge structural length scales
from nano-to-macro [11]. Hydrogel formation capability
of nanocellulose at low concentrations (1e2 wt%) also

has facilitated the design of inks for 3D printing.

The nomenclature in 3D printing of nanocelluloses for
biomedical application is not standardized yet and
different terms are being used to represent the tech-
niques. In this review article, some terms are defined
below for ease of comparison.

� Any biocompatible ink/hydrogel mixed with living
cells is defined as Bioink and 3D printing of bioink is
referred to as 3D Bioprinting
In this review we aim to give a brief overview of factors
to consider while 3D printing nanocellulosic inks and
summarizes the recent research and commercial de-
velopments in 3D printed nanocellulosic systems for

biomedical applications.
Factors affecting 3D printing
Majority of the current manufacturing processes using
3D printing is overwhelmingly based on single material

printing, typically with a limited range of commercial and
often proprietary resins compatible with commercial
printers [10]. To overcome this issue and extend the
application of 3D printing to biomedical products,
Current Opinion in Biomedical Engineering 2017, 2:29–34
researchers are adapting commercial printers and devel-
oping new inks based on naturally based polymers
(including alginates, hyaluronic acid, gelatin, chitosan,

collagen) [9] or synthetic polymers (polyethylene glycol;
PEG) [12]. Materials that can be thermally crosslinked
at body temperatures and/or that need short curing time,
low photoinitiator concentrations, and low-intensity UV
light to minimize possible adverse side effects on cells
caused by creation of free radicals are generally consid-
ered attractive materials for 3D printing [13,14].

The selection of materials for 3D printing for biomedical
applications and their performance are dependent on
several characteristics; themost relevant are listed below:

� Printability: the importance of this parameter lies on
the specific rheological behavior required for the inks
used. For example, the ink has to be sufficiently fluid
to be extruded through the micro nozzles under
ambient conditions without demanding prohibitively
high pressures (e.g. >4 bars). When shear ceases, the
ink should exhibit enough elastic modulus (G0),
typically higher than few kPa, and yield stress in the
order of few 102 Pa, to maintain its filamentary shape
thus preventing single filament deformation. One

possible approach to meet the rheological re-
quirements is the designing of the inks that display
non-Newtonian viscoelastic response, generally
evidenced by its high storage modulus (G0) over the
loss modulus (G00) at low shear stresses [5,15].

� Biocompatibility: the selected material should be
compatible if it is aimed to coexist with endogenous
tissue without causing undesirable effects in the host;
[9].

� Biodegradability: since major part of developed scaf-
folds and constructs are not intended as permanent

implants; [16].
� Structural and mechanical properties: the choice of ma-
terials should be based on the final mechanical prop-
erties required for the specific anatomical site into
which it is intended to be implanted; [9,16].
www.sciencedirect.com
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The 3D bioprinting with cells or bioactive materials
have all these challenges, but in addition requires
rheological behavior that sustains cell viability during
the printing process.
3D printed nanocellulose bioinks
Only few reports are available till date on nanocellulose
3D printing for biomedical application and Table 1
below summarizes the research reports on the topic of
3D printed biomedical materials.

Gatenholm and coworkers, Sweden, developed 3D
printed nanocellulose scaffolds for biomedical applica-

tions. Markstedt et al. applied a bioink of CNF and
alginate formulated for the 3D bioprinting of living soft
tissue with cells [17]. CaCl2 was used as the cross-
linking agent for the alginate matrix. CNF provided
shear thinning (105e10�1 Pa s) with high shape fidelity
and good printing resolution (3.5 mme0.5 mm). After
cross-linking, the properties of alginate appeared to be
dominant. To investigate any potential harmful effects
of the ink on cell viability, in-situ and ex-situ cytotox-
icity tests were performed. The results showed that the
tested bioink is biocompatible and a suitable material for

cell culture growth. However, the preparation and
mixing caused first a decrease in viability but then a
significant increase in cell viability was detected in the
printed constructs after 7 days of 3D culture
(85.7 � 1.9%) compared to day 1 (72.8 � 6.0%). The
study concludes that a bioink composed of CNF and
alginate is a suitable hydrogel for 3D bioprinting with
living cells for growth of cartilage tissue.

As cellulose based bioinks gained huge popularity, some
products are being commercialized, eg. CELLINK�, a
biocompatible ink from CELLINK AB (Sweden) which

has the potential to be used as bioink. CELLINK� is
prepared in aseptic conditions and contains 2% (w/w) of
plant-derived nanofibrillated cellulose (CNF) and 0.5%
(w/w) of sterile sodium alginate. Gatenholm and
Table 1

Summary of the reports on nanocellulose based biomedical material

Raw material %/CNF/CNC Matrix/crosslinker Viscosity

Wood cellulose CNF 2.5% Alginate/CaCl2 ~105 @ 0.

Plant cellulose CELLINK®

CNF 2%
Alginate/CaCl2 na

Plant cellulose CELLINK®

CNF 1.9%
sulfated
alginate/CaCl2

~104 @ 0.

Plant cellulose Methylcellulose Alginate/CaCl2 ~106 @ ze

Pinus radiata
bleached
kraft pulp

Tempo CNF,
Carboxymethyl and
periodate oxidized CNF

Tempo CNF/CaCl2 ~101 @ 10

www.sciencedirect.com
coworkers evaluated the biological functionality of
CELLINK� in a 28-days 3D culture and its potential
use for auricular cartilage tissue engineering; aiming to
provide an alternative and effective treatment to serious
acquired or congenital auricular defects [18]. Here, also
the matrix phase alginate was crosslinked by CaCl2 so-
lution. Human nasal chondrocytes (hNC) were mixed
with the ink to obtain a bioink having a final concen-

tration of 20� 106 cells mL�1 and printed into auricular
constructs with open porosity; see Fig. 2. Cell viability
was examined throughout the bioprinting process:
before embedding the hNCs in the ink, before
embedding and crosslinking, and after embedding,
bioprinting and crosslinking. The mean cell viability
after embedding and crosslinking processes (68.5e
76.9%) was found to be significantly lower than before
embedding the hNCs (96.5 � 2.1%). Furthermore,
there was no significant difference between the after
embedding and after bioprinting (70.9e77.2%) condi-

tions, indicating that the bioprinting process had no
significant influence on cell vitality. hNCs proliferated
and underwent chondrogenesis by 3D culture in bioink,
which resulted in neo-synthesis and accumulation of
cartilage-specific extracellular matrix around the cells.
Based on these results it was concluded that this bioink
is promising for auricular cartilage tissue engineering
and many other biomedical applications.

A mitogenic hydrogel system based on CNF was re-
ported by Müller et al. in which alginate sulfate was

used as a matrix [19]. To convert alginate sulfate into a
printable bioink, it was combined with nanocellulose,
which provided very good printability. Cell spreading
properties were maintained with the optimal extrusion
pressure (6e74 kPa) and shear stress for cell viability
(<160 Pa). Despite the presence of nanocellulose, the
mitogenic effect of alginate sulfate was preserved in
alginate sulfatee nanocellulose and showed superior cell
proliferation when compared with alginateenano-
cellulose. Müller et al. describes that lower extrusion
s.

(Pa s) Equipment Application Reference

001 (s−1) 3D
Discovery regenHU
(Switzerland)

Cartilage tissue
growth

[17]

3D
Discovery regenHU
(Switzerland)

Auricular cartilage
regeneration

[18]

01 (s−1) BioFactory,
regenHU, Switzerland)

Cartilage bioprinting
applications

[19]

ro shear BioScaffolder 2.1-GeSiM
(Germany)

Tissue engineering [20]

(s−1) 3D Bioplotter
(EnvisionTEC GmbH)

Wound dressing [21]
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Fig. 2

3D bioprinting process of chondrocyte-laden bioink and crosslinking with CaCl2. Reproduced with permission from Ref. [18].
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pressures and shear stresses, given by conical needles
with wide diameter, provide the best preservation of cell
function when printing chondrocytes in a CNF based
bioink [19].

Schütz et al. used functionalized cellulose for the
fabrication of centimeter-scaled tissue engineering
constructs with tailored architecture by 3D bioplotting
of an optimized alginate/methylcellulose (Alg/MC)
hydrogel [20]. The addition of methylcellulose to a low
concentrated alginate solution strongly improved the

printability of the hydrogel material, enabling 3D bio-
plotting of constructs with tailored architecture and of
high shape fidelity. The matrix of the hydrogel was
crosslinked with CaCl2. The Alg/MC material is also
suitable to produce a cell-laden matrix: no cytotoxic
effect of MC was detected and, after 21 days of culti-
vation within the Alg/MC matrix, high cell viability was
found. Additionally, embedded hMSC were proven to
Table 2

News/press releases across the world about cellulose.

Date and place Press release/news topic

2016-01-25
USA

4D-printed structure changes shape when placed in
water

2015-05-17
Sweden

Cellulose from wood can be printed in 3D

2016-07-10
Sweden

Innventia starts project on 3D-printed prostheses
based on forest raw materials

2016-07-07
USA

American process Inc. announces joint developmen
agreement for 3D Printing of living cartilage tissue
using nanocellulose for facial reconstruction
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maintain their differentiation into the adipogenic line-
age as a model for soft tissue engineering that can be
transferred to other cell types to follow the concept of
organ printing. This 3D construct showed potential for
generating tissue substitutes for the regenerative ther-
apy of a number of different tissue types including fat
and cartilage, and even for the regeneration of defects at
tissue interfaces.

Rees et al. used homogenized cellulose nanofibers ob-
tained after pretreated with a combination of carbox-

ymethylation and periodate oxidation defined C-
Periodate, as an ink for 3D Printing where TEMPO
oxidized cellulose nanofibers was used as substrate [21].
The crosslinker, CaCl2, stabilized the structures by
forming ionic links between the carboxyl groups
(COOe) and the divalent cations (Ca2þ). The combi-
nation of carboxymethylation and periodate oxidation
led to a homogeneous material with short nanofibrils,
Link

http://news.harvard.edu/gazette/story/2016/01/4d-printed-
structure-changes-shape-when-placed-in-water/
http://www.chalmers.se/en/departments/chem/news/Pages/
Cellulose-from-wood-can-be-printed-in-3D.aspx
http://www.innventia.com/en/About-us/News1/Innventia-starts-
project-on-3D-printed-prostheses-based-on-forest-raw-
materials/

t http://www.prweb.com/releases/2016/07/prweb13536943.htm

www.sciencedirect.com

http://news.harvard.edu/gazette/story/2016/01/4d-printed-structure-changes-shape-when-placed-in-water/
http://news.harvard.edu/gazette/story/2016/01/4d-printed-structure-changes-shape-when-placed-in-water/
http://www.chalmers.se/en/departments/chem/news/Pages/Cellulose-from-wood-can-be-printed-in-3D.aspx
http://www.chalmers.se/en/departments/chem/news/Pages/Cellulose-from-wood-can-be-printed-in-3D.aspx
http://www.innventia.com/en/About-us/News1/Innventia-starts-project-on-3D-printed-prostheses-based-on-forest-raw-materials/
http://www.innventia.com/en/About-us/News1/Innventia-starts-project-on-3D-printed-prostheses-based-on-forest-raw-materials/
http://www.innventia.com/en/About-us/News1/Innventia-starts-project-on-3D-printed-prostheses-based-on-forest-raw-materials/
http://www.prweb.com/releases/2016/07/prweb13536943.htm
www.sciencedirect.com/science/journal/24684511


3D printing of nano-cellulosic biomaterials Sultan et al. 33
having widths <20 nm and lengths <200 nm. The small
dimensions of the nanofibrils reduced the viscosity of
the nanocellulose (10e0.1 Pa s), thus yielding a material
with good rheological properties for use as a 3D print-
able ink. These nanocellulose 3D structures form tracks
with an open porosity and the potential to carry and
release antimicrobial components. It was demonstrated
that the nanocellulose assessed in this study did not

support bacterial growth and therefore having a distinct
advantage for wound dressing applications.

Siqueira et al. [22] designed viscoelastic CNC-based
inks for pattering three-dimensional objects. The ma-
terials were produced by direct ink writing and the shear
induced alignment of CNCs during printing enabled the
fabrication of textured composites with enhanced stiff-
ness along the printing direction. The developed
approach opens new opportunities for the development
of bioinks for the biomedical fields.
Press releases on nanocellulose 3D
printing
People across the globe are showing interest for nano-
cellulose based innovations in the context of 3D printing

and press releases on this topic are summarized in
Table 2.
Conclusion
The use of nanocellulose in 3D printing is a recent
development and the gel forming properties of nano-

cellulose at low concentration and the shear thinning
behavior combined with the biocompatibility, non-
toxicity and good mechanical properties are all
considered favorable for 3D printing of nanocellulosic
implants, wound dressing materials, tissue engineering
materials etc. where accurate control of pore structure
and shape/geometries is beneficial. Nanocellulose
scaffold processing based on 3D printing involves
strategies either to 1) print using an ink laden with
cells or 2) print the scaffold with biocompatible ma-
terials and subsequent cell seeding were found to be

successful.

Although the 3D printing and/or bioprinting field faces
challenges in terms of specific technical, material and
cellular aspects of the process, the 3D printing tech-
nology is considered as one of the most advanced
enabling technologies in tissue engineering and regen-
erative medicine field. It may be noted that majority of
the reports are based on fibrillated cellulose (CNF) and
inks with low concentrations (<5 wt%) of nanocellulose.
Here, the limiting factor is the considerable viscosity

increase induced by the nanofibrilated cellulose already
at low concentrations. Use of high concentration inks are
expected in the near future which will this technology to
achieve materials with new mechanical, structural and
functional performance.
www.sciencedirect.com
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