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3D Bioprinting of Lignocellulosic Biomaterials
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The interest in bioprinting of sustainable biomaterials is rapidly growing, and
lignocellulosic biomaterials have a unique role in this development.
Lignocellulosic materials are biocompatible and possess tunable mechanical
properties, and therefore promising for use in the field of 3D-printed
biomaterials. This review aims to spotlight the recent progress on the
application of different lignocellulosic materials (cellulose, hemicellulose, and
lignin) from various sources (wood, bacteria, and fungi) in different forms
(including nanocrystals and nanofibers in 3D bioprinting). Their crystallinity,
leading to water insolubility and the presence of suspended nanostructures,
makes these polymers stand out among hydrogel-forming biomaterials. These
unique structures give rise to favorable properties such as high ink viscosity
and strength and toughness of the final hydrogel, even when used at low
concentrations. In this review, the application of lignocellulosic polymers with
other components in inks is reported for 3D bioprinting and identified
supercritical CO, as a potential sterilization method for 3D-printed cellulosic
materials. This review also focuses on the areas of potential development by
highlighting the opportunities and unmet challenges such as the need for
standardization of the production, biocompatibility, and biodegradability of
the cellulosic materials that underscore the direction of future research into
the 3D biofabrication of cellulose-based biomaterials.

developed using 3D biofabrication tech-
niques. 3D biofabrication has been re-
searched for application in orthopedics,
spinal surgery, maxillofacial surgery, neu-
rosurgery, and cardiac surgery.' The tech-
nological advancement resulted in differ-
ent types of 3D printing modalities based
on jetting, extrusion, and photopolymer-
ization; ranging from basic configurations
to more advanced systems with high res-
olution and comprising several modalities
and materials.[?] Also, several printable inks
with different physiochemical properties
have been developed for 3D printing on
different devices (Figure 1).1*! To fabricate
structures containing cells, a straightfor-
ward approach is first to 3D print the struc-
ture using a biomaterial ink and then seed
the cells into the surface of the material.
For a more complex cellular organization
the cells need to be contained in ink; how-
ever, developing such a “bioink” is not a
straightforward task.* The cells’ encapsu-
lation, survival during the preparation, and
printing and tuning the cells function in
the structure after printing are significant

1. Introduction

Over the last decade, complex and heterogeneous structures
with various mechanical and biological properties have been

challenges.’] Properties such as rheology, shrink resistance,
and the capability to form stable networks are major criteria for
establishing the suitability of inks for 3D printing. At the same
time, low polymer concentrations and low crosslink densities are

Dr. A. Shavandi

BioMatter—Biomass Transformation Lab (BTL), Ecole Polytechnique de
Bruxelles

Université Libre de Bruxelles

Avenue F.D. Roosevelt, 50-CP 165/61, Brussels 1050, Belgium

E-mail: amin.shavandi@ulb.ac.be

Dr. S. Hosseini

Department of Chemical Engineering

National Chung Cheng University

Chiayi 62102, Taiwan

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adhm.202001472
© 2020 The Authors. Advanced Healthcare Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adhm.202001472

Adv. Healthcare Mater. 2020, 2001472 2001472 (1 0f26)

Dr. O. V. Okoro

Department of Process Engineering
Stellenbosch University

Private Bag X1 Matieland 7602, South Africa
Dr. L. Nie

College of Life Sciences

Xinyang Normal University

Xinyang 464000, China

E-mail: ielei@xynu.edu.cn

Dr. F. Eghbali Babadi
Bio-Circular-Green-economy Technology & Engineering Center
BCGeTEC

Department of Chemical Engineering
Faculty of Engineering

Chulalongkorn University

Phayathai Road, Bangkok 10330, Thailand
Dr. F. Melchels

Institute of Biological Chemistry, Biophysics and Bioengineering
School of Engineering and Physical Sciences
Heriot-Watt University

Edinburgh EH14 4AS, UK

E-mail: F.Melchels@hw.ac.uk

© 2020 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadhm.202001472&domain=pdf&date_stamp=2020-10-26

ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

www.advhealthmat.de

Inkjet Laser-assisted Extrusion Stereolithography
. Mechanical force
Bioink from screw
Laser pulse
Syringe i
Piezoelectri \ Light Projector
source array Fabrication
Actuator =
Donor layer / [ ] platform
Pattern light
Bioink Bioink Nozzie
Droplet Droplet Cylindrical

| :|—)Bioink

:constructs

Figure 1. Bioprinting techniques. Inkjet deposits the ink using a piezoelectric actuator; in laser-assisted method, the laser stimulates an energy-absorbing
donor layer coated with the ink which creates bubbles at the interface of the ink layer resulting in its deposition in the form of droplets; in extrusion
mechanical force use to deposit the ink, and in stereolithography exposure of a light-curable resin to a precise source of light with a patterned binary
image result in the 3D structure.l""] Adapted with permission of a creative commons license.ll Copyright 2019, the Authors. Published by Hapres Co.,

Ltd.

required to not restrict the encapsulated cells from driving tissue
maturation.[®! This is where lignocellulosic materials come into
view, as their insoluble nanostructures can improve printability
and gel stability even at very low concentrations. While many
articles have published on 3D bioprinting, most of these articles
have focused on using well-known polymers such as alginate
and gelatin toward new applications, while less attention has
been paid to developing new ink materials. In order to simulate
the complex mechanical and biological profile of the natural
tissue, accessing different ink materials with tunable physico-
chemical properties is essential. It is essential to highlight that
“bioink” are printable materials that contain cells as a mandatory
component and therefore formulations containing biologically
active molecules or components without any cells, does not
consider as a bioink. These aqueous formulations of printable
materials or precursors of hydrogels that containing biological
factors therefore are quantifies as “biomaterial inks.”*! How-
ever, as long as they are used “in order to produce bioengineered
structures serving in regenerative medicine, pharmacokinetic
and basic cell biology studies,” the 3D printing of either type of
ink is termed 3D bioprinting.”]

In recent years there has been an increasing interest in ex-
ploring the potential of lignocellulosic materials for 3D biofab-
rication. Cellulosic materials are biocompatible, with high sur-
face area (a few hundreds of m? g1),[® low density, high ten-
sile strength, and elastic modulus (%100 GPa for single cellulose
fibrils).”! In this regard, there is a rapidly growing body of knowl-
edge on wood-based products, and there are several comprehen-
sive articles on the cellulosic-based materials and their biomedi-
cal applications.[*) Given the exponential growth of research on
lignocellulosic materials in the field of biomaterials, this review
paper seeks to present discussions covered in articles mainly pub-
lished in the last three years related to the current state of 3D
bioprinting of the lignocellulosic based materials. The review si-
multaneously discusses the significant parameters to consider
for 3D bioprinting of these materials for diverse biomedical ap-
plications. We discuss the different sources of lignocellulosic ma-
terials for biofabrication, their physiochemical properties, and
provide extensive discussion on lignocellulose-based 3D biofab-
ricated materials. Finally, this review attempts to ascertain what
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are the primary consideration, challenges, and emerging tech-
niques in using lignocellulosic materials for 3D biofabrication
for biomedical applications.

2. Types and Sources of Lignocellulosic Materials
2.1. Cellulose

Plant cellulose, the most abundant polymer in nature, is a
semicrystalline, highly polymerized natural homopolymer with
reinforcing effect in wood and nonwood fibers.['! Cellulose is a
linear polymer consisting of f-b-glucose units with #-1,4-glucan
bonds, which are formed due to condensation reactions that oc-
cur between an OH group of the a-anomeric form of C; atom
and the C, carbon atom of other molecules!’®! (Figure 2A). The
cellulosic fibers in wood exist as 3D matrixes, with these 3D ma-
trixes responsible for its crystalline form and resulting mechan-
ical properties."¥ Like cellulose, f-glucans also consist of long
chains of glucose molecules linked with f bonds and can be
found inside the cell wall of bacteria, fungus and yeasts. How-
ever, f-glucans differ from cellulose in having branched chains
besides the straight linear chains. Where cellulose consists of
linear chains (unbranched) that are laid crowded together, the
rings in beta-glucan contribute to making “kinks” to generate the
molecule in a cylindrical shape. As a result, f-glucans are solu-
ble fibers due to having both branched and linear linkages that
water can easily diffuse into the network and solubilize them,
whereas cellulose with its high molecular weight, strong hydro-
gen bonding between the molecules and crystalline structure is
water-insoluble.!*%]

Cellobiose is produced by hydrolysis of cellulose. The struc-
tural cellobiose is a disaccharide (two p-glucose molecules
C;,H,,04;) in which the adjacent glucose residues are rotated
180° with respect to each other. The glucose molecules are in-
dividually linked to each other via two hydrogen bonds. Glu-
cose units contain equatorial and axial hydroxyl groups in which
an axial hydroxyl group is more reactive than an equatorial hy-
droxyl group. Also, equatorial hydroxyl groups are radially placed
away from the ring (pyranose), while the axial hydrogen atoms
are aligned perpendicular to the ring. The source and synthesis
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Figure 2. A) Glucan chains (glucopyranose rings), the inter- and intrachain hydrogen bonding in cellulose. B) Bundles of f-1,4-glucan chains. C)
Schematic of cellulose and D) methylcellulose where methyl groups substitute the hydrogen atoms.[43]

conditions affect the number of glucose units that can be used for
determining the degree of polymerization in a cellulose chain.!¢!
Individual glucan chains in cellulose are comprised of two sides
in which the free C, hydroxyl group is known as the reducing
end while the nonreducing end is located on the opposite side
as the free C, hydroxyl group (unmodified), with the possibility
to be modified via chemical methods. The nonreducing part of
molecules is active for the adjunction of new glucose to extend
individual chains in a cell.

Approximately 6-8 glucan chains are assembled parallel to
each other to form the subelementary fibrils (protofibrils) with
a diameter ranging from 2 to 20 nm depending upon the source.
The aggregation of elementary fibrils is stabilized via a combina-
tion of van der Waal’s forces, and inter- and intramolecular hy-
drogen bonds. These fibrils gather into long microfibrils to form
tight ribbons (Figure 2B). The type of organism and enzyme in-
volved in the biosynthesis affect the shape, size, and organization
of the microfibrils. These factors determine the degree of crys-
tallinity of cellulose, and as a result, mechanical strength.

2.1.1. Cellulose Nanocrystal, Nanofibril, and TEMPO Oxidized
Cellulose

An extensive review of the literature suggests that the major
forms of cellulose employed in the medical field are cellulose
nanocrystals (CNC), micro/nano fibrillated cellulose (MFC and
NFC) and bacterial cellulose (BC). Table 1 summarize names,
sources and some properties of nanocelluloses. CNC and NFC
are nanoscale cellulose fibers that present reinforcing effects in
polymer nanocomposites!!’! with NFC is shown to consist of both
amorphous and crystalline regions compared to CNCs which
contains only crystalline regions.*®! The structure of bacterial cel-
lulose is different due it being expressed in microorganisms, as
discussed in more detail in Section 2.1.

According to Lin et al.,[*?l CNC and NFC are typically produced
via chemically induced destruction strategies (i.e., acid hydroly-
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sis) and mechanically induced destructuring strategy (i.e., grind-
ing) respectively. The hydrolysis facilitates the removal of amor-
phous segments in the cellulose fibers. CNC have a crystalline
morphology which is characterized by high aspect ratio, high
surface area, and high mechanical strength. When CNC is ob-
tained via acid hydrolysis, the surface of CNC will be negatively
charged, thus promoting its dispersion in water due to electro-
static repulsions.l’” The magnitude of the surface charges cor-
relates with the severity of the hydrolysis condition(?!! and thus
CNCs may exhibit amphiphilic properties. The amphiphilic na-
ture of CNCs suggests that CNC can also act as a stabilizers in
emulsions and foams.!??] If the acid used in hydrolysis is sulfuric
acid or phosphoric acid, the derived CNC will be characterized by
a chiral nematic structure.l?”! If on the other hand, hydrochloric
acid is employed in the hydrolysis process, prior to a post reac-
tion sulfonation will generate CNC characterized by a birefrin-
gent glassy phase.l?’] CNCs are typically presented as elongated
rod-like (or needle-like) nanoparticles, such that each rod exists
as a rigid cellulosic crystal,[*] thus having the potential to serve
as reinforcing agents in polymer nanocomposites.

NFCs consist of individual and aggregated nanofibrils which
are composed of both crystalline and amorphous cellulose re-
gions, thus resulting in its less rigid structure compared to CNCs.
To prepare the cellulose nanofibrils (CNF), mechanical fibrilla-
tion of cellulose biomass is undertaken. This mechanical fibrilla-
tion may be achieved via homogenization, microfluidization, or
ultrafine grinding of cellulose.?3! In some cases, the CNF may be
subjected to enzymatic, chemical, or mechanical pretreatments
to reduce energy input and enhance CNF quality.[**) CNFs are
typically characterized by lateral dimensions of 3-10 nm and a
length of 0.5-2 pm,[24l by high intrinsic properties with a strength
of 1-3 GPa, a low density of 1.5 g cm™, and a crystal modulus
of 138 GPa.l?"

MFC consists of long, flexible, and entangled cellulose
nanofibers and are characterized with lateral dimensions in the
nanoscale range and lengths up to the micron scale. MFCs are
characterized by a fiber structure that resembles both water-
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Table 1. Common cellulosic materials: types, synonyms, common production methods, typical dimensions, and crystallinity.
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[9,30]

Type of cellulose Synonyms Production method

Typical size and crystallinity

Cellulose nanocrystal Nanocrystalline cellulose (NCC),

(CNQ) crystallites, cellulose whiskers,
cellulose nanowhiskers
rod-like cellulose and bacteria

diameter: 5-70 nm

Acid hydrolysis of cellulose from many sources such
as wood, cotton, hemp, flax, wheat straw, mulberry
bark, ramie, Avicel, tunicin, cellulose from algae,

High aspect ratio (3-5 nm wide, 50-500 nm in
length), are 100% cellulose, highly
crystalline (54-88%),

rod-like or whisker, length 0.05-0.5 pm, width
3-5 nm, height 3-5 nm

length: 100-250 nm (from plant celluloses)

100 nm to several micrometers (from celluloses of

tunicates, algae, bacteria)

Microcrystalline Cellulose microcrystals (CMC),

cellulose (MCC) one brand name is Avicel

Acid hydrolysis of wood fiber from various sources
including wood pulp and purified cotton linters

Highly crystalline, length 10-50 ym,
width 10-50 pm, height 10-50 ym

back-neutralization with alkali, and spray-dried

Nanofibrilated
cellulose (NFC)

Cellulose nanofibrils/fibers (CNF)

and microfluidization

high intensity ultrasonic treatments,

Microfibrillated
cellulose (MFC)

Cellulose microfibrils (CMF)

treatment

Bacterial cellulose Bacterial nanocellulose, microbial

(MBC) cellulose, biocellulose

Mechanical processes: high-pressure homogenizers,
grinders, cryocrushing,

Delamination of wood pulp by mechanical pressure
before and/or after chemical or enzymatic

Synthesis of aerobic bacteria such as acetic acid
bacteria of the genus Gluconacetobacter

A high aspect ratio (4-20 nm

wide, 500-2000 nm in length), 100% cellulose
and contain both amorphous and crystalline
regions

MFC and NFC terminologies are sometimes
used interchangeably

in the literature, length 0.5-2 pm,

width 4-20 nm, height 4-20 nm

Contains both amorphous and crystalline
regions, length 0.5-10’s pm, width 10-100
nm, height 10-100 nm

Morphology depending on the specific
bacteria and culturing conditions. length
>1, width 30-50 nm, height 6-10 nm

soluble polymers and insoluble additives, thus contributing to
its versatility as a biomaterial composite.[>’] These MFCs may
be prepared by applying high-pressure homogenizing action on
a dilute slurry of cellulose fibers, leading to the disintegration
of the fibers to expose their substructural microfibrils.l?*! These
MFCs are only moderately degraded although their surface areas
are greatly expanded.!’]

TEMPO oxidization refers to 2,2,6,6,-tetramethylpiperidine-1-
oxyl mediated oxidation and is applied to selectively oxidize C6-
primary hydroxyls exposed on the cellulose microfibril surfaces
into C6-carboxylate groups in water.[?’] The generation of these
negatively charged C6-carboxylate groups will facilitate the weak-
ening of the interfibrillar hydrogen bonds, due to the electro-
static repulsions produced by negative charges and thus enabling
the disintegration of oxidized fibers into individualized cellulose
nanofibrils.”’”) The individual fibers, obtained after TEMPO ox-
idization are characterized by widths ranging from 3 to 4 nm
widths and high aspect ratios (>50).[2% The fibers are also long
in length, tensile strengths (200-300 MPa), elastic moduli (6
7 GPa), high light transparencies and flexibilities.[?’! These afore-
mentioned properties of the TEMPO-oxidized cellulose enhance
its tenability.[*Y!

2.1.2. Methylcellulose

Methylcellulose is an ether derivative of cellulose that is pro-
duced through partial substitution of hydrophilic hydroxyl
groups of cellulose with hydrophobic methoxy groups.3!l MCs
can be prepared via a Williamson ether synthesis process which
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involves the employment of an alkali-metal salt of the hydroxy
compound and an alkyl halide, in organic solvents or under the
action of phase-transfer catalysts.’2] Methylcellulose can also be
prepared via heterogeneous media with methyl chloride and may
be synthesized from dimethyl sulphate and methyl iodine using
suitable apparatus and processes.[**] Methylcellulose is biocom-
patible and has been used as food and drug additive in many
countries.**! MCs soluble in cold water but insoluble in hot wa-
ter, with increasing viscosity observed as temperature increases,
such that gel formation occurs at a temperature of 50-55 °C.1]
In the sol state, MC is hydrophilic, but its hydrophobic properties
increase due to the gelation process.*®] This gelation process is
fully reversible.l*’] Its thermal gelation properties and its solubil-
ity promotes its utilization in pharmaceutical industry as a disin-
tegrant for the sustained release of pharmaceutical bioactive com-
pounds from tablets.[*8] MCs, despite cellulose, CNC and CNF
are soluble in aqueous solution. The ordered hydrogen bonds be-
tween hydroxyl groups of the cellulose molecules are disturbed by
the methoxy groups, which allows the water molecules to pene-
trate the MC structure and form electrostatic bonds with the polar
side chains.3%! Nevertheless, due to the nonpolarity of methoxy
groups, increasing the degree of substitution (DS) eventually de-
crease its solubility in aqueous media. For that reason, the degree
of substitution of MC for tissue engineering applications is below
2.5, and usually a DS in the range of 1.5-1.9 is considered opti-
mal for solubility. MC with a DS of 2.5-3.0 is soluble in polar
organic solvents.??! The high binding affinity between the po-
lar MC and molecules of water results in a viscous hydrogel net-
work, which is essential for its bioprinting applications.*”] The
gel strength and temperature of gelation depend on the DS, con-
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centration, molecular weight, and concentration of electrolytes.
The gelation temperature decreases as DS and MC concentra-
tion increase, while increasing the molecular weight improves
the strength of the gel.[**) Increasing the ionic strength, for ex-
ample, through the addition of salts in the aqueous media, can
affect the temperature of gelation and gel strength in either di-
rection. Methylcellulose as a thermal gelling polymer has mainly
been used in 3D printing as a blending material with other poly-
mers such as alginatel*!l and hyaluronic acid*? to improve the
printing process of these polymers. Readers are referred to the
review articles®*! regarding the recent development in applying
methylcellulose for 3D printing for biomaterials engineering.

2.1.3. Microbial Cellulose

Although plants are mostly considered the primary source of cel-
lulose, cellulose can be produced from various bacteria as an al-
ternative source. There are some microorganisms (bacteria, tuni-
cates, algae, sponge, or fungi) that are able to produce cellulose,
known as microbial cellulose (MBC).

Bacteria can produce MBC (which can then also be referred
to as bacterial cellulose (BC)) through oxidative fermentation in
both nonsynthetic and synthetic medium. The ultrathin 3D net-
work of MBC nanofibers (pellicle) is formed in parallel to the
medium surface via Intra- and intermolecular hydrogen-bonding
network, van der Waals and hydrophobic interactions. BC is
an exopolysaccharide made up of f-1,4-p-glucopyranose units
which are interlinked by intermolecular hydrogen bonds with the
molecular formula of (C,H,,0s),,.

In contrast to plant-derived celluloses, MBC is free from lignin,
hemicelluloses, and pectin and there is no need to use a harsh
process chemistry such as acid hydrolysis and alkaline delignifi-
cation in order to carry out the purification processes; thus, MBC
purification can be carried out easily with a low energy process.
Furthermore, MBC has shown to possess higher crystallinity (70—
80%), purity, high-water holding capacity (99%), a high degree of
polymerization (up to 8000), good mechanical strength (>2 GPa),
unique nanostructure, and nontoxicity in compared to plant cel-
lulose, while also retaining its biocompatibility.[**! Typically, a rib-
bon of bacterial nanofibril has a width of about 60 nm with in-
definite length, while softwood pulp fibers are normally at least
100 pm wide. Due to this fibril thickness, MBC has around 200
times higher surface area compared to softwood pulp fibers. This
high surface area and capabilities for hydrogen bonding make BC
able to retain up to 700% water.[*’]

That said, MBC has attracted much attention for various ap-
plications including for 3D biofabrication. Different types of bac-
teria generate MBC with different structures, morphology, prop-
erties, and applications. Generally, Aerobacter, Alcaligenes, Achro-
mobacter, and Pseudomonas (flocculation in wastewater); Rhizo-
bium, Agrobacterium (attachment to plants); A. hansenii, Acetobac-
ter (Maintenance aerobic environment); Gluconacetobacter (Aer-
obic environment), Gluconacetobacter xylinus , Sarcina, Azobac-
ter, and Zoogloea are known as bacteria sources which can pro-
duce BC with favorable physical properties for diverse applica-
tions in the biomedical field, e.g., artificial skin, wound dressing,
tissue-engineered blood vessels, vascular grafts cartilage replace-
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ment, tissue and bone regeneration, and medical pads and dental
implants.[*¢]

Among all types of the MBC producing bacteria, G. xylinus (for-
merly Acetobacter xylinum) are widely used sources.*’] A. xylinum
with high MBC productivity has been used commercially for pro-
ducing MBC. These bacteria can polymerize up to 200 000 glu-
cose molecules per second using cellulose synthase.[*] MBC syn-
thesis can be categorized into two intermediary steps as follow-
ing: i) the intracellular formation of 1,4-f-glucan chains and ii)
the assembly and crystallization of cellulose chains. MBC starts
to generate when the present bacteria polymerize the glucose
residues into linear g-1,4-glucan.

Notwithstanding all its advantages, the MBC production pro-
cess is relatively costly due to the utilization of expensive cul-
ture media.[**! Therefore, a cost-effective culture medium is the
most important hurdle and has attracted interest from many re-
searchers. Various byproducts from dairy, fruit juices, textile in-
dustries, wine fermentation waste broth, starch waste, biodiesel
byproducts, confectionery industries, etc., have been proposed as
media for MBC production.l*"]

In order to develop MBC materials with desirable biologi-
cal, mechanical, physical, magnetic, and conducting properties,
MBC-based composites have been established based on impreg-
nating nanomaterials, metals, metal oxides, and polymers as ad-
ditives in MBC matrix. Although potentially applicable to other
forms of lignocellulosic materials as well, various successful at-
tempts were carried out specifically on MBC to include antimi-
crobial activity. Several methods such as the inclusion of, or mod-
ification with antibacterial peptides,l!! silver nanoparticles,>?
in situ synthesis of SiO, coated Cu nanoparticles,***! and an-
tiseptics such as povidone-iodine and polyhexanide,>* tetra-
cycline hydrochloride (TCH)-loaded bacterial cellulose,** an-
tibiotic fusidic acid,!*c] grafting of ammonium moieties (3-
aminopropyl)-trimethoxysilane,® aminosilanes,*® and nano-
ZnOP7] have been investigated to impart MBC with antimicro-
bial properties. MBC modifications in order to improve proper-
ties can be carried out through two methods of ex situ chemi-
cal treatments (carboxylation, acetylation, amidation, or incorpo-
ration of nanomaterials) and in situ biotreatments. The ex situ
MBC modifications are generally performed after the MBC has
produced using physical methods or hazardous chemicals and
solvents which can result in some issues related to environmen-
tal toxicity. Unlike this method, in situ MBC modifications can
reduce the problems and open new researches in biomedical ap-
plications. using the in situ modification method it is possible
to changing the resulting MBC by modifying the bacterial cell
culture such as changing the source of carbon or adding addi-
tives such as reinforcing materials. Glucose as a carbon source is
mostly used for in situ MBC methods. However, the utilization
of biomass sources is encouraged due to consider economics and
environmental concerns.[>®

2.2. Hemicellulose
Hemicelluloses (xylans) are the second most abundant group
of polysaccharides providing the structural strength of plants,

through a complex crosslinking/bonding network with cellulose
and lignin.>%) The macromolecule of hemicellulose consists of

© 2020 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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complex branched heteropolymers that form hydrogen bonding
with cellulose and form covalent bonding with lignin via a-benzyl
ether linkages, and form ester linkages with acetyl units and hy-
droxycinnamic acids.[®] These bonds tend to limit the hemicellu-
lose liberation from the matrix of the cell wall.l®] Hemicellulose
is composed of hexoses (C;) of p-galactose, r-galactose, and p-
mannose and L-fructose and pentoses (C;) of 1-rthamnose, arabi-
nose, and xylose. It also contains p-glucuronic acid and acetylated
sugars.[®!] Biorefineries can separate hemicelluloses from wood
through environmentally acceptable processes such as hot water
extraction. Hemicelluloses in hardwoods are large xylans and in
softwood, glucomannans. In plant cell wall structure, hemicellu-
loses are in a firm bonding with cellulose fibers. This affinity be-
tween cellulose and hemicellulose is preserved after wood being
processed in biorefineries which makes hemicellulose an impor-
tant material for modification of cellulose fibers.

2.3. Lignin

One of the main components of the plant cell wall is lignin, which
can significantly enhance the mechanical strength of cells. Lignin
constitutes the third major component of wood. It is a com-
plex aromatic copolymer network,[®* having a 3D structure build
from the main monomers p-coumaryl, sinapyl, and coniferyl al-
cohols. Combined with the presence of many functional groups,
e.g., hydroxyl, phenolic hydroxyl, aliphatic hydroxyls, sulfonic,
methoxyl and carboxyl groups, tensile properties, and antioxidant
activity. Wood lignin exists mainly as f-O-4’ alkyl-aryl ether sub-
structures, minor amounts of f-5’ (phenylcoumarans, 6%) and
other condensed substructures.[®*! According to Lochab et al.,[%
the macromolecule of lignin is rich in phenolic derivatives such
as cresol, catechol, guaiacols, syringol, and eugenol, thus possi-
bly serving as a sustainable source of useful high-value phenolic
polymers.

3. Biofabrication Using Cellulosic-Based
Biomaterials

3.1. Cellulose Nanocrystals and Nanofibers

Recognizing the properties of cellulose fibers, extensive stud-
ies have been undertaken over the last decade, specifically
in the production of hydrogels using native cellulose, cel-
lulose nanowhisker, nanocrystals (CNCs), cellulose nanofib-
rils, nanofibers (CNFs), and cellulose derivatives such as hy-
droxypropyl methylcellulose. These cellulose fibers have also
been employed in 3D printing, with the most common native
cellulose-based 3D printing material being the cellulose nanofib-
rils (CNF) hydrogel (Table 2).1%! The cellulosic materials con-
centration and the applied shear rate have been demonstrated
to influence alignment of anisotropic particles during the ink
deposition.[®] These materials can also increase viscosity of the
ink which will lead to higher printing fidelity although signif-
icantly higher viscosities increase shear stress, during the ink
application.[®7]

The extensive use of cellulose nanofibrils (CNF) hydrogel was
highlighted in ref. "% where the functionality of the employment
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of CNF in drug delivery, wound dressings, and the development
of tissue engineering scaffolds was extensively discussed. Addi-
tionally, the prospects and ongoing challenges of CNC- and CNF-
based hydrogels for biomedical applications were summarized.
The work presented in!'® demonstrated that CNC- and CNF-
based hydrogels are promising for diverse biomedical applica-
tions. 3D printing of cellulose is mostly used in combination with
other polymers including alginate,!®] gelatin,*®] methacrylated
gelatin, hyaluronic acid, and PLAI*2%-7%] and is being studied as
a viable route to fabricated 3D structures for tissue engineering
applications.

Crosslinking of cellulosic polymers to form printable hydro-
gels is a critical aspect of using these compounds for 3D biofab-
rication. Leppiniemi and co-workers were able to establish the
possibility of employing CaCl, as the crosslinker for a mixture of
alginate, TEMPO-oxidized cellulose nanofibrils (TCNF) and glyc-
erin to develop 3D-printable bioactivated hydrogels suitable for
wound healing applications.[”! The bioactivated hydrogel devel-
oped was later functionalized covalently via the attachment of the
tetrameric biotin-binding protein of avidin which enhanced the
material stability. Leppiniemi and co-workers also stated that op-
portunities for further functionalization via interactions between
avidin and biotin interactions existed largely due to the stabil-
ity of the neutralized chimeric avidin. Increasing the share of a
strength additive such as CNF in the ink formulation can mini-
mize shrinkage and reduce the collapsing of the printing paste.

Heggset et al. evaluated the printability of hydrogels based on
cellulose and alginate, thereby focusing specifically on the poten-
tial effect of alginate source.’? Although the source does not af-
fect the viscoelastic properties it does play an essential role in
the mechanical properties of the inks (CNF, CNC, or the mix-
ture) for 3D bioprinting. Comparing the alginates from Macro-
cystis pyrifera and Laminaria hyperborean, the latter was reported
as a better choice when high mechanical strength is required,
also showing lower syneresis. Knowing that alginate has low vis-
cosity and to improve the shape fidelity, CNF was added to the
mixture. The material with 4% CNF was printable with suitable
shape fidelity while replacing CNF with CNC negatively affected
the shape fidelity of the material due to a reduced complex viscos-
ity. Therefore, CNC can be used to improve the total content of the
ink without increasing the viscosity and, without obstructing the
printing and the force needed for the extrusion. The same group
in 2017173] reported the high rupture strength, compressibility,
and gel rigidity of CNF and alginate hydrogels. Therefore, print-
able hydrogels with 130-150 kPa Young’s modulus and 1.5-6 kg
cm~2 rupture strength can be formulated by tuning the amount
of CNF and type of alginate. This material has potential applica-
tion as wound healing dressing or face mask.

The increasing popularity of cellulosic materials for 3D biofab-
rication has been expedited by the commercialization of some
printable ink products such as CELLINK from CELLINK AB
(Sweden). CELLINK which first was introduced in 2016 is com-
posed of 2% (w/w) CNF produced in aseptic conditions, and
sterile sodium alginate at 0.5% (w/w). In a study by Martinez
Avila et al.l”* the ink was mixed with human nasal chondro-
cytes (hNC) and the produced bioink was bioprinted followed by
crosslinking using CaCl, solution. The bioprinted construct was
evaluated for auricular cartilage. The construct showed proper
shape and size stability as well as improving the cell viability
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Figure 3. The photocurable liquid resin is composed of the polymer matrix (PEGDA), the nanofiller (CNC), and the photoinitiator (Pl) system. Form-
labs SLA 3D printing butterfly test specimen using formulated PEGDA-CNC compared to Formlabs resin, and the human ear construct was printed.
Reproduced with permission.[7>] Copyright 2017. American Chemical Society.

and proliferation. The cells cultured in the 3D structure could ex-
press and synthesize GAGs, collagen type II, aggrecan, and ma-
trilin 3, which is an important cartilage-specific ECM protein to
maintain the matrix stability and integrity. These promising re-
sults could be related to the suitable 3D microenvironment that
the CELLINK provides, mimicking the cells’ natural matrix. Cur-
rently, CELLINK has been modified with tricalcium phosphate,
RGD peptides, fibrinogen, and laminins, to be developed into a
series of printable inks for various bioprinting applications.

Cellulose nanocrystal (CNC) is another essential cellulosic
form which has been assessed as a functional filler for mechan-
ical property improvement. CNC could enhance stiffness, bio-
compatibility, and hydrophilicity of PEG structures fabricated
through mask-based stereolithography.[”>! Indeed, CNC has been
shown to have a specific modulus comparable to the specific
modulus of steel. Palaganas et al. assessed the suitability of
CNC for 3D printing while utilizing stereolithography for PEG
structure development with improved mechanical properties for
biomedical applications.”! Photocurable resins that have been
cured using ultraviolet light were employed in the stereolithog-
raphy apparatus (SLA) as illustrated in the experimental setup
presented in Figure 3.

In this study, lithiumphenyl(2,4,6-trimethyl  ben-
zoyl)phosphinate (LAP) was employed as a photoinitiator,
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characterized by excellent photon absorption, water solubility,
and biocompatibility. The PEG was further sensitized with the
dye, Reactive Orange 16 to improve photon energy adsorption
and its transmission into adjacent molecules. However, this
overlapped curing system can result in an unwanted increase in
the volume of the structure. To address this issue and regulate
the effects of radical concentrations, TEMPO oxidation was also
introduced. The addition of 0.3 wt% of CNC resulted in a 100%
increase in Young’s modulus of the hydrogel (from 0.6 + 0.2 to
1.2 + 0.3 MPa).[”s]

Scaffolds with the ability to support neuron cells are of high
importance for neural tissue engineering and brain study appli-
cations. In a study by Kuzmenko et al.,[”®! cellulose nanofibers
(CNF) and carbon nanotubes were formulated into 3D-printed
structures with the diameter and electrical conductivity of less
than 1 mm and 0.38 S cm™, respectively, as highlighted in Fig-
ure 4. The electrical conductivity of the scaffold achieved through
the incorporation of carbon nanotubes (CNT) is one of the criti-
cal parameters that facilitated cell development and proliferation.
The CNF and CNT were mixed at a mass ratio of 4:1. The ma-
terial was 3D printed through a piezoelectric microvalve and a
300 pm nozzle. Dispersal of CNT in water to enhance its mix-
ing with other materials usually requires the introduction of sur-
factant molecules to the mixture. However, the introduction of

© 2020 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. A) Illustration of the development of conductive composite inks through the incorporation of carbon nanotubes into cellulose nanofibrils
for 3D printing materials with nanosized surface features and electrical conductivity.”®! B) The addition of NaOH to the ink decreases electrostatic
repulsion between colloidal particles while colloidal stability is preserved resulting in ink with rheological properties like the pure CNF. Reproduced with

permission.[7®] Copyright 2018, Elsevier.

surfactants may result in cytotoxicity toward the cells. Alterna-
tively, CNT may be charged electrostatically to allow for good dis-
persion of CNT in the mixture through the formation of electro
statistically stable structures. Despite an excellent homogeneous
dispersion, the resulting ink is not printable due to low viscosity
as a result of a high electrostatic repulsion, high negative charge
within the ink, and therefore lower entanglement of the fibrils
and consequently reduced viscosity of the ink. That being said,
the inclusion of sodium hydroxide can moderate the magnitude
of electrostatic repulsion forces between colloidal particles (Fig-
ure 4).

There is a wide range of studies on the inclusion of ligno-
cellulosic materials into other polymers to mainly improve the
structural stability of the structure. Campodoni et al.l’’! investi-
gated the effect of cellulose nanofibrils and crosslinking on the
mechanical properties of molded gelatin 3D scaffolds, with the
primary aim of obtaining good biomimicry and structural sta-
bility. The degree of crosslinking was largely affected by the se-
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lected method, where it varied from 1.5% for hexamethylenedi-
amine (HMDA) to about 15% when the mixture crosslinked with
HMDA, genipin, and a dehydrothermal treatment (DHT). Dehy-
drothermal treatment includes the formation of covalent bonds
between polymer chains without any bridging molecule and is
a suitable technique to develop a stable scaffold. The addition
of 10% CNF to the gelatin matrix followed by crosslinking with
HMDA, DHT is suitable for developing a porous scaffold with
tunable mechanical properties. Nevertheless, for the scaffold de-
veloped through a solution casting method, there is limited con-
trol of the composite resolution and line spacing of the structure,
which may affect the final functionality of the scaffold, and this
time-consuming crosslinking approach cannot be adopted for 3D
printing approach.

Cellulose nanofibrils biocompatibility making it valuable for
the development of hydrogels for biomedical applications. Xu
et al.l”®l developed a 3D printable biomaterial ink using 1% of
TEMPO-oxidized CNF with less than 1% of GeIMA and reported

© 2020 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. A) Schematic illustration of biomaterial ink formulation and scaffold printing, from left to right: images of GelMA and CNF hydrogel and the
process of the formulation; simple drawing of direct ink writing (DIW) process; optical microscopic images of printed hydrogel structures. B) Confocal
images of 3T3 cells were seeded onto the scaffold and incubated with the 3D structure on day 3.8 Reproduced with permission.l”8] Copyright 2019,

American Chemical Society.

that the UV crosslinking ability of the GeMA was increased in
the presence of CNF, as illustrated in Figure 5. Although a very
low concentration of either CNF or GelMA was used in this study,
a structurally stable hydrogel with a mechanical strength of 2.5—
5 kPa was obtained which can be due to presence of a strong phys-
ical interaction between CNF and GelMA, as a result of strong
hydrogen bonding and physical entanglement. GelMA may also
be adsorbed on the CNF layers. The gelatin methacrylation pos-
sibly influences the interaction of the CNF and gelatin as a result
of the steric effect of grafted methacryloyl groups and their hy-
drophobic nature. Interestingly, the addition of GelMA into the
CNF hydrogel has improved the cell compatibility of the struc-
ture and improved the proliferation of adhered fibroblasts. This
formulation has great potential for developing 3D structures for
wound healing applications.[”®]

In addition to the inclusion of CNF to the gelatin matrix to im-
prove the mechanical properties, CNF has also included in the
polyurethane (PU) mixture to improve its printability.”) Where
CNFs could link PU nanoparticles in the structure resulting in a
printable paste with pattern fidelity and stability (Figure 6). New
urethane bonding was formed between —OH groups of CNF and
the isocyanate which resulted in an improved crosslink density
of CNF-PU samples compared to the control PU. The web-like
structure of CNF also played a role as a filler to improve the me-
chanical properties of the paste.[3]

PU/CNF composites can be prepared either through the dis-
persion of the CNF in the PU, or by its inclusion during in situ
syntheses of the PU. The carboxyl group content of CNF plays a
vital role in the viscosity of the matrix; this can be explained by
the presence of repulsion force between PU nanoparticles with
abundant COO- on their outer surface. This is also the case for
CNFs with hydroxyl groups. These two negatively charged groups
of COO- on PU and CNF repel each other and limit the interac-
tion of PU and CNF. The higher the carboxyl group content, the
more potent repulsion force and harder interaction, therefore, a
charge neutralizer such as triethylamine (TEA) is required. For
the in situ synthesis of PU/CNF composite, a 3% suspension of
CNF was added during the synthesis of PU in the presence of
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TEA. Sonication mixing after PU synthesis was used as a sim-
ple method for dispersion of CNF in the mixture, although the
mixture did not have suitable viscosity for printing. To adjust the
viscosity, the addition of extra TEA right after CNF dispersion
was needed; otherwise, the PU particles become stable after for-
mation and interactions between CNFs and PU particles are no
longer possible.

TEM images indicated to the formation of a skewer like struc-
ture between cellulose fiber and PU, justifying how CNF affects
the viscosity of the PU.[”°]

Combining directional freeze casting and 3D printing, Kam
et al. developed a method called direct cryowriting (DCW). Using
this technique, rod-shaped nanoparticles of cellulose nanocrys-
tals and xyloglucan (XG) were aligned through freeze casting of
the solution which was then printed at cryogenic temperature us-
ing an extrusion-based 3D printer. The growth of ice crystals in
this technique controls and guides the alignment of the particles.
The presence of XG at a low concentration (<4%) can act as a
crosslinking agent in adhering to the cellulose nanoparticles to-
gether in the 3D-printed structure and enhancing the viscosity of
the mixture, thus making it printable. Nevertheless, XG at high
concentrations can cover the surface of the particles and nega-
tively affect the rheology of the mixture by making the particle
surface slippery. This technique may develop into 3D printing of
objects with controlled morphologies and mechanical properties,
as shown in Figure 71.(87)

Another approach for the development of a cellulose-based
biomaterial was demonstrated by Lewis et al.32] and illustrated in
Figure 711. In their work, cellulose nanocrystal physical gels were
prepared through freeze-thaw cycles of the CNC suspensions.
In this novel approach, the negatively charged sulfate half ester
groups existing on the surface of the CNC provide electrostatic
repulsion force which stabilizes the particles in the suspension,
while the growing ice crystals induce irreversible aggregation of
CNC upon freezing. The confinement of CNC during freezing
also leads to the domination of the van der Waals forces, result-
ing in the aggregation of the CNCs into cluster sheets preventing
its redispersion upon thawing. Thus, after each freeze-thawing

© 2020 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. A) Preparation of polyurethane (PU)/cellulose nanofibrils (CNF) nanocomposites using different techniques of shaking, sonication, in situ

synthesis, and in situ with the addition of extra charge neutralizer triethylamine (TEA).

B) Illustration of the molecular interaction of PU and CNF during

the formation of the nanocomposites. C-E) Images of the printed scaffolds of PU/CNF and PU/PEQ.[7°l Reproduced with permission.[”?] Copyright

2019, Elsevier.
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1) Schematic illustration of the direct cryowriting (DCW) setup A), image of the DCW printing process B), final scaffold C), and viscosity

measurements of mixtures of XG and CNCs at different ratios indicates the influence of XG content on the viscosity and the shear-thinning behavior
of CNCs D). Reproduced with permission under the terms of the Creative Commons License.[#!] Copyright 2019, the Authors. Published by MDPI.
I1) Freeze-thaw gelation caused by a physically confined aggregation of CNCs between growing ice crystals. The CNCs do not fully redisperse when
thawed.[32] Reproduced with permission.[82] Copyright 2019, American Chemical Society.

(FT) cycle CNC aggregates into larger clusters. This physical col-
loidal gel can be used for the formation of 3D hydrogel networks
with diverse biomedical applications. This technique is simple,
requires low concentrations of the CNC (4%), is free from chem-
ical additives such as salt and it is possible to tune the rheological
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properties of the hydrogel by changing the parameters such as
freezing temperature and cooling rate, number of FT cycles and
concentrations.!®?!

In another study, the effect of CNF and bioactive glasses on
the rheological properties of alginate/gelatin bioink was inves-
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between layers.[84b] Reproduced with permission.[84b] Copyright 2018, Elsevier.

tigated, and the response of bone cells embedded in this ma-
trix was evaluated.®] By modulating the flow behavior of the
hydrogel, CNF enhanced the printability of the material. Bioac-
tive glasses introduced bioactive cues of bone cells and induced
the differentiation of the cells; nevertheless, the addition of this
ceramic phase could result in increased viscosity and negative
effect on the printability of the scaffold as a result of phase
separation between the solution and ceramic phase. Therefore,
CNF was also introduced to enhance the rheological proper-
ties of the material. Knowing that gelatin and CNF have hy-
droxyl groups on the surface and gelatin has amine and carbonyl
groups, gelatin and CNF can interact via the formation of hydro-
gen bonds. In the case of a TEMPO-oxidized CNF, this would
also have aldehyde groups on the surface which can interact with
the amine groups of the gelatin through a Schiff base reaction
which explains the effect of CNF on enhancing the viscosity of the
material.[®]

Cellulose paper coated with graphene was evaluated for poten-
tial application as a 2D or 3D support of human cells.®* The ma-
terial is produced by immersion deposition first with graphene
oxide which is then converted to the reduced form (RGO). The
proliferation and osteogenic differentiation of adipose-derived
stem cells indicated the suitability of the developed graphene cel-
lulose paper material for fabricating 3D multilayered laminate
cell-laden bone constructs. Using this simple immersion tech-
nique does not require specific materials or equipment and re-
sult in a uniform distribution of RGO on the cellulose substrate.
In addition, lamination of this paper with alginate hydrogel fol-
lowed by its folding into origami cuboid or cylindrical structure
make 3D cell support structures from this material. This tech-
nique is a combination of the mechanical properties from com-
mercial cellulose paper and the microscale morphological proper-
ties of RGO, resulting in a material that helps adhesion of human
cells growth and differentiation (Figure 8).34]

3.2. Methylcellulose
Methylcellulose has been used as a supportive biomaterial for

biofabrication in various ways, such as sacrificial ink and stabi-
lizing components, particularly for extrusion based bioprinting.
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Knowing that ink viscosity of plays an important role in print-
ability, methyl cellulose has been largely used to adjust the vis-
cosity of the ink. MC is characterized by a viscosity ranging from
5 to 75 000 cP in 2 wt% solution.’®l In different studies MC
with both low (15 cP) and high viscosity (4000 cP) have been
used for bioprinting although it was not possible to develop mul-
tiple stacked layers using the low viscosity MC.}*#1 Although
MC can form a viscous hydrogel network, its poor mechanical
properties limits its application for bioprinting in unmodified
form. To address this issue, Shin et al.3] in a recent study de-
veloped a dual cross linkable tyramine-modified MC conjugate
which could be printed and showed good mechanical properties.
In this study, reversible thermal cross linking was combined with
photo crosslinking to form the hydrogel (Figure 9). First, car-
boxylic acid groups were introduced in the backbone of MC, to
then be coupled to tyramine. The hydrogel was covalently cross
linked in the presence of photosensitive derivatives of vitamin B2
used as a photo initiator.

Methylcellulose has also been used in combination with algi-
nate for bioprinting. In a recent study, an alginate-MC blend was
used for encapsulation of human chondrocytes or human mes-
enchymal stromal cells, and printed with a calcium phosphate
paste (CPC) as an osteochondral tissue substitute. Using algi-
nate/MC with CPC a stable zonal structure was printed that sup-
ported the cells’ viability.®”] In addition to alginate, hyaluronic
acid has also been blended with MC for bioprinting, and it was
observed that the addition of HA to the mixture decreased the
sol-gel transition temperature, as well as slowed the gelation
process. While different studies exist on 3D bioprinting of MC
individually®!! or in combination with other polymers, a system-
atic comparison to reveal the real advantage of preparing these
blends is lacking. The readers are referred to the mini review pa-
per by Ahlfed et al.?*l which highlighted various applications of
MC for biofabrication.

3.3. Microbial Cellulose
The rheological and mechanical properties of MBC make it a suit-

able substitute for the natural extracellular matrix (ECM). The
viscous and elastic properties of MBC hydrogels affect cell be-
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Figure 9. Schematic of the 3D bioprinting process via the dual crosslinking system (thermal and photo-cross linking) of Methylcellulose-Tyramine

bioink.[#¢] Reproduced with permission.[3¢] Copyright 2020, Elsevier.

havior in terms of proliferation and spreading.[®®] Biocompatibil-
ity and moldability of MBC hydrogels have been used to develop
3D structures which have been suggested suitable as an implant
for cuff for nerve suturing, artificial blood vessel, and scaffold for
regenerative medicines.®!

An ideal wound dressing should have easy and painless re-
moval, facilitate the healing process, be nontoxic, provide wound
infection protection, and mimicking the natural extracellular ma-
trix.

That being said, MBC has been widely studied in the literature
as the wound dressing material.®®! Various materials (biopoly-
mers, organics, inorganics, etc.) are incorporated into MBC such
as silk sericin,l®!l graphene oxide reinforced chitosan,?! silver
sulfadiazine loaded MBC/sodium alginate,[®* hyaluronan/MBC
nanocomposites,®*! copper oxide/MBC,*! ampicillin/gelatin-
MBC,®! and human urine-derived stem cells loaded/MBC.[*”]
Stiffness and low strength under hydrophilic conditions limit
MBC for biomaterial applications as commercial products, and
fabrication should be followed by other treatments such as
plasma treatment, reducing agents, ex situ method, shaking at
low speed, and freeze-drying.l*”!

Bacteria produce cellulose usually at air-water interfaces, a
process that suffers from the absence of a 3D macroporous struc-
ture. This lack of having a porous structure limits MBC appli-
cation for developing biomaterials as the cells cannot penetrate,
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proliferate, and eventually regenerate the tissue. To address this
issue, a foamed MBC with defined porosity was created through a
direct foaming technique.[*®! By saturating the bacteria’s oxygen
dependency, the cellulose was grown by the air bubbles and sta-
bilized using Cremodan (Danisco) as a biocompatible surfactant
and xanthan gum as a green thickener to stabilize the foam. Con-
sidering viscosity as an important parameter affecting the forma-
tion of the cellulose, the authors fine-tuned and controlled the
formation of MBC by changing the concentration of the thicken-
ing agent. With this relatively straightforward technique, a 3D-
foamed biofilm was produced with potential for biomedical ap-
plications (Figure 101).8! Strong nanofibrils and high-water re-
tention capacity of MBC make it attractive for 3D printing; how-
ever, the disentanglement of intricated MBC fibrillar networks
is one major challenge toward 3D printing of MBC for biomate-
rial applications which if not correctly disentangled can block the
printer nozzles. Using the aqueous counter collision technique
which is based on collision energy of dual water jets, Apelgren
et al.l®! disintegrated bacterial cellulose nanocrystals into fibrils.
The biomaterial ink developed based on the aqueous counter
collision (ACC) treated MBC showed excellent printability with
structural integrity and postprint stability (Figure 10II). The au-
thors indicated ACC treatment as a suitable method to develop
printable materials from bacterial cellulose which could support
the proliferation and growth of chondrocytes.
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Figure 10. I). The bacterial cellulose developed as foam after 7 days of bacteria inoculation using 3 wt% Cremodan as surfactant and 0.5 wt% xanthan
as the thickening agent. Reproduced with permission under the terms of the Creative Commons License.[®®] Copyright 2018, the Authors. Published by
Springer Nature. 1) The BNC fibrils with a complex 3D structure were well dissembled using both hydrolysis and the aqueous counter collision (ACC)
method with average fiber diameter of 16 + 0.07 nm and 2 + 0.4 ym length. Structures bioprinted with high resolution and stability using bacterial
cellulose after disassembly.[*’] Reproduced with permission.[*’] Copyright 2019, American Chemical Society.

In another study,'°) MBC was sonicated to facilitate its frag-

mentation and subsequently blended with a 10% PCL solution
before it was 3D printed into scaffolds with 100 pm line spacing
using an electrohydrodynamic printer. Fibroblast cell lines were
subsequently seeded on the printed scaffold to evaluate the bio-
compatibility of the developed structures. The study showed that
when compared to pure PCL scaffolds, the MBC/PCL scaffolds
showed better cell viability.

Edible solid foams with a 3D porous structure have attracted at-
tention due to biodegradability and excellent biocompatibility in
various applications, e.g., functional food products, drug delivery
systems, nutrients, etc.['!] Foams were generally produced us-
ing surfactants or polymeric matrix in order to self-assemble to
liquid/liquid or air/liquid interfaces to form lightweight, highly
porous foam structures. However, many types of foam were too
unstable and brittle for utilizing in multi-functional applications.
To enhance the mechanical strength of foams, adding polysac-
charide particles with high specific surface area, e.g., starch, cel-
lulose, and chitin has been suggested.['®?] Pickering emulsion
technology using particle-stabilizer contents was proposed as

Adv. Healthcare Mater. 2020, 2001472 2001472 (14 of 26)

a new strategy to adjust the pore diameter, porosity, and me-
chanical properties of foams. Zhang et al. investigated edible
foam (MBC/soy protein) based on Pickering emulsion templat-
ing. The edible solid foams with excellent mechanical property
were fabricated via aggregation of nanoscale soy protein and ad-
sorption on MBC nanofibrillar networks with porous structures,
showing good energy absorption capacity, and noncytotoxicity to
cells. MBC, as a promising Pickering stabilizer can adsorb at
oil/water interfaces. The volume ratio of oil/water influences the
microstructure and rheological properties. It was noteworthy that
a slight decrease occurs in the plateau stress with increasing oil
volume due to the denser pore structure (Figure 11).1%]
Improving the dressing properties of BC such as water reten-
tion facilitates its application for medical usages. Alginate as a
green hydrophilic component was used to increase the water re-
tention properties of BC to obtain a smooth dressing for wound
application. The fabrication process of BC/alginate composites is
shown in Figure 12. The modification process did not affect the
desired properties of the original BC, e.g., biocompatibility and
mechanical stability. The fabricated dressings were impregnated
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Figure 11. Edible solid foams: A) compressive stress—strain curves, B) the energy absorbed-strain curves (SPI concentration 3.0 wt%, and the ratio
of optical micrographs of emulsions complexes soy protein isolate/TEMPO-oxidized bacterial cellulose (SPI/TOBC) 12.5:1 (w/w)), and C) SPI/TOBC
complexes with oil fraction 20% and 50% at pH 7.1'%] Reproduced with permission.l'%] Copyright 2020, Elsevier.
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Figure 12. The fabrication process of BC/alginate composites as a skin wound dressing releasing antimicrobial polyhexamethylene biguanide

(PHMB).[1%] Reproduced with permission.['%4] Copyright 2020, Elsevier.

with antimicrobial poly (hexamethylene biguanide) hydrochlo-
ride (PHMB). The as-prepared wound dressing demonstrated
a good release rate and an attractive approach for large-scale
fabrication.[1*]

3.4. Hemicellulose

Hemicellulose with free hydroxyl groups can be subjected to a
range of functionalization including etherification and esterifi-
cation. Liu et al.'%! introduced different hemicellulose, e.g., xy-
loglucan (XG), xylan, and galactoglucomannan into the nanofib-
rillated cellulose through in situ adsorption and pre sorption to
modify the structural and mechanical properties of the cellulose
hydrogels for wound healing applications. Incorporation of 10%
XG was reported as the most beneficial in supporting the growth
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and proliferation of the fibroblast cells (NIH 3T3). While the re-
search generated interesting results, the versatility of the hydro-
gels when subjected to higher conditions of temperature and pH
conditions may be of interest in future studies as higher pH val-
ues typically characterize infected wounds. The multifunctional-
ity of the hydrogels may also be explored.

Being inspired by the affinity of heteropolysaccharides to cel-
lulose, Xu et al.[1%] developed a range of UV crosslinkable galac-
toglucomannan methacrylates (GGMMAs) with different de-
grees of substitution resulting in materials with tunable rheology
and mechanical properties (2.5-22.5 kPa). The synthesized ink
showed fast gelation properties suitable for extrusion-based 3D
printing. In addition, derivatives of hemicellulose such as tyra-
mine modified, thiol functionalized, or methacrylated hemicellu-
lose have been investigated as promoting agents for the develop-
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Figure 13. Schematic illustration of the preparation of composite of galactoglucomannan (GGM) and PLA, filaments, and scaffolds by FDM 3D printing.
An example of a composite ratio of 20:30 in weight of GGM and PLA is shown.!"3] Reproduced with permission.l"3] Copyright 2018, Elsevier.

ment of 3D-printed nanocellulose inks. In another study, Mark-
stedt et al.l'”] developed an all wood-based ink for 3D printing
via crosslinking of the cellulose nanofiber using modified tyra-
mine functionalized xylan. This tyramine modification made xy-
lan crosslinkable and the authors could develop a range of inks
with various rheological properties depending on the degree of
xylan modification and the ratio of the modified xylan to the cel-
lulose.

The previous investigation showed that the combination of cel-
lulose nanocrystals (CNCs) and xyloglucan (XG) has the poten-
tial to yield composites that mimic the plant cell wall.1%1%9] The
freeze-casting of aqueous inks composed of a mixture of CNCs
and XG was presented by Kam et al.B!l The hydrogen bonding
and van der Waals forces drive the binding of XG to cellulose sur-
faces and their crosslinking leads to an extensible structure.[!*"]
The XG acted as a binder, resulting in an improvement of me-
chanical properties and induction of internal structure modifica-
tions to the 3D-printed construction. However, due to the high
concentration of XG the gel structure may collapse.l®! Recently,
modified microfibrillated cellulose (MFC) gained attention to
produce porous materials due to its high strength-to-weight ra-
tio. The ultrahigh porosity of materials was obtained by adsorp-
tion of xyloglucan onto MFC.I""'!l The MFC/XG foams were fabri-
cated by the adsorption of xyloglucan onto the MFC, followed by
degassing and freeze-drying of the suspension. The mechanical
properties at different foam densities have been investigated. The
cellulose—XG nanocomposite foam was thermally stable up to the
degradation point of cellulose (275 °C). In a further study by Jos-
set et al., the modified MFC foam was obtained by a straight for-
ward freeze-thawing—drying procedure.[''?] The procedure was
involved in the ice-templating step of the MFC/urea suspensions,
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dewatering of the stabilized porous MFC structures, and, finally,
drying of the MFC foam. Galactoglucomannan (GGM) as a major
hemicellulose type in softwoods was used to partially replace the
synthetic polylactic acid (PLA) in 3D printing constructs (Figure
13).0183] The hot-melt extrusion (HME) was applied for the binary
biocomposite of GGM and PLA at different ratios. The mechan-
ical property of the composites could be fulfilled in crystallized
PLA by replacing up to 20% amorphous GGM.

Recently, Kéhnke et al. presented a new method to prepare
xylan-based hydrogels from modified hemicelluloses.''*] The
procedure used freeze-casting along with a crosslinking process
and can be described as a three step by oxidizing xylan with
sodium periodate followed by mixing with cellulose nanocrys-
tals (CNCs) and finally crosslinking the hydrogels by unidirec-
tional solidification. The unidirectional solidification resulted in
ice-segregation-induced self-assembly and led to concentrated
oxidized xylan polymers. Hemiacetal crosslinking bonds were
formed between the aldehyde groups and hydroxyl groups during
the freeze-casting process. The low-density xylan biofoams with
a lamellar structure designed by unidirectional solidification are
shown in Figure 14.

3.5. Lignin

Some previous studies have involved investigations into the
utilization of lignin-containing arabinoxylan (AX) and cellu-
lose nanofibers (CNF) in the preparation of 3D aerogels and
hydrogels.['**] In work presented by Berglund et al.,['"*! different
concentrations of citric acid (CA) were employed in crosslink-
ing, thus promoting swelling of the hydrogels and an improve-
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Figure 14. Proposed reactions involved in crosslinking of xylan—cellulose nanocrystal composite hydrogels during freeze-casting.['"] Reproduced with

permission.l"™] Copyright 2014, Elsevier.

ment in the compressive strength and modulus. Such improve-
ments in the compressive strength and modulus were, however,
shown to be accompanied by the deterioration in adsorption per-
formance. The study, therefore, highlighted the need to under-
take optimization experiments to determine the optimal concen-
tration of CA that will not lead to a significant deterioration in
adsorption performance. The research undertaken by Berglund
etal.l'®ig particularly important since the aerogel products were
shown to be highly porous, lightweight structures which together
with the AX-CNF hydrogels were capable of attaining high com-
pressive strength, considered desirable in the field of soft tissue
engineering.

The combination of PVA as a matrix template, lignin and a
crosslinker (epichlorohydrin) forms superabsorbent hydrogels
with a high swelling ratio. The lignin content significantly af-
fects the swelling ratio and strength mechanical of the hydro-
gel. A mechanism for lignin—-PVA hydrogel was proposed as
shown in Figure 15. The interaction between the epoxy group
of the crosslinker and the hydroxyl group of lignin/ PVA leads
to ether bond formation. A new epoxy group formed when HCI
was removed from the other end of the crosslinker and contin-
ued to convert the excess crosslinker to glycerol while hydro-
gen bonds were formed between hydroxyl groups of lignin and
PVA.[116]

Inclusion of carbon nanotubes (CNTs) in lignin-based materi-
als was reported beneficial to increase the mechanical properties
of lignin-based nanofibers.''”] 3D fibrous structures were gen-
erated via the electrospinning method into diverse structures.
The electrospinning composite lignin/CNT/PVA demonstrated a
substantial enhancement in terms of breaking stress, modulus,
and antimicrobial activity compared to lignin/PVA nanofibers.
The dispersion of CNT into polymer matrix depends on func-
tionalization methods, where, e.g., noncovalent CNT functional-
ization is more effective than the covalent method.'®] The com-
posite lignin and chitosan-based biomaterials are significantly
employed as wound dressing materials and pharmaceutics. The
lignin-derived from Artocarpus heterophyllus fruit peel (anionic
polymer). The hydrogen bonding between the -OH, =CO, and
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R-O-R groups of both lignin, as well as chitosan, exhibits the
formation of intermolecular interaction.'*]

The incorporation of lignin into chitosan-PVA composite hy-
drogel enhances the mechanical strength and the adsorption ca-
pacity of the protein. The lignin—chitosan-PVA composite hy-
drogel (LCPH) effectively improved wound healing in a rat
wound model, indicating high potential in skin wound care. The
crosslinking mechanism of lignin—chitosan-PVA hydrogels, ten-
sile mechanism and in vivo wound healing activities of LCPHs
are shown in Figure 16.012%! The ionic bonds were generated be-
tween sulfonate groups of lignin and amino groups of chitosan,
leading to increasing the hydrogel mechanical strength. The good
bactericidal and antioxidant activity along with large tensile de-
formation and high mechanical strength was observed from the
LCPHs. The mouse models result showed that the LCPH pro-
vides a moist healing environment and accelerates healing.

The presence of silver nanoparticles shows a promising po-
tential to employ antimicrobial fabrics and wound dressing
material.'2!] Loading silver nanoparticles over lignin/poly(vinyl
alcohol) nanofiber mats via the electrospinning technique in-
dicate growth inhibition zone against Bacillus circulans and Es-
cherichia coli. Fused filament fabrication (FFF) for is a 3D print-
ing method based on the heating a polymer filament, extrud-
ing through a small nozzle and finally solidifying on a build
plate. Low coefficient of thermal expansion and high mechani-
cal strength are considered as the most important properties for
FFF because of its processability for extrusion applications. Com-
posites comprised of lignin and poly(lactic acid) (PLA) can be pre-
pared using a casting method. However, to employ solvents could
provide toxicity issues for healthcare applicants. The combina-
tion of lignin and PLA was considered as a composite for FFF
applications and introducing curcumin as the model drug. Dif-
ferent meshes were fabricated by 3D printing using composite
PLA/lignin in which the first layer contained a PLA/lignin mesh
and the second layer was printed using PVA, followed by cast-
ing a solution containing a drug. The PVA film contributes to
providing a moist environment to the wound and slow release of
drugs. When soluble patches containing drugs are layered over
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the mesh surface, the drugs can diffuse easily through the mesh
pores to the wound as the patch dissolves.

4. Considerations for Using Wood-Based
Biomaterials for Biomedical Applications

4.1. Biocompatibility and Toxicity

Biocompatibility is an essential requirement for biomaterials,
which should be in harmony with the surrounding tissue.l'*!]
Several studies have evaluated the biocompatibility of cellulosic
materials both in vitro and in vivo using various cell lines,
methodologies, and techniques.'*”) In general, cellulose has
been broadly reported biocompatible which in some cases caused
low or moderate responses in vivo.l*2] Cellulolytic enzymes
which are responsible for the degradation of cellulose are not
present in the human body; this lack of degradation of cellulose
may cause some level of incompatibility. Studies regarding the
biocompatibility of cellulosic materials such as CNC and CNF
are scarce, and many studies have assumed the materials safe
and biocompatible. In some studies, related to cellulosic based
hydrogels, the materials were exposed to different cell lines and
parameters such as cell viability and proliferation have been eval-
uated to measure the biocompatibility of the material.l["°]

Yanamela et al.'*] studied the pulmonary toxicity of dif-
ferent forms of CNC (CNCS: 10 wt%; gel/suspension and
CNCP:powder) by exposing mice to the CNC materials at three
different doses (50, 100, and 200 pg per mice) for one time and
the results were compared to responses induced by a single dose
of asbestos (50 pg per mouse). The tested CNC materials if in-
haled showed a dose-dependent damage to the tissue, oxidative
stress, and strong inflammatory reactions in the lungs. The ob-
served markers of oxidative stress and inflammatory mediators
were more prominent in case of CNCS. The responses caused by
CNC were more serious in compared to asbestos. Catalan et al.
in another study, administered NFC by pharyngeal aspiration to
mice which resulted in DNA damage in the lungs and acute in-
flammatory response. However, the authors could not conclude if
the observed responses were persistent over a long time or were
transient.'**] Porous scaffolds prepared from CNF by TEMPO
oxidation and carboxymethylation showed no in vitro or in vivo
toxicity, but showed biocompatibility with potential reparative ap-
plications such as wound healing. Nevertheless, both of the CNF
materials when implanted in the animals showed a lack of degra-
dation, which caused well-developed foreign body reaction regu-
lated by secretion of various cytokines.[1*] Therefore, the slow or
lack of degradation of these materials can impact their potential
regenerative applications.

TEMPO-oxidized cellulose materials were particularly found
blood compatible with positive biological activities when admin-
istered orally for the regulation of postprandial blood metabolic
variables such as postprandial blood glucose, plasma insulin, and
concentrations of triglyceride. The authors suggested that the
TEMPO-oxidized cellulose may act like dietary fibers, which can
go through the small intestine without being hydrolyzed, and reg-
ulate the metabolic pathways in the postprandial state.['*6] Bacte-
rial cellulose is normally considered as a material with better bio-
compatibility in comparison to other cellulose types which can
be due to its different synthesis process. Helenius et al. evaluated
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the in vivo biocompatibility of BC by implanting it in rats for up
to 12 weeks. The implants were evaluated for chronic inflamma-
tion, cell ingrowth, angiogenesis, and foreign body responses. No
microscopic sign of inflammation was observed and there was no
sign of the presence of fibrotic capsule or giant cells formation.
Fibroblast cells could infiltrate into the BC implants and the BC
implant can be integrated into the tissue.l'*’] Bacterial cellulose
has been used for diverse biomedical applications and has gener-
ally been reported safe and nontoxic; the readers are referred to
the review paper by Torres et al.['*®] who provided an extensive
review of the biocompatibility of the BC that have been used for
biomaterials engineering.

Nevertheless, it is important to highlight that despite cells can
grow and proliferate in the presence of BC, the surface proper-
ties of unmodified BC do not favor cell attachment. Although cel-
lulosic materials have generally been considered nontoxic when
studied for oral or dermal toxicity, given the diversity of materials
sources, physiochemical properties, type of materials and diver-
sity of chemical modifications that have been applied, the safety
of these materials require further, rigorous investigation. Fur-
ther information concerning the pulmonary, oral, dermal toxicity
and cytotoxicity of cellulose nanocrystals have previously summa-
rized in a review by Roman.!1¥!

4.2. Degradation

The stability and degradation rate of polymeric biomaterials is
an essential parameter in biomaterials engineering. Cellulose in
nature is a mixture of crystalline and amorphous regions. The
amorphous fractions reduce the stiffness of the material while
depending on the source of the materials; the microfibrils can
form into different arrangements!**°! resulting in materials with
diverse physical properties which make cellulosic materials inter-
esting for developing different biomaterials for biomedical appli-
cations. For applications as replacement tissues such as menisci
or heart valves, the material needs to be nondegradable, while
in tissue engineering applications such as bone scaffolding a
biodegradable material is preferred. Biodegradation of cellulosic
materials is normally performed in the presence of cellulolytic
microorganisms which produces enzymes such as cellobiohydro-
lases or endoglucanases—glucosidases which can depolymerize
cellulose further break it down into free glucose molecules. These
cellulolytic enzymes do not exist in humans and therefore native
cellulose can be considered nondegradable or slowly degradable
in the human body.

Nevertheless, the degree of degradation depends on materi-
als parameters such as crystallinity and hydration of the materi-
als. An early in vivo study!*!! reported the importance of cellu-
lose crystallinity and the chemical structure of the cellulose for
its degradability. No resorption was observed for samples with
higher crystallinity even after six weeks of implantation, while
in the case of samples with lower crystallinity, about 50% re-
sorption was observed after four weeks. In another study,!'*?! the
biodegradability of cellulose macro fibers and nanowhiskers was
evaluated using a closed bottle test method up to 28 days. This
test is based on monitoring the consumption of oxygen in the
test solution and is comparable with the theoretical oxygen de-
mand. Cellulose nanowhiskers reached a plateau of biodegrada-
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Figure 17. 1). Schematic diagram dialdehyde cellulose formation and degradation.[’>®! [l) SEM images of A) native cellulose, B) nonradiated, oxidized
cellulose, and C) preirradiated, oxidized cellulose.l’>”] Reproduced with permission.l’>’] Copyright 2014, Elsevier.

tion around 54% (after 28 days) while in the case of cellulose
fiber the degradation rate was slower, and biodegradation of 45%
observed after 28 days while a plateau was not reached. The au-
thors indicated that the higher crystallinity of the cellulose nano
whiskers in compared to the cellulose microfiber samples had
no effect on its rate of degradation. In the case of methylcellu-
lose, it is regarded to have a higher biodegradation rate as a re-
sult of improved water solubility. Through modification of func-
tional groups it is possible to synthesize hydroxypropyl methyl-
cellulose (HPMC) and carboxy methylcellulose (CMC) which in
compared to MC are more prone to enzymatic degradation;!!3
these have been also used for 3D printing.['**] Nevertheless, as
for other cellulosic materials, the human body lacks the cellulase
enzyme required to degrade these modified MCs, and therefore
its resorption in the human or animal tissue does not occur. To
address this issue, in some studies cellulase (cellulose-degrading
enzymes) were incorporated in the cellulosic biomaterial such
as skin wound dressing to facilitate the biosorption.!***] How-
ever, enzymes are pH sensitive, and the changes in the pH of
tissues such as skin wounds make the development of practical
enzyme containing biomaterials a real challenge. Cellulases can
breakdown cellulose without having a negative effect on animal
cells. Lou et al. achieved a good hPSC cell propagation in a 3D
culture prepared from CNF using cellulase enzyme (200-500 pg
g7! of cellulose), which also facilitated the removal of CNF hy-
drogel resulting in 3D cell spheroids.[*>>*] The oxidized version
of cellulose, 2,3-dialdehyde cellulose (DAC), is more susceptible
to hydrolysis and biodegradation in the human body. Oxidation
of cellulose with periodate results in the cleavage of C2—C3 bond
of the glucopyranoside ring and as a result, two aldehyde groups
are formed per unit of glucose (Figure 17).01%) At physiological
pH, DAC degrades into glycolic acid and 2,4-dihydroxy butyric
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acid, which are both biodegradable and biocompatible.[*”] The
glycolic acid in mammals is secreted in the urine and enters the
tricarboxylic acid cycle. 2,4-Dihydroxy butyric acid is known to
be involved in the metabolism of 1-homoserine in the liver.!>¢]
It is worth noting that the oxidization of cellulose with perio-
date can damage the ordered structure of cellulose nanofiber and
lower its crystallinity, which results in its faster degradation, and
lower mechanical properties in comparison to nonoxidized cel-
lulose. TEMPO oxidation on the other hand occurs in the disor-
dered region of the cellulose, and by formation of interacetal link-
ages causes partial reduction of the disordered region, increas-
ing crystallinity. In addition, TEMPO oxidation does not alter the
morphology or arrangement of the cellulose fibers. Czaja et al. y-
irradiated (22.5-29 kGy) bacterial cellulose samples followed by
periodate oxidation.['”] The SEM images (Figure 171I) indicated
that the samples subjected to irradiation followed by oxidization
had a disordered structure with dispersed microfibrils in com-
parison to the native cellulose, which had a more packed fibrillar
structure. The samples were subcutaneously implanted in male
New Zealand white rabbits, and the biodegradation of the cellu-
lose samples was tested. The results indicated degradation of the
preirradiated oxidized cellulose samples as fast as two weeks.

4.3. Sterilization

Sterilization is a critical step in the preparation of biomaterials,
including inks and hydrogels, that are used for 3D bioprinting
to meet the hygienic requirements of medical devices. Biopoly-
meric biomaterials usually are sensitive to traditional steriliza-
tion methods such as ethylene oxide treatment, gamma irra-
diation, and steam sterilization. Hodder and co-workers eval-
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Figure 18. Plotted strands of methyl cellulose (MC)/alginate paste (3:1), 9 x 9 strands, strand width 0.78 mm: A) gamma-irradiated MC and B)
scCO, sterilized MC.['38] Reprinted with permission of a creative commons license.['8] Copyright 2015, the Authors. Published by PLoS One.

uated the effect of autoclave, gamma irradiation, supercritical
CO, (sCO,), and UV treatment for the sterilization of methyl-
cellulose as a standard component of bioink such as methylcel-
lulose/alginate ink. Gamma irradiation had a significant effect
on the viscosity of the material, which reduced the molecular
weight and rendered it unsuitable for 3D bioprinting. While UV
treatment and autoclaving showed the best result with regards
to cell survival and production of proteoglycan, sCO, treatment
on the other hand had a negative impact on cell survival. This
indicates the importance of the optimization of sCO, for its ap-
plication as a sterilization approach. The residual chemical addi-
tives such as acetic acid and hydrogen peroxide that are some-
times added as cosolvent during the sCO, sterilization might re-
sult in the observed negative cell viability. Therefore, one way is
to leave the samples in controlled air condition until these chem-
icals are removed before using the biomaterials in contact with
cells. It is therefore important to consider the specific physico-
chemical properties of the cellulosic based polymer to better de-
cide on the sterilization method of cellulosic bioinks for bioma-
terials engineering applications.*’”] In another study, Bernhardt
etal.’%®] developed a ScCO, using 0.25% water, 0.5% acetic anhy-
dride, and 0.15% hydrogen peroxide for sterilization of methyl-
cellulose — and collagen-based biomaterials. For this purpose, a
solution of 9% methylcellulose and 3% alginate was prepared.
The scCO, sterilization could successfully inactivate a large range
of microorganisms including endospores of bacteria even when
embedded inside the 3D constructs. In addition, the rheological
properties of the material were not affected by the scCO, steriliza-
tion process, while gamma irradiation significantly reduced the
viscosity of the paste,['*®1] and steam sterilization was not fea-
sible as elevated temperature cause gelation and agglutination of
the methylcellulose/alginate material. The sterilized pastes were
3D bioprinted, followed by crosslinking with 100 x 10~3 m CaCl,
solution. The scCO, treated samples could be homogenously bio-
printed and formed stable structures, which was not similarly
possible with the gamma sterilized MC pastes (Figure 18).

5. Outlook and Conclusions

There is a high and growing demand for green materials
and products, whilst the advance of 3D printing relies on a
larger range of materials becoming available. This highlights the
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unique position of lignocellulosic materials for the fabrication of
sustainable products with functionalized and customized struc-
tures. 3D printing is maturing, and it is now possible to design
and fabricate a wide range of 3D-printed lignocellulosic based
materials. Our ability to better understand these materials at the
molecular scale is growing, allowing us to control their structure,
understand their surface properties, and tune their interaction
with other materials or physiological environment, which will
eventually allow us to design and develop effective materials. This
review illustrates the current status of lignocellulosic materials in
3D bioprinting applications. It can be noted that the focus of the
currentresearch is largely on cellulose nanofibers, and the major-
ity of the developed inks for 3D bioprinting contain low content
(<10%) of nanocellulose. This can be due to increased viscosity
of the ink at higher concentrations. Addressing this issue in the
near future can result in the development of materials with new
physicochemical properties. Additionally, a set of general criteria
and standard methods required to better assess the printability
of the lignocellulosic based inks for 3D printing will have to be
developed.

In terms of a material to reinforce the printed structure, the
cellulosic materials and their derivatives have been used to com-
pensate the weakness of polymers such as alginate and gelatin.
In this regard, MBC would be a more suitable choice compared to
CNF as MBC microfibrils have higher crystallinity and are longer
and wider than CNF. Nevertheless, preparing a well dispersed
MBC can be also problematic. While there are both chemical
techniques based on hydrolysis and physical approaches such as
aqueous counter collision method, there might be batch-to-batch
variation in terms of particle size and distribution, and the pro-
cess to eliminate the potential endotoxins from bacteria can be
strenuous. In addition, while in many studies CNC has been used
for 3D bioprinting of biomaterials there is a lack of focus on the
CNC isolation method and its potential effect on the final phys-
iochemical and biological activities of the printed scaffolds. In
many studies CNC was sourced commercially, and in commer-
cial industry-scale processes, sulfuric acid hydrolysis is the most
common technique. While this method results in material with
sulfate half-ester charged groups which impart colloidal stabil-
ity and facile water processing, other methods such as oxidation,
or other acids such as citric, hydrochloric, oxalic and phospho-
ric acid, can be used for the CNC isolation. There is possibility
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and potential to fine-tune the CNC particle size, thermal and col-
loidal stability, and its surface charge through the choice of the
acid which has been left unexplored in the field of 3D printing
for biomaterials engineering and biomedical applications. The
choice of the acid and reaction process can be tailored depending
on the exact requirement of the printed material’s properties, and
its final application instead of using the commercially produced
CNC. Moreover, efficient, green solvents are needed to achieve
homogeneous cellulosic based solutions that can be functional-
ized for the better formulation of biomaterial inks with potential
to outperform or replace current materials such as alginate and
gelatin. Considering the slow biodegradation, the 3D-structured
cellulosic materials can be considered for reparative applications
such as wound dressing while more studies need to be performed
before applying these compounds as long-term implants for re-
generative applications, as they may cause chronic inflammation
and foreign body response. Furthermore, in order to achieve 3D-
printed lignocellulosic materials at industrial scale, the techno-
logical barrier concerning the rate of printing need to be resolved.
Considering the range of its potential applications, it is highly
predictable that those barriers will soon be tackled.
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