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Abstract: Nanocrystalline cellulose is an abundant and inexhaustible organic material on Earth. It can
be derived from many lignocellulosic plants and also from agricultural residues. They endowed
exceptional physicochemical properties, which have promoted their intensive exploration in
biomedical application, especially for tissue engineering scaffolds. Nanocrystalline cellulose has been
acknowledged due to its low toxicity and low ecotoxicological risks towards living cells. To explore
this field, this review provides an overview of nanocrystalline cellulose in designing materials of bone
scaffolds. An introduction to nanocrystalline cellulose and its isolation method of acid hydrolysis
are discussed following by the application of nanocrystalline cellulose in bone tissue engineering
scaffolds. This review also provides comprehensive knowledge and highlights the contribution of
nanocrystalline cellulose in terms of mechanical properties, biocompatibility and biodegradability
of bone tissue engineering scaffolds. Lastly, the challenges for future scaffold development using
nanocrystalline cellulose are also included.

Keywords: nanocellulose; bone tissue engineering; scaffold; acid hydrolysis; mechanical
properties; biocompatibility

1. Introduction

Bone damage can be caused due to aging, tumor, injuries, fracture and accidents [1]. In the
human body, bone has a special capability in self-healing, where it regenerates the tissue naturally
with time. However, the self-healing properties are only limited to the smaller capacity of bone. Hence,
the healing process for large bone damage may take time and difficult for the tissue to regenerate [2].
Hence, clinical treatment is needed to help the healing process. For the past decades, bone cement [3]
and bone grafting [4–6] have been widely used in treating bone damage. Unfortunately, these two
techniques appeared with some drawbacks such as short lifespan, limited donors and risk of bacterial
and virus transmission that has led to rising in effort among researchers to find a new way of tackling
bone damage [7]. The new technology that has come of interest is called tissue engineering.

It has been reported that modern tissue engineering has started in the late 1970s, but the term
“tissue engineering” only be coined in 1987 [8]. In definition, tissue engineering is a modern scientific
discipline of clinical treatment that applies engineering and life science principles together. In some
studies, tissue engineering is also known as regenerative medicine [9]. This method uses living cells,
biocompatible materials, with suitable biochemical and physical factors, as well as a combination
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thereof, to create tissue-like structures [10]. The aims are to restore, regenerate and heal the damaged
tissue with the presence of scaffolds [11].

In further, a scaffold is a framework that use to attach and to proliferate the cells [12] and also
to form the extracellular matrix (ECM) for the regenerative process [13]. Scaffold also works as cell
carriers, drug delivery such as growth factors and antibiotic and carrier for bimolecular signals [14].
In order to guarantee the successful function of a scaffold, it must possess the following requirements
that include:

1. biocompatibility and biodegradability properties [15,16];
2. mechanical rigidity and flexibility [17];
3. suitable surface topography and chemistry [7];
4. high surface area to volume ratio [18–21];
5. suitable pore size and large porosity [22,23].

To not forget, the correct selection of biomaterials in developing scaffolds has a big impact on the
biocompatibility and mechanical properties of the scaffold [24]. From past studies, the most common
used material is polymer-based biomaterials such as PLA [23], PCL [25], PPF [26], PVA [27,28] and
PEG [7]. Despite many biomaterials, tissue engineering is still facing some limitations were to translate
the theoretical concept into reality seems to be unrealistic with the inability of engineered materials to
mimic the natural properties of tissues [29]. Therefore, researchers have come out with the idea to
includes nanoparticles as reinforcing agents [30] and nanofillers [31] in the scaffold in order to enhance
mechanical and biocompatible performances.

Nanoparticles are characterized by nanoscale dimension, enabling them to develop critical physical
and chemical characteristics that enhanced their performance and therefore make them beneficial for a
wide range of applications. Recently, nanoparticles have widely been used in tissue engineering [11].
Nanoparticles can be divided into organic and inorganic nanoparticles. Organic materials come from
polymer and natural sources, while inorganic materials consist of metallic nanoparticles such as gold,
silver and magnetic nanoparticles consist of metal oxides. The problem with inorganic nanoparticles is
that it is not biocompatible for the human body even though it offers better mechanical strength [11].
Hence, to solve this problem, organic nanoparticles derived from plants have been used in tissue
engineering. Recently, plant-based cellulose nanoparticles have been discovered as the most abundant
type of renewable organic source on Earth. In tissue engineering, nanocellulose act as cell adhesion
for cellular attachment [15,16]. It has been reported that nanocellulose provides biocompatible and
mechanical properties, but their biodegradable ability still under discussion.

Consequently, many reviews on the application of cellulose in biomedical applications have been
reported. However, most reviews were focusing only on general knowledge of nanocellulose or only
on bacterial cellulose in tissue engineering applications [13,32–34]. There are some reviews that have
focused on nanocrystalline cellulose (NCC) and its application in various fields [20,35]. However,
to the best of our knowledge, there is still no review that is concentrating on the application of NCCs
derived from agricultural waste for tissue engineering applications.

To close the gap, this review provides an overview of the recent development of NCCs as
nanomaterials in bone tissue engineering scaffold applications, focusing on attributions of NCCs in the
development of bone scaffolds. In detail, a concise introduction of tissue engineering principles and its
requirement is provided to highlight the potential of NCCs in this field. The literature on nanocellulose,
which is nanocrystalline cellulose (NCC) as if their sources, extraction methods is reviewed to give
more understanding about nanocellulose. The crucial emphasis is on the contribution of NCCs in
terms of mechanical property; its biocompatibility and biodegradability properties are highlighted
with the challenge for the future development of bone scaffolds.
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2. Bone Structure and Its Properties

Bone is part of the skeletal system that provides support and movement of the body, as well
as protecting the organ inside the body. Bone structure is categorized into two main structures;
compact bone and spongy bone, as shown in Figure 1. Compact bone or cortical bone is a hard-outer
layer of long bone found in the diaphysis part. Spongy bone is a thin shell that surrounding the
trabecular compartment in the epiphyses and is also known as trabecular bone because it is composed
of trabecula networks. Most of the long bone has bone marrow that produces and supply red blood
cells and white blood cells for the human body. The yellow bone marrow is located within a compact
bone cavity that represents fatty tissue, whereas the red bone marrow represents hematopoietic tissue
is located in the spaces between trabeculae of spongy bone [36]. Both tissues contain a high number of
vascularized networks in order to supply enough nutrients and to remove waste [37].

Polymers 2020, 12, x FOR PEER REVIEW    3 of 22 

 

2. Bone Structure and Its Properties 

Bone is part of the skeletal system that provides support and movement of the body, as well as 
protecting the organ inside the body. Bone structure is categorized into two main structures; compact 
bone and spongy bone, as shown in Figure 1. Compact bone or cortical bone is a hard-outer layer of 
long bone found in the diaphysis part. Spongy bone is a thin shell that surrounding the trabecular 
compartment in the epiphyses and is also known as trabecular bone because it is composed of 
trabecula networks. Most of the long bone has bone marrow that produces and supply red blood cells 
and white blood cells for the human body. The yellow bone marrow is located within a compact bone 
cavity that represents fatty tissue, whereas the red bone marrow represents hematopoietic tissue is 
located in the spaces between trabeculae of spongy bone [36]. Both tissues contain a high number of 
vascularized networks in order to supply enough nutrients and to remove waste [37]. 

 
Figure 1. Femur bone structure [36]. 

Compact bone is a dense, strong and durable structure that provides protection to the inner layer 
of bone with high compressive strength ranging from 100 MPa to 190 MPa, but it contains low 
porosity [38]. It also makes up to ~80% of the total bone mass in adults [39,40]. The spongy bone that 
accounts for another 20% of total bone mass has high porosity ranging from 40% to 90% to allow 
better penetration of vasculature. However, it is low in mechanical strength compared to the compact 
bone, with only 7–10 MPa of compressive strength [38]. The properties of human bone depend on the 
part of the body and age. This is because each part of bone posses’ different mechanical properties. 
As we age, the bone becomes more brittle, and mass and density are reduced due to loss of calcium 
and other minerals [41]. 

3. Cellulose 

The increased demands for products made of renewable and sustainable resources have led to 
the discovery of cellulose. Cellulose is an organic compound with a polysaccharide formula 
consisting of a linear chain of several hundred to over ten thousand D-glucose units that are linked 
by Beta-(1-4) of glycosidic bonds as shown in Figure 2 [35,42–44]. For each unit of D-glucose, it is 
featured with six hydroxyl groups and two glycosidic bonds. The extensive hydroxyl function has 
restricted the polymer chain flexibility and provides greater rigidity to the polymer [38]. It is an 
important structural component in primary plant cell walls. 

Figure 1. Femur bone structure [36].

Compact bone is a dense, strong and durable structure that provides protection to the inner
layer of bone with high compressive strength ranging from 100 MPa to 190 MPa, but it contains low
porosity [38]. It also makes up to ~80% of the total bone mass in adults [39,40]. The spongy bone that
accounts for another 20% of total bone mass has high porosity ranging from 40% to 90% to allow better
penetration of vasculature. However, it is low in mechanical strength compared to the compact bone,
with only 7–10 MPa of compressive strength [38]. The properties of human bone depend on the part of
the body and age. This is because each part of bone posses’ different mechanical properties. As we age,
the bone becomes more brittle, and mass and density are reduced due to loss of calcium and other
minerals [41].

3. Cellulose

The increased demands for products made of renewable and sustainable resources have led to the
discovery of cellulose. Cellulose is an organic compound with a polysaccharide formula consisting of
a linear chain of several hundred to over ten thousand D-glucose units that are linked by Beta-(1-4)
of glycosidic bonds as shown in Figure 2 [35,42–44]. For each unit of D-glucose, it is featured with
six hydroxyl groups and two glycosidic bonds. The extensive hydroxyl function has restricted the
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polymer chain flexibility and provides greater rigidity to the polymer [38]. It is an important structural
component in primary plant cell walls.Polymers 2020, 12, x FOR PEER REVIEW    4 of 22 
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Figure 2. Single cellulose chain repeat unit depicting two glucose units with a Beta-(1-4)-
glycosidic linkage.

Cellulose can be derived from wooden plants, non-wooden plants and some kind of algae
and bacteria. Each type of plant undergoes different mechanical or chemical treatment in order to
isolate cellulose. For the past few decades, cellulose-based biomaterials have been discovered and
achieved remarkable applications in various fields such as paper and paperboard, composite, food,
hygiene and absorbent products, emulsion and dispersion, medical, cosmetic and pharmaceutical.
Recently, it has come to an interest among researchers to study the applications of cellulose in tissue
engineering. This is because of the encouragement in using green materials, in which cellulose is
abundant high-performance materials that are almost inexhaustible sources on Earth [45]. It is also
easy to be processed into many arrays of materials.

Furthermore, cellulose can be derived into micro to nano-sized cellulose particles. Different types
of sources and derivation methods will result in different cellulose particles, which are bacterial cellulose
(BC), fibrillated cellulose (FC) and crystalline cellulose (CC), as shown in Table 1. These cellulose
particles have been studied extensively on their potential in tissue engineering application based on their
tunable chemical and physical properties, biocompatibility and biodegradability properties [46,47].

Table 1. Type of cellulosic particles with their morphology and crystallinity index range.

Type of Cellulose Particles Sources Derivation Methods
Particles Size Crystallinity

Index (%) Ref.
` (µm) W (nm)

Bacterial
cellulose

(BC)

Bacterial
nanocellulose

(BNC)

Low molecular
weight sugars and

alcohols

Bacterial synthesis with
the presence of

Gluconacetobacter xylinus
>1 30–50 65–79 [13,32,48]

Fibrillated
cellulose

(FC)

Microfibrillated
cellulose
(MFC)

Wood pulp, potato
peel, sugar beet, hemp

Mechanical
disintegration produced
by high pressure and/or

shearing forces of
mechanical fibrillated

after pretreatment

0.5–50 10–100 51–69 [49]

Nanofibrillated
cellulose

(NFC) 0.5–2 4–20 - [50]

Crystalline
cellulose

(CC)

Microcrystalline
cellulose
(MCC)

Cotton, softwood
pulp, rice husk, rice
straw, wheat straw,
empty fruit brunch,

ramie, corn stalk,
some form of algae

and bacteria

Purified cellulosic fibers
undergo chemical (acid)

hydrolysis after complete
dissolution of the

non-crystalline fraction

10–50 10–20 80–85 [51]

Nanocrystalline
cellulose
(NCC)

0.05–0.5 3–5 54–90 [45,52]

` = length; w = width; ref. = references.
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3.1. Bacterial Cellulose

Bacterial cellulose (BC) is sort as pure cellulose with a highly porous structure and exhibits
extensive water retention [15]. Bacterial nanocellulose (BNC) is produced by building up of low
molecular weight of sugars and alcohols by bacteria (named Gluconacetobacter xylinus) for a few days
up to two weeks. This process is called a bottom–up process [20]. In terms of morphology, BNC is
reported to be consisting of more than one (1) micrometer length and at a range of 30–50 nm width
with 65–79% of crystallinity index [13,33]. In clinical treatment, BC offers a unique combination of
mechanical properties, interconnected porosity, biocompatibility, and the ability to absorb and hold
large quantities of water [33]. BNC is said to offer better mechanical properties compared to FC and
CC and has been widely used as biomaterials for biomedical applications.

3.2. Fibrillated Cellulose

The second type of cellulose particle is fibrillated cellulose (FC). FC can be derived from wood
pulp into two forms, microfibrillated (MFC) cellulose and nanofibrillated cellulose (NFC). Commonly,
the wood pulp is delaminated by mechanical pressure and has been treated chemically or enzymatically
to produce FCs in the form of nano- or micro- sizes. It has been reported that the size of FC is in the
range of 4–100 nm wide and 0.5–50 µm-long [49]. FCs can also be derived from potato peel, sugar beet
and hemp. FC is usually used in nanofibrous structures with other biomaterials in scaffold design.

3.3. Crystalline Cellulose

The other form of cellulose particles is in the form of crystalline cellulose (CC), which is also
available in two sizes, micro- and nano -sizes. Focusing on nanocrystalline cellulose (NCC), it is also
referred to as cellulose nanocrystal (CNC) [46,53], nanowhisker cellulose (NWC) [33,54] and rod-like
shaped cellulose. The production of NCCs is reported in the late 1940s and early 1950s by Ranby
and Ribi [55]. Since then, NCCs derived from many sources has been studies in term of production
methods and their properties. The key application of this structure involves their use in reinforcement
systems, and it can be used to replace carbon nanotubes as fillers. This is because of their relatively
low cost of production, easy obtainment process, low density, non-abrasive nature, biocompatibility
and biodegradability.

From the past studies, NCCs have been derived from cotton, wood, non-wood fiber, some form of
algae, tunicate and also from bacterial cellulose by treating the sources with concentrated acid solutions.
Above all, NCCs can also be found in lignocellulose biomass, which is agricultural residues/wastes that
are rice husk, rice straw, wheat straw, empty fruit brunch, corn stalk, and many others. In Malaysia,
it has become an interest among researchers to isolate NCCs from agricultural wastes due to massive
production of wastes and also as an initiative to reduce open agricultural burning. Apart from this,
agricultural waste is an underutilized byproduct produced and significantly abundant.

In term of morphology, NCCs is the smallest size of cellulose particles that comes in a size of
3–5 nm-diameter and 0.05–0.5 µm length [56]. NCCs have become an interesting nanomaterial after
BNCs as they offer good reinforcement capability with the ease to be tailored following application
needs. Therefore, this review is focusing on crystalline cellulose in bone tissue engineering applications.

3.4. Derivation of Nanocrystalline Cellulose

Due to outstanding properties offered by nanocrystalline cellulose (NCC) and it has a high
possibility in future applications, the study on its derivation process from lignocellulosic biomass is
very interesting, but in this review, procedures will not be discussed in details as many related reviews
have discussed on it [20,57,58]. Generally, to obtain NCCs, the non-cellulosic components such as
lignin, hemicellulose and other impurities are detached first. Then the NCCs are extracted by using
various methods such as acid hydrolysis or enzymatic hydrolysis.
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Nevertheless, much discussion will be on the effects of acid hydrolysis conditions on the
productions of NCCs. Enzymatic hydrolysis is out of the scope of this review. Notably, acid hydrolysis
is an established derivation method and has been used widely compared to other methods. Figure 3
shows the summarization of the derivation process of NCCs that consists of four stages. Each stage is
briefly discussed.
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Stage 1: Lignocellulosic biomass preparation and washing treatment

The first stage of the NCC isolation process involves washing treatment and mechanical grinding.
Generally, lignocellulosic biomass (LB) is first dispersed and soaked in a solvent such as tap water,
distilled water (DW) or deionized water (DIW) to remove dirt and aqueous soluble substances [57].
Then, the cleaned LBs are air-dried until it is fully dried or can also use the oven-drying method at
temperatures ranging from 60 ◦C to 80 ◦C for 24 h. After this, the dried-cleaned LBs are subjected
to mechanical processes such as cutting, milling and grinding in order to transform dried LBs into
powder form. The powder form of NCCs is then sieved using a sieve machine or a shaker with 35 mesh
until 80 mesh to obtain fine particulate fibers [19]. The powder form of fibers provides a bigger contact
surface area of active groups of cellulose fibers and chemical, which also lead to an increase in the
reaction rate of alkali and bleaching treatment in stage 2.

Before proceed to the second stage, washing pretreatment is required to remove wax, pigments,
oils and other impurities lying on the external surface of cell walls. This step is also called the dewaxing
process. The alternative way for the dewaxing process is using the Soxhlet extraction method with 2:1
of toluene/ethanol [59] or benzene/ethanol [60] mixture at 90 ◦C for 12 h. Then, the dewaxed fires are
oven-dried once again at the same condition as the previous one. The selection of mixture actually
depends on the type of cellulosic plants.
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Stage 2: Purification treatment

There are two main treatment processes involve in stage two (2). Continuing from stage 1,
the dewaxed powder of NCCs undergo an alkali treatment or mercerization process to remove
hemicellulose and silica compounds [52]. The NCCs powder is subjected to a fairly concentrated base
solution to remove alkali-soluble substances such as aqueous potassium hydroxide (KOH) or sodium
hydroxide (NaOH) at 4 until 20 wt % with a stirring condition of 80 ◦C to 90 ◦C for 1–5 h [59,61]. The aim
of this step also is to expose the cellulose by removing the outer layer composed of hemicellulose and
silica compound [57].

Next, acid-chlorite treatment, also known as the bleaching process or the delignification process
that has been broadly used and has become an important process of isolating the NCCs. This treatment
is used to dissolve lignin, and other unwanted impurities left after alkali treatment. The process
is conducted by combining three types of solvents, which are distilled water, sodium chlorite and
acetic acid, and mix into products from alkali treatments. The solution is mechanically stirred at a
temperature range of 60 ◦C to 80 ◦C for 4 h until 12 h [62]. The end white solid products are then
dried in an oven at 50 ◦C, which indicates that the lignin and other unwanted impurities have been
successfully removed.

However, some studies have conducted bleaching treatment first before alkali treatment [20,59],
and some are vice versa [45,63]. There is no study on the effect of conducting different steps of
alkali-bleaching treatment or bleaching-alkali treatment.

Stage 3: Acid hydrolysis

The critical part of deriving the NCCs is on acid hydrolysis process. Theoretically, during the
hydrolysis reaction, the amorphous region is broke down by acidic conditions while crystalline regions
are mostly insoluble in acids, as shown in Figure 4 [64]. In terms of procedure, the treated NCCs
powder is mixed into an aqueous acid solution, which referring to acid to cellulose powder ratio in
unit mL per gram. The hydrolysis is conducted under stirring conditions at a certain temperature and
period of time. Suggested that the hydrolysis is stopped by diluting the mixture with water (10-fold
water) and centrifuge the resulted NCC gel. After this, neutralization is performed using distilled water
to remove free acid from the dispersion [19,63]. Some studies also include additional steps, such as
filtration, centrifugation or ultracentrifugation, as well as mechanical or ultrasound disintegration [65].
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Continuing from stage 2, the pretreatment could bring a big influence on the efficiency of following
acid hydrolysis. In addition, in the acid hydrolysis process, there are few main factors that need
to be put into consideration, including the type of lignocellulosic sources, type of acids and their
concentration, reaction temperature and hydrolysis reaction time, as shown in Figure 5. All these
factors affect the morphology [61,62], crystallinity index [66,67] and yielding [63] of NCCs. All of these
effects are obtained through the characterization of NCCs after derivation.Polymers 2020, 12, x FOR PEER REVIEW    8 of 22 
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The first controlling factor is the type of acid and its concentration. It has been reported that
there are a few acids that can be used for hydrolyzing the NCCs, which includes hydrochloric acid
(HCl) [63], nitric acid (HNO3) [63], maleic acid, hydrobromic acid (HBr) [51] and the most extensively
used acid is sulfuric acid (H2SO4) [54,59,68] with concentration ranging from 30–65% depending on
the type of lignocellulosic sources. The hydrolysis is conducted under temperature that ranges from
30 ◦C to 100 ◦C with hydrolysis time varies from 20 min to 4 h. Generally, lower acid concentration
and lower temperature during hydrolysis reaction will need longer hydrolysis time for the reaction to
be fully completely which also depending on the type of sources and acid. It has been suggested that
optimum acid hydrolysis condition for kenaf bast fibers is by using H2SO4 with 65 wt % concentration
at 45 ◦C and 40 min of reaction time [49].

The wide use of sulfuric acid (H2SO4) is because as the reaction time increase, esterification or
surface sulphation is highly induced in order to introduce a higher amount of residual sulfate groups
on the NCC surface, enabling thermal stability [62]. Even so, the hydrolysis reaction period has a
bigger influence on the production of NCCs. Hydrolysis time affects the crystallinity and yielding
of NCCs proportionally while reciprocally affect the aspect ratio (L/D) [19,57]. Most studies focused
only on crystallinity index results than aspect ratio because a bigger value of crystallinity increased the
reinforcing effect of NCC, which led to a better mechanical performance of structure [62,63]. However,
the aspect ratio of NCCs also plays a vital role in their reinforcing capabilities. It is also as important
as the crystallinity of NCCs as it reflects the ability to distribute mechanical stress in the interface
matrix or filler. The higher aspect ratio gives greater reinforcement and mechanical properties in the
nanocomposite to which they are applied [54].

In addition, the thermal stability of NCCs is also donated by good crystallinity and yielding
of NCCs [69]. Prolong hydrolysis time has increased the molecular weight degradation as well as
the amount of shortened cellulose chains, which then lowered the thermal degradation energies [57].
Therefore, the longer reaction time only leads to further reduce the NCC yielding due to further
digestion of crystalline domains and further hydrolysis of amorphous cellulosic regions.
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Stage 4: Post-hydrolysis

After completing the acid hydrolysis, post hydrolysis that involves drying process is conducted.
There are a few types of drying that can be used, which are oven-drying [70], freeze-drying [59],
spray-drying [56] and supercritical drying [57]. However, the most technique used is oven drying
because it is simple and easy to conduct. To dry NCCs with an oven, the temperature is set at 60 ◦C
to 110 ◦C for 24 h. However, the freeze-drying method is also widely been used as it needs low
temperature by putting the NCCs into the refrigerator or spray them with liquid nitrogen [59]. Then,
the frozen NCCs are transferred into the freeze dryer at a temperature of −80 ◦C for 24–72 h [71].
This method is also called lyophilization [35].

4. Contribution of Nanocrystalline Cellulose in Bone Tissue Engineering

The extraordinary mechanical and physicochemical properties of NCC has caught the attention
of many researchers to use it in biomedical applications. NCC has been used a lot in biomedical
applications, namely wound dressing, artificial skin, artificial blood vessels, vascular graft, and scaffold
for tissue engineering. This review is only reviewing applications of NCCs in tissue engineering,
focusing on bone applications, and the other applications are beyond the scope of this review. In bone
scaffold tissue engineering, NCCs are used as reinforcing agents, and nanofillers [72,73], additives [61]
and some studies used NCCs as biomaterials [68,71,74] with enhanced mechanical and biocompatibility
properties of bone scaffold tissue engineering. The enhancement of scaffold properties by inducing
NCCs has led to bone regeneration.

In developing the bone scaffold tissue engineering, there are few controlling factors that should
be considered, which are:

1. biomaterials with suitable additives and modification, and
2. fabrication process.

These two factors will affect the:

1. mechanical properties:
2. biocompatibility;
3. biodegradability; and
4. morphology of scaffold; this effect will not be discussed in this review.

4.1. Mechanical Properties

Scaffold experience different kinds of loads in vivo once being transplanted into the animal
or human body. The different loads experienced by scaffold include compression, tension, shear,
torsion, bending, and biomechanical/physiological loadings. Therefore, it is important to consider
mechanical properties in scaffold development. The scaffold must adequate mechanical strength
according to which anatomical site it is being implanted [75]. In addition, it must provide and retain
sufficient mechanical support during cell proliferation and during tissue regeneration without causing
deformation to new tissue [67]. Natural types of bone consist of two parts; cortical bone, which is the
hard bone and trabecular bone or also called cancellous bone, that consists of spongy tissue. Both types
of bone own different mechanical strengths. Young’s modulus and the compressive modulus of cortical
bone are 15–20 GPa and 100–200 Mpa, whereas the trabecular bone ranges between 0.1 and 2 GPa and
2–20 MPa, respectively [76]. In addition, the mechanical integrity of scaffold can be affected by other
factors, also such as pore size, pore interconnectivity, porosity, biomaterials composite, and material
density [27].

To tailor the mechanical properties of scaffold, according to a specific application, researchers has
included organic nanomaterials such as MCC/NCC as reinforcement agent and biopolymer filler
replacing carbon tube. The inclusion of MCC/NCC is also expected to enhance the mechanical
properties of the scaffold. This concurred with Lee et al. [51], who developed a nanocomposite film
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using microcrystalline cellulose (MCC) with polyvinyl alcohol (PVA). It showed that the tensile strength
has increased with the increase of MCC loading. The study has been expanded by Cataldi et al. [47],
who developed a composite scaffold-based PVA containing various amounts of nanocrystalline cellulose
(NCC). From the study, the author has evaluated the tensile properties, which is stress at the break that
resulted in 73% increment of stress at the break as 5 wt% of NCC included into the PVA biomaterials.
However, the excessive amount of NCC has reduced the tensile stress due to the agglomeration of
filler inside the matrix. Another favorable biopolymer is polylactic acid (PLA). Unfortunately, it has
been reported that PLA alone is the lack of mechanical integrity, which is lower than the native tissue.
Hence, to solve this problem, PLA has been grafted with maleic anhydride coded as MPLA. But the
mechanical strength is still below requirement, so NCC was incorporated into MPLA scaffolds [77].
These inclusions of NCC has proved to enhance the tensile strength by 85% at the optimum amount (5
wt %) of NCC. A similar result of mechanical enhancement by the inclusion of NCC into the biomaterial
was obtained by Zhang et al. [78], but in this study, NCC was grafted with polyethylene glycol (PEG).

In the in vivo condition, compression frequently occurs in bone scaffold implantation [79,80],
while for other applications like for skin or cartilage, the tensile test is more important [75]. Hence,
researchers have put an interest in studying the compressive strength of scaffolds as in real application
in the human body; scaffolds face compression effect from the host body more than tensile effect [79].
So, Eftekhari et al. [81] have alternatively developed the scaffold with nanocomposite containing
poly-L-lactide acid (PLLA), hydroxyapatite (HA) and MCC. The results of the compression test
indicated that the incorporation of MCC and HA nanoparticles improves the compressive strength and
modulus of the scaffold. This significance may be attributed to the improvement of interfacial bonding
between the reinforcement and the polymer by increasing hydrogen bonding between the reinforcing
agents and the PLLA matrix. Similar findings were also obtained by Aleman-Dominguez et al. [73],
which material designs include MCC-filled PCL reported to obtained compression modulus in the
interval of values for spongy bone and Li [82] that use NCC aerogel based scaffold. Other than this,
PVA biomaterials have been used to develop scaffolds by Kumar et al. [27] with the incorporation of
n-HA and NCCs. This nanocomposite scaffold improves the compression strength from 0.40–2.09 MPa
and the compressive modulus from 0.32–16.01 MPa. This study has been continued with additional
ovalbumin (OVA) [83]. The effect of NCC in enhancing mechanical properties at optimum content
is still there, but the magnitude of compression strength and compression modulus was reported to
be below the previous study. The mechanical profile demonstrates irregular behavior in increasing
the mechanical properties due to various parameters such as material processing, porosity and pore
interconnectivity. Also, the inclusions of OVA and n-HA has affected the hydrophilic behavior that
influences the compressive stress–strain behavior has been reduced that range from 0.19–0.37 MPa
depending on concentration of NCC and n-HA. Next, Luo et al. [46], has developed as PLA/NCC
in situ nanocomposite porous scaffold. From the study, the compression modulus of scaffold has
increased by 368% for 0.8 wt % of NCCs-filled PLA compared to that PLA scaffold alone.

From these reviews, it has been proved that NCCs offer the capability to enhance mechanical
properties, tensile and compression of bone scaffolds at the optimum amount of NCC-filled base
biomaterials. The amount of NCCs included and been tested is ranging from 0.5 wt % to 20 wt %.
Yet, the over the amount of MCCs or NCCs has caused the biocomposite of the scaffold to become
brittle [81]. There is still no study on optimizing the amount or concentration of NCC to be included in
biomaterials for bone tissue engineering scaffold applications. Table 2 shows recent studies on the
contribution of NCCs inclusion in bone scaffold material design in terms of mechanical properties.
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Table 2. Recent studies on the contribution of NCCs inclusion in bone scaffold material design in terms of mechanical properties.

Cellulose
Sources

Polymer Additives/Modification
Material

Composition
Fabrication

Method
Mechanical Properties (MPa)

Ref.
σT E σC E

Cotton PLA
PLA grafted maleic
anhydride (MPLA)

MPLA

Electrospinning

1.6 ± 0.4 7.8 ± 3.1

- - [77]
MPLA/NCC-1 4.8 ± 0.8 77.2 ± 7.8
MPLA/NCC-2 4.9 ± 1.0 87.4 ± 8.0
MPLA/NCC-5 10.8 ± 1.7 135.1 ± 10.4
PLA/NCC-5 6.3 ± 1.2 125.6 ± 9.9

Cotton PLA Add SnCl2·H2O; p-TSA

PLA

Freeze-drying/
lyophilization

- - -

19

[46]
PLA/NCC-0.2 25
PLA/NCC-0.4 38
PLA/NCC-0.6 65
PLA/NCC-0.8 89

Pine wood PLA
NCC grafted with peg

(CNC-g-PEG)

PLA

Electrospinning

2.8 ± 0.4

- - - [78]

PLA/NCC-1 2.8 ± 0.5
PLA/NCC-5 2.3 ± 0.5

PLA/NCC-g-PEG-1 3.5 ± 0.2
PLA/NCC-g-PEG-5 4.7 ± 0.3
PLA/NCC-g-PEG-10 2.8 ± 0.3

Sugarcane
bagasse PVA Incorporated with n-HA

PVA

Freeze-drying - -

0.4 0.32

[27]

PVA/n-HA 0.85 4.68
PVA/n-HA/NCC-2 1.39 10.67
PVA/n-HA/NCC-4 1.4 10.1
PVA/n-HA/NCC-6 1.48 13.41
PVA/n-HA/NCC-8 1.6 14.5
PVA/n-HA/NCC-10 2.09 16.01

Commercialized
purified cellulose PVA

Incorporated with
ovalbumin (OVA) and
n-HA and cross-linked
with glutaraldehyde

Composition:
PVA/OVA/NCC/n-HA

PVA/OVA/NCC/n-HA

Freeze-drying - -

- -

[83]

1/0.2/0.25/0 0.29 0.37
1/0.2/0/2/0.25 0.2 0.46
1/0.2/0.15/0.5 0.19 0.92
1/0.2/0.1/0.75 0.37 1.2
1/0.20/0.05/1 0.25 0.37
1/0.2/0/1.25 0.33 0.4
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Table 2. Cont.

Cellulose
Sources

Polymer Additives/Modification
Material

Composition
Fabrication

Method
Mechanical Properties (MPa)

Ref.
σT E σC E

Commercialized
MCC

PVA -

PVA Fused
deposition
modelling

(FDM)

11.19 2.88

- - [47]PVA/NCC-2 11.69 4.25
PVA/NCC-5 19.32 4.98

PVA/NCC-10 15.46 5.71

Commercialized
MCC

PCL -

PCL: MCC (1:0) Fused
deposition
modelling

(FDM)

- - -

25

[73]PCL: MCC (49:1) 32
PCL: MCC (19:1) 29
PCL: MCC (9:1) 7

Softwood sulfite
pulp PCL Surface oxidation NCC

PCL

Micro-extrusion

10.4 ± 0.9 194.3 ± 12.1

- - [72]

PCL/NCC-1 13.4 ± 1.5 275.2 ± 14.4
PCL/NCC-2 15.3 ± 1.0 299.9 ± 15.2
PCL/NCC-3 16.3 ± 1.4 353.1 ± 20.9
PCL/NCC-5 16.6 ± 0.3 373.8 ± 18.6
PCL/NCC-10 18.2 ± 0.3 492.5 ± 44.1

Wood pulp - NCC coated with HAP

NCC

Freeze-drying - - -

80.6 ± 1.4 KPa

[84]NCC/HAP at pH 7.4 119.6 ± 2.7 KPa
NCC/HAP at pH 8.5 227.6 ± 2.7 KPa

NCC/HAP 92.5 ± 2.3 KPa

Cotton Chitosan/alginate/HAP Dicationic crosslinking
using CaCl2

SC

Freeze-drying - -

0.35

- [53]
SC/HA 0.38

SC/HA/NCC-0.5 0.48
SC/HA/NCC-1.0 0.54
SC/HA/NCC-2.0 0.51

Not stated Silk fibroin (SF) Incorporated with n-HA

SF

Freeze-drying - -

92.1 ± 7.3 KPa 175.2 ± 10.65 KPa

[85]SF/NCC 100.8 ± 13.5 KPa 200 ± 12.3 KPa
SF/n-HA 140.1 ± 11.4 KPa 428.3 ± 14.4 KPa

SF/n-HA/NCC 200.7 ± 15.3 KPa 617.5 ± 25.2 KPa

Cotton PLLA
Incorporated with HA

pretreatment of particles
using a coupling agent

PLLA/HA/MCC Freeze-drying - - 0.5–2.3 8–47 [81]

σT = tensile strength; σC = compressive strength; E = elastic modulus.
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4.2. Biocompatibility Properties

Biomaterials are considered biocompatible when they have the ability to be nontoxic to the
living tissues and also can appropriately stimulate the host response in the human biological system.
Biocompatibility is one of the requirements in the materials design of bone tissue engineering scaffold
for satisfactory performance. The cytotoxicity of biomaterials is determined by the capability of living
cells to adhere, proliferate and integrate wall with host tissues. The studies are comprised of in vivo
study that involves living biological entities within the organism and an in vitro study, in which the
living cells derived from humans or animals is used in the lab.

Shaheen et al. [53] conducted a cell culture MTT assay using MG63 Osteoblast cells for scaffolds
that consist of chitosan and alginate filled with NCCs. At early culture time, the cells have started to
grow inside the scaffold pores. After 72 h, cells have seen to attached tightly through their filopodium
and lamellipodium inside the pores of a 3D structure. The dense cells grew inside and outside of
pores as clusters with highly interconnected 3D network structure. So, this result indicated that the
scaffold has shown obvious proliferation tendency and was nontoxic and suitable for attachment
and growth of MG63 Osteoblast. On the other hand, the viability of M058K cell seeded on PLA
and NCC-filled PLA by Luo et al. [46]. The Alamar blue assay is used, and the activity of cells is
recorded on days 3, 6 and 12. It resulted that NCC-filled PLA shows higher fluorescence intensity in
comparison with PLA. The living cells and the dead ones were stained in green and red, respectively.
The inclusion of NCC into the scaffold is conducive to cell attachment and proliferation as it denoting
low cytotoxicity and good cytocompatibility. The same concept of cell culturing also has been used by
Zhang et al. [78]. The difference in this study from the previous study is that the cell culture of hMSCs
on the same materials design, PLA and NCC-filled PLA (PLA/NCC) for 14 days. Comparing those two
materials designs of the scaffold, more live cells (green stained) on PLA/NCC nanofibrous scaffold than
pure PLA. However, few dead cells (red-stained) were also observed. Cell viability and proliferation
results suggested that the biocompatibility of PLA was retained by 5% with the additions of NCC.
Furthermore, in a study conducted by Zhou et al. [77], the human adipose stem cells (hASCs) were
culture on a scaffold composed of PLA/NCC and MPLA/NCC where the NCC content was constant
at 5 wt % for 7 days. The results of the cell cultures are shown in Figure 6a–d. It was reported that
the MPLA/NCC-5 showed numerous live cells (stained green) than PLA/NCC. Very few dead cells
were detected on MPLA/NCC-5 nanofibrous scaffolds. This finding indicated that the cytotoxicity of
composites had been reduced during hASC cultivation. This research also conducted an Alamar Blue
proliferation viability assay. The assay resulted that the incorporation of NCCs into the scaffold did
not contribute to any cytotoxicity effect on hASCs within 7 days, as shown in Figure 6e. The authors
have justified that this situation was due to a low amount of NCC included. In future research, there is
a need to study the bigger range of NCCs concentration. Yet, the scaffold developed was still able
to support cell proliferation and offer good cytocompatibility. The same test is also conducted by
many researchers, but by using different cells such as MC3T3 cells [72,85], mouse fibroblast cells [86],
and human osteoblast cells [74].

It can be concluded that, from those studies, the inclusion of NCCs as a nanoparticle in bone
scaffold enhanced the biocompatibility properties of the scaffold based on the amount of NCCs included.
This is because NCCs are naturally derived nanomaterials that originally biocompatible to natural
bone. Nevertheless, the incorporation of NCCs has an impact on the cell mechanism during the cell
culture and cell viability in vitro. The challenge that arises here is determining the feasible amount of
NCCs into the biomaterials that will contribute in term of bone regeneration.
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Figure 6. Result of hASCs cultivation on polylactic acid (PLA)/ nanocrystalline cellulose (NCC) and
polylactic acid grafted with maleic anhydride (MPLA)/NCC after 7 days. Fluorescence micrograph of
(a) PLA, (b) PLA/NCC-5, (c) MPLA, (d) MPLA/NCC-5 and (e) proliferation viability of cells (reproduced
from [77] with permission. Copyright© 2013, American Chemical Society).

4.3. Biodegradability

Biodegradability of scaffold is the ability of the scaffold biomaterials designed to be broken
down into simpler substances. Degradation can occur by few mechanisms; enzymatic degradation,
hydrolytic degradation and biodegradation. Enzymatic degradation occurs when biomaterials
are broken down through the action of enzymes from microorganisms. Meanwhile, hydrolytic
degradation involving hydrolysis of biomaterials by water located in host tissue and organ (in vivo).
Besides that, biodegradation is caused by cell activity, where the breakdown of biomaterials is due to
specific biological activity. Apart from that, the degradation rate is a parameter used to measure the
biodegradability of that particular biomaterials. In tissue engineering, the degradation properties of
the scaffold are very crucial as it works as a temporary template that assists tissue regeneration and
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should degrade over time. This is to avoid prolonged allogeneic and xenogeneic reactivity in hostage
that would lead to other bad risks. The degradation rate should match the rate of tissue regeneration.
If not, the healing process may be incomplete.

The degradation rate of scaffold biomaterials is determined by conducting in vitro or/and in vivo
degradation test. The degradation rate is measured by calculating the amount of weight loss over
time [87]. Generally, the scaffold is weighed and placed into a sealed container of simulated body fluid
(SBF), which is then left to degrade in an incubator at 37 ◦C (optimum body temperature). Every two
weeks, the sample is taken out, washed with distilled water, dried and weighed to calculate the
mass loss.

Nanocrystalline cellulose (NCC) is a nanomaterial that has been proven by many studies to offer
biodegradability properties and has been widely implemented in scaffold biomaterials. However,
the high crystallinity nature and absence of enzyme which could break the glycosidic linkage of NCC in
the human body has led to slow or the non-degrading ability of NCC both in vivo and in vitro [88,89].
This condition has been studied by Martson et al. [90], where cellulose-based scaffold has undergone
long-term degradation study that resulted in slow degradation in rat subcutaneous after 60 days.
In addition, according to Lam et al. [89], for in vivo degradation cases, it has been known that cellulose
is degradable. However, in the host body, the resorption of cellulose is unknown to occur, as humans
do not synthesize cellulases. This condition is a limitation for the success of cellulose scaffold to be
used for in vivo tissue engineering. Not many studies have been focusing on this criterion.

In term of the contribution of NCC inclusion in polymer-based scaffolds, Luo et al. [46] has
developed NCC-filled PLA in situ nanocomposite scaffold. From in vitro degradation conducted,
the weight loss of scaffold increases with van increase in NCC content. This is due to the presence
of NCC has increased the hydrophilicity of scaffolds, so water molecule is more prone to diffusing
to ester or other hydrophilic groups, resulting in enhanced hydrolysis of ester groups and breaking
the PLA molecular chain. In addition, the inclusion of NCC has improved stability during in vitro
degradation. In vitro degradation of scaffolds in PBS medium was evaluated by mass loss in 30 days.
The addition of NCC reduced the in vitro degradation rate of MPLA/NCC scaffold in PBS by increasing
the crystallinity of MPLA and inhibiting the diffusion of water in polymer matrix even though the
addition of NCC resulted in a higher total surface area of scaffolds. Prolonging degradation ability
in nanocomposite scaffold by incorporation of NCCs [77]. In contrast, the inclusion of NCC into
PVA/n-HA scaffold has reduced the degradation rate as the NCC content increased. This is due to the
reduction of salvation and depolymerization [27]. However, theoretically, the hydrophilicity of the
biocomposite scaffold increased as the NCC content increased. From here, the selection of biomaterials
such as polymers and modification gave different effect on degradation rate of the scaffold.

5. Challenge in Future Development of NCC

The extraction process of NCCs could be one of the challenges for future research and development
due to the effect of variable factors of the process, which may alter the crystallinity of NCCs,
its morphology and the risk of introducing new defects within the NCCs particles. To minimize the
defects of the NCCs, there is a need to control the extraction process. The less defect NCCs will retain
the higher mechanical integrity and thermal properties of the NCCs. In addition, tighter control of the
extraction process on NCC particle size distribution will provide more control on NCC suspensions,
NCC-surface modification and NCC-polymer matrix in designing of scaffold materials. In suggestion,
optimization and standardization of the extraction process of NCCs should be done in order to control
the quality of NCCs produced in terms of process control and variables.
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Second, one of the doubting issues about NCC is that its compatibilization properties. As stated
in the review, polymer-based biomaterials are broadly used in scaffold materials design. Many works
have been conducted to compatibilize the NCCs with polymer matrix, and this issue is still unsolved
and needs further study. By increasing the dispersion of NCCs into the polymer, matrices are said will
improve the interfacial characteristics of composite and improving the strength and stiffness without
sacrificing toughness. However, this step is still a challenge because it has also been reported that an
excessive amount of NCCs will degrade the properties of composite materials. Hence, again at this
part, an extensive study on optimizing the amount of NCC dispersion should be conducted to produce
a good functionalize scaffold.In another aspect, in order to increase the production of NCCs on an
industrial scale, the processing cost should be reduced by focusing on ways to increase the yielding
of NCCs, but the energy input, chemical usage would be reduced as well as by recycling the used
chemical whichever could. The cost reduction will increase the availability of a huge amount of NCCs,
which can be supplied into many other applications. To note here, the sources of NCCs should be from
agricultural waste as an initiative to turn the waste into something useful.

In terms of tissue engineering application and implementation, there are few challenges that
need to be solved. First, from the beginning of the study on tissue engineering, biomaterials for
developing the scaffold is the main challenge faced by researchers. This is because the biomaterials must
possess all basic requirements properties, which are sufficient mechanical strength, biocompatible and
biodegradable, to ensure a successful implementation of scaffolds in the future. Scaffold biomaterials
are still in the “trial and error” phase, in which a range of various materials from synthetic to natural
sources were studied. There are no materials that fully capture the intricacies of the native tissue nor
restore function to an ideal level. One of the efforts is to include the NCCs into synthetic or/and natural
biomaterials of scaffolds. However, there is still no clear directions for this effort.

To implement the scaffold in human body, there is still a lack of cell sources. In recent years,
the field of stem biology has developed considerably and presents a huge potential for using human
originated adult or embryonic stem cells as sources for in vitro generation of tissues. Endothelial cells
derived from human embryonic stem cells were shown to generate functional vasculature. However,
much more research is required in scaling up these cells and using them for tissue engineering
applications. The lack of clinical success may be attributed to several issues. First, the quality or
quantity of used cells and preculture conditions of cells seeded onto scaffold are variable or limited.
Second, the seeded cells may be subjected to inflammation and nutrient scarcity because of tissue
damage and the diffusion of nutrients and oxygen from adjacent vessels.

Therefore, in future developments, all of these challenges must be put into consideration.

6. Conclusions

This review is aimed to give a review on the unique properties offered by an organic nanomaterial,
macro- or nanocrystalline cellulose for bone tissue engineering applications. Details explanation
of macro- or nanocrystalline cellulose with derivation process is included to introduce a basic
understanding of this excellent material. The important requirement needed in developing bone tissue
engineering scaffolds were elaborated in terms of effects after the inclusion of macro- or nanocrystalline
cellulose. There is no doubt that crystalline cellulose is effective to be applied as reinforcing agents or
nanofillers in designing the scaffolds materials due to their good performance physiochemically and
biocompatibility. The capability of macro- or nanocrystalline cellulose to be modified and easy to be
processed has made it an ideal nanomaterial for bone tissue engineering applications, even for other
biomedical applications. However, there are still challenges that need to be faced and solved before the
scaffold to be applied in humans as real clinical treatments.
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Abbreviations

◦C Degree celsius
BC Bacterial cellulose
BNC Bacteria nanocellulose
CC Crystalline cellulose
CNC Cellulose nanocrystal
DIW Deionized water
DW Distilled water
E Young’s modulus
ECM Extracellular matrix
FC Fibrillated cellulose
GPA Giga pascals
H2SO4 Sulfuric acid
HA Hydroxyapatite
hASCs Human adipose stem cells
HBr Hydrobromic acid
HCl Hydrochloric acid
hMSCs Human mesenchymal stem cells
HNO3 Nitric acid
KOH Potassium hydroxide
LB Lignocellulosic biomass
M058K Glioblastoma multiforme cell line
MC3T3 Osteoblast precursor cell line
MCC Microcrystalline cellulose
MFC Microfibrillated cellulose
MG63 Human osteosarcoma cell line
MPa Mega pascals
NaOH Sodium hydroxide
NCC Nanocrystalline cellulose
NFC Nanofibrillated cellulose
n-HA Nano-hydroxyapatite
NWC Nanowhisker cellulose
OVA Ovalbumin
PBS Phosphate buffered saline
PCL E-poly(caprolactone)
PEG Poly(ethylene glycol)
PLA Poly(lactic acid)
PLLA Poly(l-lactide acid)
PPF Poly(propylene fumarate)
PVA Poly(vinyl alcohol)
SBF Simulated body fluid
TE Tissue engineering



Polymers 2020, 12, 2818 18 of 22

References

1. De Mori, A.; Peña Fernández, M.; Blunn, G.; Tozzi, G.; Roldo, M. 3D Printing and Electrospinning of
Composite Hydrogels for Cartilage and Bone Tissue Engineering. Polymers 2018, 10, 285. [CrossRef]
[PubMed]

2. Wang, W.; Zuo, R.; Long, H.; Wang, Y.; Zhang, Y.; Sun, C.; Luo, G.; Zhang, Y.; Li, C.; Zhou, Y.; et al. Advances
in the Masquelet technique: Myeloid-derived suppressor cells promote angiogenesis in PMMA-induced
membranes. Acta Biomater. 2020, 108, 223–236. [CrossRef]

3. Zhang, H.; Xia, J.Y.; Pang, X.L.; Zhao, M.; Wang, B.Q.; Yang, L.L.; Wan, H.S.; Wu, J.B.; Fu, S.Z. Magnetic
nanoparticle-loaded electrospun polymeric nanofibers for tissue engineering. Mater. Sci. Eng. C-Mater.
Biol. Appl. 2017, 73, 537–543. [CrossRef] [PubMed]

4. Wang, W.; Yeung, K.W.K. Bone grafts and biomaterials substitutes for bone defect repair: A review.
Bioact. Mater. 2017, 2, 224–247. [CrossRef] [PubMed]

5. Aldemir Dikici, B.; Dikici, S.; Reilly, G.C.; MacNeil, S.; Claeyssens, F. A Novel Bilayer Polycaprolactone
Membrane for Guided Bone Regeneration: Combining Electrospinning and Emulsion Templating. Materials
2019, 12, 2643. [CrossRef]

6. Lee, H.-S.; Byun, S.-H.; Cho, S.-W.; Yang, B.-E. Past, Present, and Future of Regeneration Therapy in Oral and
Periodontal Tissue: A Review. Appl. Sci. 2019, 9, 1046. [CrossRef]

7. Nurulhuda, A.; Izman, S.; Ngadiman, N.H.A. Fabrication PEGDA/ANFs Biomaterial as 3D Tissue Engineering
Scaffold by DLP 3D Printing Tecshnology. Int. J. Eng. Adv. Technol. 2019, 8, 751–758. [CrossRef]

8. Berthiaume, F.; Maguire, T.J.; Yarmush, M.L. Tissue Engineering and Regenerative Medicine: History,
Progress, and Challenges. Annu. Rev. Chem. Biomol. Eng. 2011, 2, 403–430. [CrossRef]

9. Yang, E.; Miao, S.; Zhong, J.; Zhang, Z.; Mills, D.K.; Zhang, L.G. Bio-Based Polymers for 3D Printing of
Bioscaffolds. Polym. Rev. 2018, 58, 668–687. [CrossRef]

10. Arcaute, K.; Mann, B.K.; Wicker, R.B. Stereolithography of Three-Dimensional Bioactive Poly(Ethylene
Glycol) Constructs with Encapsulated Cells. Ann. Biomed. Eng. 2006, 34, 1429–1441. [CrossRef]

11. Hasan, A.; Morshed, M.; Memic, A.; Hassan, S.; Webster, T.; Marei, H. Nanoparticles in tissue engineering:
Applications, challenges and prospects. Int. J. Nanomed. 2018, 13, 5637–5655. [CrossRef] [PubMed]

12. Elomaa, L.; Pan, C.-C.; Shanjani, Y.; Malkovskiy, A.; Seppälä, J.V.; Yang, Y. Three-dimensional fabrication of
cell-laden biodegradable poly(ethylene glycol-co-depsipeptide) hydrogels by visible light stereolithography.
J. Mater. Chem. B 2015, 3, 8348–8358. [CrossRef] [PubMed]

13. Torgbo, S.; Sukyai, P. Bacterial cellulose-based scaffold materials for bone tissue engineering. Appl. Mater. Today
2018, 11, 34–49. [CrossRef]

14. Bose, S.; Vahabzadeh, S.; Bandyopadhyay, A. Bone tissue engineering using 3D printing. Mater. Today 2013,
16, 496–504. [CrossRef]

15. Hickey, R.J.; Pelling, A.E. Cellulose Biomaterials for Tissue Engineering. Front. Bioeng. Biotechnol. 2019, 7, 45.
[CrossRef]

16. Shi, C.; Yuan, Z.; Han, F.; Zhu, C.; Li, B. Polymeric biomaterials for bone regeneration. Ann. Jt. 2016, 1, 27.
[CrossRef]

17. Mi, H.-Y.; Salick, M.R.; Jing, X.; Jacques, B.R.; Crone, W.C.; Peng, X.-F.; Turng, L.-S. Characterization of
thermoplastic polyurethane/polylactic acid (TPU/PLA) tissue engineering scaffolds fabricated by microcellular
injection molding. Mater. Sci. Eng. C 2013, 33, 4767–4776. [CrossRef]

18. Ronca, A.; Ambrosio, L.; Grijpma, D.W. Design of porous three-dimensional PDLLA/nano-hap composite
scaffolds using stereolithography. J. Appl. Biomater. Funct. Mater. 2012, 10, 249–258. [CrossRef]

19. Flauzino Neto, W.P.; Silvério, H.A.; Dantas, N.O.; Pasquini, D. Extraction and characterization of cellulose
nanocrystals from agro-industrial residue—Soy hulls. Ind. Crops Prod. 2013, 42, 480–488. [CrossRef]

20. Phanthong, P.; Reubroycharoen, P.; Hao, X.; Xu, G.; Abudula, A.; Guan, G. Nanocellulose: Extraction and
application. Carbon Resour. Convers. 2018, 1, 32–43. [CrossRef]

21. Nemati, S.; Kim, S.-J.; Shin, Y.M.; Shin, H. Current progress in application of polymeric nanofibers to tissue
engineering. Nano Converg. 2019, 6, 1–16. [CrossRef] [PubMed]

22. Barui, S.; Chatterjee, S.; Mandal, S.; Kumar, A.; Basu, B. Microstructure and compression properties of 3D
powder printed Ti-6Al-4V scaffolds with designed porosity: Experimental and computational analysis.
Mater. Sci. Eng. C 2017, 70, 812–823. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/polym10030285
http://www.ncbi.nlm.nih.gov/pubmed/30966320
http://dx.doi.org/10.1016/j.actbio.2020.03.010
http://dx.doi.org/10.1016/j.msec.2016.12.116
http://www.ncbi.nlm.nih.gov/pubmed/28183642
http://dx.doi.org/10.1016/j.bioactmat.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29744432
http://dx.doi.org/10.3390/ma12162643
http://dx.doi.org/10.3390/app9061046
http://dx.doi.org/10.35940/ijeat.F7989.088619
http://dx.doi.org/10.1146/annurev-chembioeng-061010-114257
http://dx.doi.org/10.1080/15583724.2018.1484761
http://dx.doi.org/10.1007/s10439-006-9156-y
http://dx.doi.org/10.2147/IJN.S153758
http://www.ncbi.nlm.nih.gov/pubmed/30288038
http://dx.doi.org/10.1039/C5TB01468A
http://www.ncbi.nlm.nih.gov/pubmed/29057076
http://dx.doi.org/10.1016/j.apmt.2018.01.004
http://dx.doi.org/10.1016/j.mattod.2013.11.017
http://dx.doi.org/10.3389/fbioe.2019.00045
http://dx.doi.org/10.21037/aoj.2016.11.02
http://dx.doi.org/10.1016/j.msec.2013.07.037
http://dx.doi.org/10.5301/JABFM.2012.10211
http://dx.doi.org/10.1016/j.indcrop.2012.06.041
http://dx.doi.org/10.1016/j.crcon.2018.05.004
http://dx.doi.org/10.1186/s40580-019-0209-y
http://www.ncbi.nlm.nih.gov/pubmed/31701255
http://dx.doi.org/10.1016/j.msec.2016.09.040
http://www.ncbi.nlm.nih.gov/pubmed/27770959


Polymers 2020, 12, 2818 19 of 22

23. Hassanajili, S.; Karami-Pour, A.; Oryan, A.; Talaei-Khozani, T. Preparation and characterization of
PLA/PCL/HA composite scaffolds using indirect 3D printing for bone tissue engineering. Mater. Sci.
Eng. C 2019, 104, 1009960. [CrossRef] [PubMed]

24. Qu, H.; Fu, H.; Han, Z.; Sun, Y. Biomaterials for bone tissue engineering scaffolds: A review. RSC Adv. 2019,
9, 26252–26262. [CrossRef]

25. Elomaa, L.; Teixeira, S.; Hakala, R.; Korhonen, H.; Grijpma, D.W.; Seppälä, J.V. Preparation of
poly(ε-caprolactone)-based tissue engineering scaffolds by stereolithography. Acta Biomater. 2011, 7,
3850–3856. [CrossRef]

26. Lee, K.-W.; Wang, S.; Fox, B.C.; Ritman, E.L.; Yaszemski, M.J.; Lu, L. Poly(propylene fumarate) Bone
Tissue Engineering Scaffold Fabrication Using Stereolithography: Effects of Resin Formulations and Laser
Parameters. Biomacromolecules 2007, 8, 1077–1084. [CrossRef]

27. Kumar, A.; Negi, Y.S.; Choudhary, V.; Bhardwaj, N.K. Microstructural and mechanical properties of porous
biocomposite scaffolds based on polyvinyl alcohol, nano-hydroxyapatite and cellulose nanocrystals. Cellulose
2014, 21, 3409–3426. [CrossRef]

28. Kumar, A.; Han, S.S. PVA-based hydrogels for tissue engineering: A review. Int. J. Polym. Mater.
Polym. Biomater. 2016, 66, 159–182. [CrossRef]

29. Oropallo, W.; Piegl, L.A. Ten challenges in 3D printing. Eng. Comput. 2015, 32, 135–148. [CrossRef]
30. Zhou, C.; Wu, Q.; Yue, Y.; Zhang, Q. Application of rod-shaped cellulose nanocrystals in polyacrylamide

hydrogels. J. Colloid Interface Sci. 2011, 353, 116–123. [CrossRef]
31. Kumar, S.; Hofmann, M.; Steinmann, B.; Foster, E.J.; Weder, C. Reinforcement of Stereolithographic Resins for

Rapid Prototyping with Cellulose Nanocrystals. ACS Appl. Mater. Interfaces 2012, 4, 5399–5407. [CrossRef]
[PubMed]

32. Hammonds, R.L. The Advancement of Bacterial Cellulose As A Bone and Vascular Scaffolds. Ph.D. Thesis,
University of Tennessee, Knoxville, TN, USA, 2013.

33. Dugan, J.M.; Gough, J.E.; Eichhorn, S.J. Bacterial cellulose scaffolds and cellulose nanowhiskers for tissue
engineering. Nanomedicine 2013, 8, 287–298. [CrossRef] [PubMed]

34. Favi, P.M.; Benson, R.S.; Neilsen, N.R.; Hammonds, R.L.; Bates, C.C.; Stephens, C.P.; Dhar, M.S. Cell
proliferation, viability, and in vitro differentiation of equine mesenchymal stem cells seeded on bacterial
cellulose hydrogel scaffolds. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 1935–1944. [CrossRef] [PubMed]

35. Jorfi, M.; Foster, E.J. Recent advances in nanocellulose for biomedical applications. J. Appl. Polym. Sci. 2015,
132, 1–19. [CrossRef]

36. Dorozhkin, S. Calcium Orthophosphates in Nature, Biology and Medicine. Materials 2009, 2, 399–498.
[CrossRef]

37. Oliveira, T.C.; Gomes, M.S.; Gomes, A.C. The Crossroads between Infection and Bone Loss. Microorganisms
2020, 8, 1765. [CrossRef]

38. Wu, T.; Yu, S.; Chen, D.; Wang, Y. Bionic Design, Materials and Performance of Bone Tissue Scaffolds.
Materials 2017, 10, 1187. [CrossRef]

39. Roohani-Esfahani, S.-I.; Newman, P.; Zreiqat, H. Design and Fabrication of 3D printed Scaffolds with a
Mechanical Strength Comparable to Cortical Bone to Repair Large Bone Defects. Sci. Rep. 2016, 6, 19468.
[CrossRef]

40. Pilia, M.; Guda, T.; Appleford, M. Development of Composite Scaffolds for Load-Bearing Segmental Bone
Defects. BioMed Res. Int. 2013, 2013, 1–15. [CrossRef]

41. Leng, H.; Reyes, M.J.; Dong, X.N.; Wang, X. Effect of age on mechanical properties of the collagen phase in
different orientations of human cortical bone. Bone 2013, 55, 288–291. [CrossRef]

42. Domingues, R.M.A.; Gomes, M.E.; Reis, R.L. The Potential of Cellulose Nanocrystals in Tissue Engineering
Strategies. Biomacromolecules 2014, 15, 2327–2346. [CrossRef] [PubMed]

43. Shelke, N.B.; James, R.; Laurencin, C.T.; Kumbar, S.G. Polysaccharide biomaterials for drug delivery and
regenerative engineering. Polym. Adv. Technol. 2014, 25, 448–460. [CrossRef]

44. Iravani, S.; Varma, R.S. Plants and plant-based polymers as scaffolds for tissue engineering. Green Chem.
2019, 21, 4839–4867. [CrossRef]

45. Xu, K.; Liu, C.; Kang, K.; Zheng, Z.; Wang, S.; Tang, Z.; Yang, W. Isolation of nanocrystalline cellulose
from rice straw and preparation of its biocomposites with chitosan: Physicochemical characterization and
evaluation of interfacial compatibility. Compos. Sci. Technol. 2018, 154, 8–17. [CrossRef]

http://dx.doi.org/10.1016/j.msec.2019.109960
http://www.ncbi.nlm.nih.gov/pubmed/31500051
http://dx.doi.org/10.1039/C9RA05214C
http://dx.doi.org/10.1016/j.actbio.2011.06.039
http://dx.doi.org/10.1021/bm060834v
http://dx.doi.org/10.1007/s10570-014-0339-7
http://dx.doi.org/10.1080/00914037.2016.1190930
http://dx.doi.org/10.1007/s00366-015-0407-0
http://dx.doi.org/10.1016/j.jcis.2010.09.035
http://dx.doi.org/10.1021/am301321v
http://www.ncbi.nlm.nih.gov/pubmed/22992164
http://dx.doi.org/10.2217/nnm.12.211
http://www.ncbi.nlm.nih.gov/pubmed/23394157
http://dx.doi.org/10.1016/j.msec.2012.12.100
http://www.ncbi.nlm.nih.gov/pubmed/23498215
http://dx.doi.org/10.1002/app.41719
http://dx.doi.org/10.3390/ma2020399
http://dx.doi.org/10.3390/microorganisms8111765
http://dx.doi.org/10.3390/ma10101187
http://dx.doi.org/10.1038/srep19468
http://dx.doi.org/10.1155/2013/458253
http://dx.doi.org/10.1016/j.bone.2013.04.006
http://dx.doi.org/10.1021/bm500524s
http://www.ncbi.nlm.nih.gov/pubmed/24914454
http://dx.doi.org/10.1002/pat.3266
http://dx.doi.org/10.1039/C9GC02391G
http://dx.doi.org/10.1016/j.compscitech.2017.10.022


Polymers 2020, 12, 2818 20 of 22

46. Luo, W.; Cheng, L.; Yuan, C.; Wu, Z.; Yuan, G.; Hou, M.; Chen, J.Y.; Luo, C.; Li, W. Preparation, characterization
and evaluation of cellulose nanocrystal/poly(lactic acid) in situ nanocomposite scaffolds for tissue engineering.
Int. J. Biol. Macromol. 2019, 134, 469–479. [CrossRef] [PubMed]

47. Cataldi, A.; Rigotti, D.; Nguyen, V.D.H.; Pegoretti, A. Polyvinyl alcohol reinforced with crystalline
nanocellulose for 3D printing application. Mater. Today Commun. 2018, 15, 236–244. [CrossRef]

48. Kargarzadeh, H.; Ioelovich, M.; Ahmad, I.; Thomas, S.; Dufresne, A. Methods for Extraction of Nanocellulose
from Various Sources. In Handbook of Nanocellulose and Cellulose Nanocomposites; Wiley: Hoboken, NJ, USA,
2017; pp. 1–49. [CrossRef]

49. Shaheen, T.I.; Montaser, A.S.; Li, S. Effect of cellulose nanocrystals on scaffolds comprising chitosan, alginate
and hydroxyapatite for bone tissue engineering. Int. J. Biol. Macromol. 2019, 121, 814–821. [CrossRef]

50. Nascimento, D.M.; Almeida, J.S.; Dias, A.F.; Figueirêdo, M.C.B.; Morais, J.P.S.; Feitosa, J.P.A.; Rosa, M.d.F. A
novel green approach for the preparation of cellulose nanowhiskers from white coir. Carbohydr. Polym. 2014,
110, 456–463. [CrossRef]

51. Hebeish, A.; Farag, S.; Sharaf, S.; Rabie, A.M.; Shaheen, T.I. Modulation of the Nanostructural Characteristics
of Cellulose Nanowhiskers via Sulfuric Acid Concentration. Egypt. J. Chem. 2013, 56, 271–289. [CrossRef]

52. Moon, R.J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J. Cellulose nanomaterials review: Structure,
properties and nanocomposites. Chem. Soc. Rev. 2011, 40, 3941–3994. [CrossRef]

53. Yan, H.; Chen, X.; Feng, M.; Shi, Z.; Zhang, D.; Lin, Q. Layer-by-layer assembly of 3D alginate-chitosan-gelatin
composite scaffold incorporating bacterial cellulose nanocrystals for bone tissue engineering. Mater. Lett.
2017, 209, 492–496. [CrossRef]

54. Dinh Vu, N.; Thi Tran, H.; Duy Nguyen, T. Characterization of Polypropylene Green Composites Reinforced
by Cellulose Fibers Extracted from Rice Straw. Int. J. Polym. Sci. 2018, 2018, 1–10. [CrossRef]

55. Lee, S.-Y.; Mohan, D.J.; Kang, I.-A.; Doh, G.-H.; Lee, S.; Han, S.O. Nanocellulose reinforced PVA composite
films: Effects of acid treatment and filler loading. Fibers Polym. 2009, 10, 77–82. [CrossRef]

56. Mtibe, A.; Linganiso, L.Z.; Mathew, A.P.; Oksman, K.; John, M.J.; Anandjiwala, R.D. A comparative study on
properties of micro and nanopapers produced from cellulose and cellulose nanofibres. Carbohydr. Polym.
2015, 118, 1–8. [CrossRef] [PubMed]

57. Ng, H.-M.; Sin, L.T.; Tee, T.-T.; Bee, S.-T.; Hui, D.; Low, C.-Y.; Rahmat, A.R. Extraction of cellulose nanocrystals
from plant sources for application as reinforcing agent in polymers. Compos. Part B Eng. 2015, 75, 176–200.
[CrossRef]

58. Watkins, D.; Nuruddin, M.; Hosur, M.; Tcherbi-Narteh, A.; Jeelani, S. Extraction and characterization of
lignin from different biomass resources. J. Mater. Res. Technol. 2015, 4, 26–32. [CrossRef]

59. Lu, P.; Hsieh, Y.-L. Preparation and characterization of cellulose nanocrystals from rice straw. Carbohydr. Polym.
2012, 87, 564–573. [CrossRef]

60. Sunasee, R.; Hemraz, U. Synthetic Strategies for the Fabrication of Cationic Surface-Modified Cellulose
Nanocrystals. Fibers 2018, 6, 15. [CrossRef]

61. Chen, D.; Lawton, D.; Thompson, M.R.; Liu, Q. Biocomposites reinforced with cellulose nanocrystals derived
from potato peel waste. Carbohydr. Polym. 2012, 90, 709–716. [CrossRef]

62. Kargarzadeh, H.; Ahmad, I.; Abdullah, I.; Dufresne, A.; Zainudin, S.Y.; Sheltami, R.M. Effects of hydrolysis
conditions on the morphology, crystallinity, and thermal stability of cellulose nanocrystals extracted from
kenaf bast fibers. Cellulose 2012, 19, 855–866. [CrossRef]

63. Nur Hanani, A.S.; Zuliahani, A.; Nawawi, W.I.; Razif, N.; Rozyanty, A.R. The Effect of Various Acids on
Properties of Microcrystalline Cellulose (MCC) Extracted from Rice Husk (RH). In Proceedings of the IOP
Conference Series: Materials Science and Engineering, Bali, Indonesia, 1–3 April 2017; pp. 1–9.

64. Mahsut Dinçel, Y. Bone Graft Types. In Bone Grafting—Recent Advances with Special References to
Cranio-Maxillofacial Surgery; IntechOpen: London, UK, 2018. [CrossRef]

65. Dinh Vu, N.; Thi Tran, H.; Bui, N.D.; Duc Vu, C.; Viet Nguyen, H. Lignin and Cellulose Extraction from
Vietnam’s Rice Straw Using Ultrasound-Assisted Alkaline Treatment Method. Int. J. Polym. Sci. 2017, 2017,
1–8. [CrossRef]

66. Szymańska-Chargot, M.; Chylińska, M.; Gdula, K.; Kozioł, A.; Zdunek, A. Isolation and Characterization of
Cellulose from Different Fruit and Vegetable Pomaces. Polymers 2017, 9, 495. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ijbiomac.2019.05.052
http://www.ncbi.nlm.nih.gov/pubmed/31078594
http://dx.doi.org/10.1016/j.mtcomm.2018.02.007
http://dx.doi.org/10.1002/9783527689972.ch1
http://dx.doi.org/10.1016/j.ijbiomac.2018.10.081
http://dx.doi.org/10.1016/j.carbpol.2014.04.053
http://dx.doi.org/10.21608/ejchem.2013.1113
http://dx.doi.org/10.1039/c0cs00108b
http://dx.doi.org/10.1016/j.matlet.2017.08.093
http://dx.doi.org/10.1155/2018/1813847
http://dx.doi.org/10.1007/s12221-009-0077-x
http://dx.doi.org/10.1016/j.carbpol.2014.10.007
http://www.ncbi.nlm.nih.gov/pubmed/25542099
http://dx.doi.org/10.1016/j.compositesb.2015.01.008
http://dx.doi.org/10.1016/j.jmrt.2014.10.009
http://dx.doi.org/10.1016/j.carbpol.2011.08.022
http://dx.doi.org/10.3390/fib6010015
http://dx.doi.org/10.1016/j.carbpol.2012.06.002
http://dx.doi.org/10.1007/s10570-012-9684-6
http://dx.doi.org/10.5772/intechopen.79449
http://dx.doi.org/10.1155/2017/1063695
http://dx.doi.org/10.3390/polym9100495
http://www.ncbi.nlm.nih.gov/pubmed/30965797


Polymers 2020, 12, 2818 21 of 22

67. Joshi, M.K.; Tiwari, A.P.; Pant, H.R.; Shrestha, B.K.; Kim, H.J.; Park, C.H.; Kim, C.S. In Situ Generation
of Cellulose Nanocrystals in Polycaprolactone Nanofibers: Effects on Crystallinity, Mechanical Strength,
Biocompatibility, and Biomimetic Mineralization. ACS Appl. Mater. Interfaces 2015, 7, 19672–19683. [CrossRef]
[PubMed]

68. Osorio, D.A.; Lee, B.E.J.; Kwiecien, J.M.; Wang, X.; Shahid, I.; Hurley, A.L.; Cranston, E.D.; Grandfield, K.
Cross-linked cellulose nanocrystal aerogels as viable bone tissue scaffolds. Acta Biomater. 2019, 87, 152–165.
[CrossRef]

69. Nuruddin, M.; Chowdhury, A.; Haque, S.A.; Rahman, M.; Farhad, S.F.; Jahan, M.S.; Quaiyyum, A. Extraction
and Characterization of Cellulose Microfibrils from Agricultural Wastes in an Integrated Biorefinery Initiative.
Cell Chem. Technol. 2011, 45, 347–354.

70. Ratanakamnuan, U.; Ninsin, Y.Y. Synthesis of Rice Straw Cellulose Ester for Use as Biodegradable Plastic
Film. Adv. Mater. Res. 2012, 488–489, 980–984. [CrossRef]

71. Li, V.C.-F.; Dunn, C.K.; Zhang, Z.; Deng, Y.; Qi, H.J. Direct Ink Write (DIW) 3D Printed Cellulose Nanocrystal
Aerogel Structures. Sci. Rep. 2017, 7, 1–8. [CrossRef]

72. Hong, J.K. Bioactive Cellulose Nanocrystal Reinforced 3D Printable Poly(ε-caprolactone) Nanocomposite for
Bone Tissue Engineering. Ph.D. Thesis, Virginia Polytechnic Institute and State University, Blacksburg, VA,
USA, 2015.

73. Alemán-Domínguez, M.E.; Giusto, E.; Ortega, Z.; Tamaddon, M.; Benítez, A.N.; Liu, C. Three-dimensional
printed polycaprolactone-microcrystalline cellulose scaffolds. J. Biomed. Mater. Res. Part B Appl. Biomater.
2019, 107, 521–528. [CrossRef]

74. Herdocia-Lluberes, C.S.; Laboy-López, S.; Morales, S.; Gonzalez-Robles, T.J.; González-Feliciano, J.A.;
Nicolau, E. Evaluation of Synthesized Nanohydroxyapatite-Nanocellulose Composites as Biocompatible
Scaffolds for Applications in Bone Tissue Engineering. J. Nanomater. 2015, 2015, 1–9. [CrossRef]

75. Tran, T.T.; Hamid, Z.A.; Cheong, K.Y. A Review of Mechanical Properties of Scaffold in Tissue Engineering:
Aloe Vera Composites. J. Phys. Conf. Ser. 2018, 1082, 012080. [CrossRef]

76. Balagangadharan, K.; Dhivya, S.; Selvamurugan, N. Chitosan based nanofibers in bone tissue engineering.
Int. J. Biol. Macromol. 2017, 104, 1372–1382. [CrossRef] [PubMed]

77. Zhou, C.; Shi, Q.; Guo, W.; Terrell, L.; Qureshi, A.T.; Hayes, D.J.; Wu, Q. Electrospun Bio-Nanocomposite
Scaffolds for Bone Tissue Engineering by Cellulose Nanocrystals Reinforcing Maleic Anhydride Grafted
PLA. ACS Appl. Mater. Interfaces 2013, 5, 3847–3854. [CrossRef]

78. Zhang, C.; Salick, M.R.; Cordie, T.M.; Ellingham, T.; Dan, Y.; Turng, L.-S. Incorporation of poly(ethylene
glycol) grafted cellulose nanocrystals in poly(lactic acid) electrospun nanocomposite fibers as potential
scaffolds for bone tissue engineering. Mater. Sci. Eng. C 2015, 49, 463–471. [CrossRef] [PubMed]

79. Charles-Harris, M.; del Valle, S.; Hentges, E.; Bleuet, P.; Lacroix, D.; Planell, J.A. Mechanical and structural
characterisation of completely degradable polylactic acid/calcium phosphate glass scaffolds. Biomaterials
2007, 28, 4429–4438. [CrossRef] [PubMed]

80. Zhang, S.; Vijayavenkataraman, S.; Lu, W.F.; Fuh, J.Y.H. A review on the use of computational methods to
characterize, design, and optimize tissue engineering scaffolds, with a potential in 3D printing fabrication.
J. Biomed. Mater. Res. B 2019, 107, 1329–1351. [CrossRef] [PubMed]

81. Eftekhari, S.; El Sawi, I.; Bagheri, Z.S.; Turcotte, G.; Bougherara, H. Fabrication and characterization of novel
biomimetic PLLA/cellulose/hydroxyapatite nanocomposite for bone repair applications. Mater. Sci. Eng.
C-Mater. Biol. Appl. 2014, 39, 120–125. [CrossRef]

82. Li, V. 3D Printing Structured Nanocelluloses and Their Composites: Printability, Structures, and Properties.
Ph.D. Thesis, Georgia Institute of Technology, Atlanta, GA, USA, 2019.

83. Kumar, A.; Negi, Y.S.; Choudhary, V.; Bhardwaj, N.K. Fabrication of poly (vinyl alcohol)/ovalbumin/cellulose
nanocrystals/nanohydroxyapatite based biocomposite scaffolds. Int. J. Polym. Mater. Polym. Biomater. 2016,
65, 191–201. [CrossRef]

84. Chen, X.M.; Zhou, R.M.; Chen, B.; Chen, J.T. Nanohydroxyapatite/cellulose nanocrystals/silk fibroin ternary
scaffolds for rat calvarial defect regeneration. RSC Adv. 2016, 6, 35684–35691. [CrossRef]

85. Niamsap, T.; Lam, N.T.; Sukyai, P. Production of hydroxyapatite-bacterial nanocellulose scaffold with assist
of cellulose nanocrystals. Carbohydr. Polym. 2019, 205, 159–166. [CrossRef]

http://dx.doi.org/10.1021/acsami.5b04682
http://www.ncbi.nlm.nih.gov/pubmed/26295953
http://dx.doi.org/10.1016/j.actbio.2019.01.049
http://dx.doi.org/10.4028/www.scientific.net/AMR.488-489.980
http://dx.doi.org/10.1038/s41598-017-07771-y
http://dx.doi.org/10.1002/jbm.b.34142
http://dx.doi.org/10.1155/2015/310935
http://dx.doi.org/10.1088/1742-6596/1082/1/012080
http://dx.doi.org/10.1016/j.ijbiomac.2016.12.046
http://www.ncbi.nlm.nih.gov/pubmed/27993655
http://dx.doi.org/10.1021/am4005072
http://dx.doi.org/10.1016/j.msec.2015.01.024
http://www.ncbi.nlm.nih.gov/pubmed/25686973
http://dx.doi.org/10.1016/j.biomaterials.2007.06.029
http://www.ncbi.nlm.nih.gov/pubmed/17644172
http://dx.doi.org/10.1002/jbm.b.34226
http://www.ncbi.nlm.nih.gov/pubmed/30300964
http://dx.doi.org/10.1016/j.msec.2014.02.027
http://dx.doi.org/10.1080/00914037.2015.1099102
http://dx.doi.org/10.1039/C6RA02038K
http://dx.doi.org/10.1016/j.carbpol.2018.10.034


Polymers 2020, 12, 2818 22 of 22

86. Fallahiarezoudar, E.; Ahmadipourroudposht, M.; Yusof, N.M.; Idris, A.; Ngadiman, N.H.A. 3D Biofabrication
of Thermoplastic Polyurethane (TPU)/Poly-l-lactic Acid (PLLA) Electrospun Nanofibers Containing
Maghemite (gamma-Fe(2)O(3)) for Tissue Engineering Aortic Heart Valve. Polymers 2017, 9, 584. [CrossRef]

87. Kamboj, N.; Kazantseva, J.; Rahmani, R.; Rodríguez, M.A.; Hussainova, I. Selective laser sintered bio-inspired
silicon-wollastonite scaffolds for bone tissue engineering. Mater. Sci. Eng. C 2020, 116, 111223. [CrossRef]
[PubMed]

88. Lam, E.; Male, K.B.; Chong, J.H.; Leung, A.C.W.; Luong, J.H.T. Applications of functionalized and
nanoparticle-modified nanocrystalline cellulose. Trends Biotechnol. 2012, 30, 283–290. [CrossRef] [PubMed]

89. Martson, M.; Viljanto, J.; Hurme, T.; Laippala, P.; Saukko, P. Is cellulose sponge degradable or stable as
implantation material? An in vivo subcutaneous study in the rat. Biomaterials 1999, 20, 1989–1995. [CrossRef]

90. Huang, C.; Bhagia, S.; Hao, N.J.; Meng, X.Z.; Liang, L.N.; Yong, Q.; Ragauskas, A.J. Biomimetic composite
scaffold from an in situ hydroxyapatite coating on cellulose nanocrystals. RSC Adv. 2019, 9, 5786–5793.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/polym9110584
http://dx.doi.org/10.1016/j.msec.2020.111223
http://www.ncbi.nlm.nih.gov/pubmed/32806242
http://dx.doi.org/10.1016/j.tibtech.2012.02.001
http://www.ncbi.nlm.nih.gov/pubmed/22405283
http://dx.doi.org/10.1016/S0142-9612(99)00094-0
http://dx.doi.org/10.1039/C8RA09523J
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Bone Structure and Its Properties 
	Cellulose 
	Bacterial Cellulose 
	Fibrillated Cellulose 
	Crystalline Cellulose 
	Derivation of Nanocrystalline Cellulose 

	Contribution of Nanocrystalline Cellulose in Bone Tissue Engineering 
	Mechanical Properties 
	Biocompatibility Properties 
	Biodegradability 

	Challenge in Future Development of NCC 
	Conclusions 
	References

