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Abstract: Cartilage and bone injuries are prevalent ailments, affecting the quality of life of injured
patients. Current methods of treatment are often imperfect and pose the risk of complications in
the long term. Therefore, tissue engineering is a rapidly developing branch of science, which aims
at discovering effective ways of replacing or repairing damaged tissues with the use of scaffolds.
However, both cartilage and bone owe their exceptional mechanical properties to their complex
ultrastructure, which is very difficult to reproduce artificially. To address this issue, nanotechnology
was employed. One of the most promising nanomaterials in this respect is carbon nanotubes,
due to their exceptional physico-chemical properties, which are similar to collagens—the main
component of the extracellular matrix of these tissues. This review covers the important aspects
of 3D scaffold development and sums up the existing research tackling the challenges of scaffold
design. Moreover, carbon nanotubes-reinforced bone and cartilage scaffolds manufactured using the
3D bioprinting technique will be discussed as a novel tool that could facilitate the achievement of
more biomimetic structures.
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1. Introduction
In recent years, due to a high incidence of cartilage and bone injuries and subsequent risk of
complications in the future (e.g., osteoarthritis) [1–3], a significant extension of research regarding
biocompatible scaffolds engineering and vast progress in biomaterials science, in general, has been
observed. Through the combination of tissue engineering techniques and advancements in the synthesis
of novel materials, the understanding of biomaterials has reached a new dimension. The robust
development is especially seen in the field of motor organ repair concerning bone and cartilage tissue
injuries in particular. Biomaterials are viewed as the next generation treatment for these conditions,
resolving many of the inherent limitations of currently existing treatment procedures [4].
Articular cartilage (AC) covers the surface of the bone in diarthrodial (synovial) joints and provides
a low-friction interface for a sliding motion and also propagates the applied forces to the subchondral
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bone [5]. The most important drawback of an AC lesion is the fact that it does not heal spontaneously,
mainly due to the small number of residual cells, limited vascular supply, and lymphatic drainage.
Once injured, the lesion tends to progress and starts to deteriorate a patient’s quality of life, being the
11th most frequent cause of disability globally [6–8].
Bones of the skeleton provide mechanical support for joints, tendons, and ligaments; they protect
vital organs from damage and they have an important metabolic role as calcium and phosphate
reservoirs. Unlike cartilage, bone tissue undergoes constant renewal, and in comparison to cartilage,
when the bone tissue is injured, it possesses a better regeneration potential. However, many injuries
such as severe fractures exceed the natural healing ability and require surgical intervention and the
use of artificial bone fillers. The lack of or unsuitable interactions between materials and tissues
remains a major concern, often resulting in the lack of implant integration and its failure. In terms of
synthetic materials, the most prevalent problems are early failures due to interference in the healing
process, caused by issues such as bleeding, infection, and the need for debridement and antibiotic
treatment. In terms of porous scaffolds, often occurring problems are a lack of cell influx to the
material, cell death, or the wrong nature of the created tissue due to improper microenvironment in
the scaffold [9,10]. To improve the convalescence time and the quality of life, novel biomaterials are
being developed [11,12].
An ideal scaffold must possess some essential characteristics to be able to mimic the natural
tissue environment and therefore to serve its role in the regenerative process. It has to be made of
biocompatible, bioresorbable, and biodegradable materials which can provide proper mechanical
support necessary to resist mechanical stress applied to the cartilage and bone tissue. Moreover,
the ultrastructure should be arranged to deliver porosity to assure interaction between the cells
themselves and between the cells and the extracellular matrix (ECM). This, in turn, should promote an
adequate reorganization of injured tissue by the residual cells, while the scaffolding is resorbed by the
body [13,14].
Biomolecular recognition of scaffolds by cells is essential for proper cell metabolism.
This recognition can be accomplished through the usage of proper materials or their modifications.
One example of this approach is the use of bioactive molecules such as chains of native extracellular
matrix proteins, carbon nanotubes (CNTs), or polymers, which can interact specifically with cellular
receptors [15,16]. There are a plethora of other nanomaterials investigated for tissue engineering of
bone or cartilage, e.g., nanofibrillated cellulose [17], electrospun nanofibers [18], mesoporous silica [19],
nanohydroxyapatite [20], and bioactive glass-ceramic nanoparticles [21], which are beyond the scope
of this review.
One of the most popular materials used in scaffolds for tissue engineering which was discovered
in 1991 and which has revolutionized the research field is carbon nanotubes (CNTs). They are
considered to be excellent reinforcements for bio-related applications due to their remarkable structural,
mechanical, electrical, and thermal properties [22,23]. Their implantation in bone or cartilage may
not only improve the mechanical properties of damaged bone tissue but can also stimulate bone
regeneration, as nanofibers can mimic the extracellular matrix (ECM) and allow the differentiation of
human mesenchymal stem cells (hMSCs) toward osteoblasts [24,25].
The limitation with most of the conventional scaffold fabrication techniques is that they do
not allow the user to create precise pores, modify its distribution, or achieve high interconnectivity
with detailed geometry. 3D bioprinting has been developed to overcome most of these limitations
withholding the progress of tissue engineering. This technique allows the fabrication of versatile
scaffolds with complex geometry that are capable of the homogenous distribution of cells and mimic the
local extracellular matrix (ECM). Besides, cells can be directly blended with bioink and therefore reside
in the scaffold without the need for infiltration. There are two main approaches regarding bioprinting:
(1)

the biomimicry approach, where the prepared structure is aimed to be as close to the native one
as possible;

Materials 2020, 13, 4039

(2)

3 of 25

the self-assembly approach, which attempts to replicate environmental and structural elements,
which then promotes the assembly of a proper structure.

Therefore, bioprinting may be a revolutionary tool, able to produce complex, discrete,
self-organizing units for tissue development.
This review will cover the intrinsic complexity of the native articular and bone tissue ultrastructure
to depict the challenges in the bioengineering of biomimetic materials. Moreover, it will focus on
structural and biological aspects of three-dimensional scaffolds reinforced with CNTs which are being
researched as bone and articular cartilage replacements. Furthermore, the mechanisms by which CNTs
enhance such structures will be outlined, as well as research utilizing 3D bioprinting as a useful tool to
overcome the limitations of conventional scaffold fabrication techniques.
2. Articular Cartilage Structure and Function
Cartilage tissue is a specialized connective tissue consisting of a relatively small number of
cells that are embedded in a well-organized, extracellular matrix (ECM) [26]. ECM is produced by
the residual cells, the chondrocytes, and is composed of two main parts—fibrous, self-assembled
elements; mainly collagens and elastin. The non-collagenous part is composed of glycoproteins and
glycosamicoglycans (GAGs), such as hyaluronan and proteoglycans [27]. The dry mass is composed
mainly (up to 60%) of collagens, whose unique structure defines the properties and function of the
proteins themselves, as well as of the whole cartilage tissue.
Collagens are a family of fibrous proteins, whose basic structural unit consists of three polypeptide
chains (α-chains), which can self-assemble to a closely intertwined, so-called superhelix. This twist
is achieved because of the periodic occurrence of glycine, proline, and hydroxyproline amino acids
which allow for tight adjacency and hydrogen bonding, respectively. These building blocks, called
tropocollagens, are approximately 300 nm long, they are 1.5 nm in diameter, and they possess terminal
amino acid chains. They are further arranged into long fibers, and they are stabilized due to their
particular amino acid composition [28]. The fibrils’ dimensions depend mainly on the type of collagen.
In the articular cartilage, collagen type II is predominant, accounting for up to 90% of the total collagen
content in an adult, and it forms fibrils with a diameter of up to 80 nm [29]. Type II fibers are enhanced
by other collagen types (IX and XI) [30]. Collagen type IX is attached near the surface of the collagen
type II fibrils in an antiparallel fashion. It has a distinct globular protein on one end, which serves
a role in interactions between various other ECM molecules. On the other hand, collagen type XI
crosslinks between collagen type II fibrils and enhances the integrity of the whole structure [30,31].
Together, due to the inherent complex structure, enforced with a plethora of bonds, this multi-collagen
structure forms an intricate mesh responsible for the tensile strength of the whole tissue.
Other important molecules of the articular cartilage are proteoglycans, aggrecans in particular.
They are located between the collagen fibrils and act as tissue organizers, regulating collagen
fibrillogenesis, and interacting with growth factors and cytokines. They serve as a backbone for GAGs
attachment, which is in part responsible for the proteoglycans’ function. One of the most important
GAGs is hyaluronic acid, which has exceptional water-attracting properties, forming a gel environment
throughout the tissue. Hence, these non-collagenous molecules account for the elastic properties of
the cartilage.
This complex, multimolecular network is further organized into four distinct subcompartments,
as described originally by Bennighoff [32] and confirmed by Weiss et al. [33] (Figure 1). In the first,
superficial zone, which is ~200 µm thick, the fibrils are thin (32 ± 5 nm) and tend to run primarily
parallel to the plane of the articular surface. Moreover, they are much more closely packed, compared
to deeper layers. A greater range of fibril diameters is seen in the transitional zone II (30–60 nm) and
radial zone III (40–80 nm), which are 1.5–3.5 mm thick altogether. The organization in zone II appears
more random. The cells present in this zone are bigger and they produce the essential ECM components
to maintain the proper microenvironment of the whole tissue. However, they represent only up to
5% of the total cartilage volume. Nevertheless, they manage to serve their role in maintaining the
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Figure 1. Schematic, cross-sectional diagram of healthy articular cartilage: (a) cellular organization in
Figure 1. Schematic, cross-sectional diagram of healthy articular cartilage: (a) cellular organization in
the zones of articular cartilage; (b) collagen fiber architecture.
the zones of articular cartilage; (b) collagen fiber architecture.

Altogether, all of the components of articular cartilage create a very dynamic microenvironment
Altogether, all of the components of articular cartilage create a very dynamic microenvironment
of molecules secreted by the residual cells. This intricate ultrastructure of such a thin tissue yields
of molecules secreted by the residual cells. This intricate ultrastructure of such a thin tissue yields
exceptional tension resistance and elasticity at the same time. In general, the tensile modulus, hence the
exceptional tension resistance and elasticity at the same time. In general, the tensile modulus, hence
load the healthy cartilage tissue can bear, varies from 5 to 25 MPa, depending on the location,
the load the healthy cartilage tissue can bear, varies from 5 to 25 MPa, depending on the location,
depth, and orientation within the joint surface. These well-known tensile properties demonstrate the
depth, and orientation within the joint surface. These well-known tensile properties demonstrate the
inhomogeneous and anisotropic nature of articular cartilage [34].
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The second anatomical type of human bone is called trabecular or cancellous bone (also known as
spongy bone). It presents a lower density and a larger surface area than cortical bone. Trabecular bone
The second anatomical type of human bone is called trabecular or cancellous bone (also known
fills the center of long bones, flat bones, and vertebrae, and consists of an interconnecting meshwork of
as spongy bone). It presents a lower density and a larger surface area than cortical bone. Trabecular
bony trabeculae, separated by spaces filled with bone marrow [36].
bone fills the center of long bones, flat bones, and vertebrae, and consists of an interconnecting
The synthesis of all bone constituents, as well as maintenance of proper bone function, is carried
meshwork of bony trabeculae, separated by spaces filled with bone marrow [36].
out with residual cells of marrow origin, therefore cancellous bone has osteoinductive and osteogenic
The synthesis of all bone constituents, as well as maintenance of proper bone function, is carried
properties. Apart from the above-mentioned molecules, bone tissue is also made of non-fibrous
out with residual cells of marrow origin, therefore cancellous bone has osteoinductive and osteogenic
proteins, which play an important role in many aspects of bone function and metabolism. The most
properties. Apart from the above-mentioned molecules, bone tissue is also made of non-fibrous
notable of these proteins are osteopontin and osteocalcin, which act as a molecular Ca2+ -mediated
proteins, which play an important role in many aspects of bone function and metabolism. The most
adhesive at the interface between mineralized fibrils. They form a large mechanical network2+employing
notable of these proteins are osteopontin and osteocalcin, which act as a molecular Ca -mediated
the so-called sacrificial bonds and hidden lengths, which dissipate energy during tensile stretching,
adhesive at the interface between mineralized fibrils. They form a large mechanical network
greatly augmenting the tensile strength of the whole bone [40]. These unique arrangements and
employing the so-called sacrificial bonds and hidden lengths, which dissipate energy during tensile
features give the trabecular bone Young’s elastic modulus from 2 to 12 MPa and for the cortical bone
stretching, greatly augmenting the tensile strength of the whole bone [40]. These unique
as high as 12 to 18 GPa [41]. The latter is the major load-bearing part of the bone and therefore,
arrangements and features give the trabecular bone Young’s elastic modulus from 2 to 12 MPa and
in terms of successful bone-defect repair, the replacement material should have physical characteristics
for the cortical bone as high as 12 to 18 GPa [41]. The latter is the major load-bearing part of the bone
(e.g., Young’s modulus) as similar as possible to the native bone.
and therefore, in terms of successful bone-defect repair, the replacement material should have
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Young’s modulus)
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Nowadays, there are no established procedures for the repair of damaged cartilage. Treatments of
choice for articular cartilage lesions include those which temporarily alleviate symptoms—systemic
drugs like corticosteroids and painkillers, as well as injections of hyaluronan into the joint, which acts
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as a lubricant. Another procedure is a radical one called endoprosthesis replacement. There are three
experimental approaches aiming at the permanent reconstruction of damaged tissue. The first one
is an arthroscopic intervention combined with surgical access to the bone marrow, such as abrasion
chondroplasty or micro fracturing, resulting in an influx of blood containing stem cells to the lumen of
the joint, with the idea of the reconstruction of a new AC. The major limitation of this procedure is the
complete removal of residual cartilage, even the healthy part, and subsequent immobilization of the joint
for several weeks, with the recommendation of weight-bearing restriction, which affects the patient’s
quality of life. The result of the healing is fibrocartilaginous tissue, which has diminished resiliency,
less stiffness, and poor wear characteristics, compared to the native hyaline cartilage, resulting in poor
clinical outcomes [42,43]. The second one is the surgical transplantation of the osteochondral autograft
from a different region of the body or an allograft of AC from a cadaver. The major concern in this
technique is patient morbidity and the outcomes vary greatly depending on age (poor in patients >
40 years), sex, and size of the lesion [44]. The last approach is autologous chondrocyte implantation
(ACI). The original two-step procedure involved cartilage harvesting from a non-weight bearing surface
of the affected joint, followed by cell isolation, in vitro culture, and implantation of re-differentiated
cells under the periosteal cover into the defect site (1st generation ACI). Since then, the procedure
has evolved and collagen membranes instead of the periosteal flap were used (2nd generation ACI),
later being used as a scaffold for cultured allografted chondrocytes or autologous mesenchymal
stem cells (3rd generation ACI). However, these procedures are still in the experimental or clinical
trials phase with mixed outcomes and they often involve long-lasting (weeks to months) recovery
after surgery. [45,46]. Since long-term follow-up studies are not yet available, it is hard to draw any
conclusions as to the future application of these techniques [47,48].
In terms of bone repair, the gold standard of treatment is autologous bone grafting, despite its
inherent limited availability and patient morbidity, and metal alloys bone replacement, most often
titanium alloys [49]. Titanium alloys are commonly used, because of their good biocompatibility,
high strength, resistance to fatigue, and high ductility, which allows for cortical bone replacement.
They are used as a replacement for jaw, heel, hip, cranial bones, and spinal fusion surgeries. However,
they possess two major disadvantages. Firstly, there is evidence for the release of integrating
metals into the surrounding microenvironment. Its biocompatibility is provided mainly by chemical
inertness due to the nanometer-thin TiO2 layer, which on the other hand is responsible for the lack
of integration with the bone (osseointegration) often leading to implant failure. Secondly, much
higher elastic modulus (120 GPa) can cause stress shielding and subsequent reduction in bone
density due to the low load applied to the healthy part of the bone. One of the most successful
approaches in reducing Young’s modulus of titanium implants is by preparation of porous structures
with the use of 3D printing. Such structures achieved elastic modulus values as low as 36 GPa.
Porous architecture could also lead to better integration if the cells would be able to infiltrate
the implant (osteoconductivity). However, it requires further modification of the inert surface.
Several post-treatment techniques are employed to address this issue, such as plasma spraying,
ion implementation, oxidation, and alkali-heat treatment. The titanium implants are good examples of
scaffolding evolution, however, their inherent limitation is difficult post-processing, possible toxicity
due to metal release, and that they are not resorbable [50–52]. Other experimental techniques employed
are composites of natural bone components, e.g., hydroxyapatite (HA) and tricalcium phosphate (TCP)
ceramics or cement, with polymers (e.g., collagens, poly-lactic acid, gelatin). There is also work on
using growth factors to stimulate natural bone repair processes. These composite materials combine
advantages of different materials (metallic, ceramic, and polymeric materials); they allow controlled
degradation with better biocompatibility and physical characteristics than the polymers alone, however,
they have not yet matched the bone tissue demands in vivo [53]. Nevertheless, these procedures have
their downsides with the need for surgical intervention and subsequent stable hardware fixation often
being the case, because of insufficient mechanical properties of the graft, or the need to hold the graft
in place.
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5. Carbon Nanotubes
Carbon nanotubes (CNTs) are single- or multi-layered graphene sheets rolled up in the form
of cylinders. The former is known as single-walled carbon nanotubes (SWCNTs), and the latter are
multi-walled carbon nanotubes (MWCNTs). SWCNTs may have limited possible diameters of 0.5–2 nm.
On the other hand, MWCNTs consist of multiple sheets within a tube and may have diameters of
10–150 µm, depending on the number of concentric tubes forming the structure. Their length is mostly
within the range from 0.5 to 30 µm. They have a high aspect ratio, with a very wide range of possible
dimensions, making them attractive for the fabrication of assembled nanoarchitectures [54,55].
5.1. Synthesis of CNTs
The main methods of CNT synthesis are the arc discharge method, laser ablation method,
and chemical vapor deposition (CVD). These methods use an electrical breakdown of gas (arc discharge)
or thermal energy to recombine the carbon precursor into carbon nanotubes. Arc discharge was the
first method of obtaining CNTs, described by Ijima [56]. The major disadvantage of this method is
that they are another carbon product and the catalyst (often metal such as Fe, Ni, Co) is present as an
impurity. The laser ablation technique offers a higher yield of CNTs and a lower amount of metallic
impurities because they tend to evaporate after laser treatment. Moreover, the diameter of the CNTs
can be better controlled. However, it is not an economically viable method, due to the high cost of
equipment [57]. The most common synthesis method is chemical vapor deposition (CVD), due to its
lower cost, lower temperature and pressure used, and the highest yield of CNTs, in comparison to
other methods. These moderate parameters offer the best control over the dimension of produced
CNTs, however, they possess a relatively high amount of defects in the structure [58]. For the biological
application of CNTs, the most important factor in addition to dimensionality is purity. Therefore CNTs
used in biological experiments are most often synthesized by the CVD method [22,59].
5.2. CNT Biomimics ECM Constituents
CNTs’ intrinsic graphene structure possesses inner cavities where various compounds can
be internalized and/or adsorbed, such as metal ions [60], inorganic salts [61], and organic
molecules [62]. This is important in terms of the scaffolding’s utility because CNTs can interact
with biomolecules—nucleic acids, proteins, growth factors, collagens, adhesion molecules, and other
ECM constituents. It was also found that the CNTs’ surface promotes cell adhesion [63,64]. Due to
their characteristic structure, CNTs can be grown perpendicular to the plane of the surface, yielding
an arrangement which can be termed the “CNT forest”, where CNTs are densely packed, parallel to
each other. Various cells including Chinese hamster ovary cells (CHO) and human chondrocytes were
cultured on such a surface (Figure 3) [65]. It was found that cells were aligned along with the MWCNT
bundles. Reduced clustering of cells was observed, as well as a higher proliferation rate. Moreover,
16% of the cells had an aspect ratio of 3:1 or higher. This result indicates that CNTs favor cell adhesion
and can act as a platform for cell growth. Additionally, ECM is a natural scaffold, providing mechanical
support for the tissue. CNTs, with their exceptional physical properties with tensile strength as high as
50 GPa, and Young’s modulus as high as 1 TPa, are a good candidate as a component of robust scaffolds.

onset of an interstitial fibrotic response to pulmonary CNT exposure may be caused by direct
interactions with CNTs (matrix effect), resulting in fibroblast activation [72]. Li et al. compared the
effects of MWCNTs on lungs upon administration with intratracheal instillation and inhalation. They
found an inflammatory response and alveolar destruction after a single instillation of high dose
MWCNTs
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5.3. CNT Toxicity
One of the fundamental topics regarding the use of CNTs in bioengineering is their safety.
The effects of CNTs on various cell types have been previously extensively reviewed [66–68]. They are
mainly in vitro studies. On the other hand, in vivo animal studies have raised concerns, especially
about pulmonary toxicity, due to their asbestos-like mechanism [69]. The summary of research
regarding various features of CNTs, and its impact on toxicity is presented in Table 1. As it was noted
by Castranova et al., it is important to take into consideration that many of these studies may be biased
because of the following respective reasons: (1) the use of doses per cell that are much higher than
those possible to achieve in the natural environment, (2) CNT agglomeration, and (3) adsorption of
signals emitted by assay indicator dyes [70]. Therefore, care must be taken when analyzing in vitro
results. Low doses of SWCNTs, which are more feasible to be achieved with daily exposure, such as
40 µg/mouse, aspirated by mice, exhibit low cytotoxicity. Conversely, a low dose of SWCNT exposure of
lung fibroblasts increases the proliferation rate and collagen production [71]. Therefore, the rapid onset
of an interstitial fibrotic response to pulmonary CNT exposure may be caused by direct interactions
with CNTs (matrix effect), resulting in fibroblast activation [72]. Li et al. compared the effects of
MWCNTs on lungs upon administration with intratracheal instillation and inhalation. They found an
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inflammatory response and alveolar destruction after a single instillation of high dose MWCNTs and
no inflammation with alveolar wall thickening after gradual inhalation of MWCNTs [73].
Consequently, many in vitro studies with CNTs have employed doses in the range of 10–100 µg/mL
and have reported cytotoxicity. As it has been said, on a per-cell basis, such doses are orders of
magnitude higher than those achieved in pulmonary exposure studies with rats or mice and may not
be relevant to workplace exposure. National Institute of Occupational Safety and Health (NIOSH)
researchers have determined the ratio between the CNT mass/surface area of cells, based on the lung’s
epithelial surface area in humans, rats, and mice. When such low doses are used in cellular experiments,
the stimulation of lung fibroblast proliferation and collagen production rather than cytotoxicity was
found, which mimics the fibrogenic effects of CNTs observed after pulmonary exposure. Such low
doses also reveal CNT-induced cell transformation and aneuploidy instead of cell death [74].
Another crucial factor in CNTs’ toxicity is their size. Equivocal results are published regarding
toxicity and retention. For example, Takagi et al. reported the onset of mesothelioma after the
intraperitoneal injection of long (28% >5 µm in length) MWCNTs [75], contrary to Muller et al.,
who reported no mesothelioma after the injection of 0.7 µm MWCNTs. Similarly, 81% of long MWCNTs
(6 µm) were retained in the lungs after 60 days, in contrast to only 30% of short (0.7 µm) MWCNTs [76].
Similarly, Allegri et al. compared the influence of the MWCNTs’ diameter and functionalization on
macrophages’ viability. With a diameter larger than 40 nm, no detrimental effects were observed,
while mild cytotoxicity was found for diameters between 15 and 40 nm. However, when these MWCNTs
were functionalized with either carboxyl or amine groups, the toxicity was mitigated. This phenomenon
is attributed to the observed higher amount of serum proteins adsorbed on the surface of MWCNTs,
which is called a protein corona. These proteins alter their surface chemistry, which eventually leads to
the formation of larger aggregates, mitigating the biological effects on cells [77]. Sager et al. tested
the influence of MWCNTs’ carboxyl surface modification in C57BL/6 mice after lung instillation in
comparison to unmodified MWCNTs. The results showed that functionalization significantly reduced
inflammation and lung pathologies. Importantly, both MWCNT suspensions were prepared with
surfactant (DPCC) and mouse albumin to promote dispersion, eliminating the possible aggregation
factor. Thus, the surface modification, not dispersion status, was the primary driving force behind the
differential activity of the MWCTs [78].
Mutlu et al. tested whether the aggregation of SWCNTs has an impact on toxicity. They instilled
intratracheally, 40 mg of unpurified, aggregated, and highly dispersed SWCNTs in 1% Pluronic F
108NF to mice. The results showed that lung inflammation was induced by aggregated SWCNTs in
phosphate buffer saline (PBS), while highly dispersed SWCNTs did not cause any inflammation or
fibrosis [79].
Interestingly, increased reactive oxygen species (ROS) production by macrophages after exposure
to CNTs was attributed to the CNTs’ intracellular degradation. Elgrabli et al. reported two degradation
mechanisms of MWCNTs with an outer diameter of 40–80 nm—a non-site specific thinning process of
the walls and site-specific transversal drilling process on pre-existing defects of nanotubes. Both of
these processes are mediated by the ROS produced by macrophages. Eventually, after 168 h of exposure,
51.1% of the MWCNTs’ total surface was degraded [80].
Aldieri et al. examined the role of impurities left in CNTs which were used as catalysts in the
process of synthesis. The tested MWCNTs were subjected to the additional step of purification to
minimize iron remnants content. Only iron-rich MWCNTs exerted a cytotoxic effect, as well as oxidative
stress on murine alveolar macrophages, which proves the detrimental role of such contaminants [81].
Tutak et al. compared osteoblast behavior on SWCNTs which were dissolved freely in the media
to those which were firmly attached to the surface [82]. Interestingly, after 24 h free-flowing CNTs
caused cell deaths; however, the resulting release of growth factors by dying cells stimulated the
remaining ones to an enhanced secretion of ECM proteins. In contrast, neither cytotoxic effects nor
enhanced ECM production was observed on the cells grown on the fixed SWCNTs. In another work,
Tutak et al. compared the level of adhesion of MC3T3 cells on hydrophilic CNT films with different
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surface roughness (60 and 100 nm) and determined that the 100 nm surface gives better adhesive
properties [55].
Table 1. The table below summarizes the features of carbon nanotubes and their influence on cytotoxicity.
Aspect.

Condition

Result

116

Reference

Dose

40 µg of SWCNTs
aspirated by mouse

Low toxicity

Dose probable to
be encountered
occupationally

[71]

Method of
administration

Intratracheal
instillation
and inhalation

Alveolar destruction and
inflammatory response
upon instillation and no
inflammatory cells and
thickening of the alveolar
wall upon inhalation

High doses of
MWCNTs used

[73]

Length

5 um vs. 0.7 um
MWCNTs
injected peritoneally

Mesothelioma formation
with long MWCNTs and
no mesothelioma with
short MWCNTs

-

[76]

Diameter

Macrophage viability
upon exposure with
<40 nm MWCNTs and
15–40 nm MWCNTs
in diameter

No effects on viability
with <40 nm MWCNTs
and mild toxicity with
15-40 nm MWCNTs

-

[77]

Aggregation

Intratracheal
instillation of
aggregated and highly
dispersed SWCNTs in
1% Pluronic F 108NF
to mice

Lung inflammation was
induced by aggregated
SWCNTs in PBS, while
highly dispersed
SWCNTs do not cause
any inflammation
or fibrosis

Very high dose (40
mg) of SWCNTs
was used

[79]

Purity

Cytotoxicity of
MWCNTs with and
without residual iron
catalyst on murine
alveolar macrophages

Toxic effects exerted only
after treatment with
unpurified MWCNTs

-

[81]

Surface
functionalization

Unmodified and
carboxyl modified
MWCNTs instilled in
C57BL/6 mouse lungs

Carboxyl
functionalization
reduces inflammation
and lung pathologies

Dispersion status
was not affecting
the results, since
both samples were
well dispersed
with surfactant

[78]

Method of
detection

Toxicity of SWCNTs
was tested on A549 cell
line with Coomassie
Blue, Alamar BlueTM ,
Neutral Red, MTT
and WST-1

Employment of different
method yielded
various results

-

[83]

The last essential aspect is the method used for cytotoxicity measurement. Casey et al. determined
with the spectroscopic analysis that SWCNTs interact with various indicator dyes, such as Coomassie
Blue, Alamar BlueTM , Neutral Red, MTT, and WST-1. Consequently, the employment of different
methods yielded various results [83]. Similarly, Wang et al. found discrepancies in the fluorescent
LDH test, depending on the wavelength used for measurement, and proposed an algorithm for
compensation to obtain more accurate results [84].
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These findings lead to the conclusion that nanostructuring and carefully controlling the CNTs’
sizes, doses, purity, and methods of administration are crucial in the determination of the CNTs’
toxicity. It can be stated that CNTs, while embedded, do not inflict significant toxicity, and even if it
can be observed, this may have a stimulating effect on cells and, eventually, have a positive impact
on the tissue as a whole. Moreover, existing research demonstrates that cells can efficiently degrade
residual CNTs within a range of sizes, which may diminish the concerns of the long-term toxicity
caused by CNT retention in an organism. Finally, fixed CNTs have a positive effect on cell adhesion,
proliferation, and cytoskeletal development, which presents CNTs as a possible enhancement in
scaffold bioengineering.
6. Development of Bone and Cartilage Scaffolds
ECM plays an essential role in the tissue, as it provides an optimal environment for cell attachment,
proliferation, and growth, as well as proper nutrients and cytokine flow. At the same time, it possesses
sufficient mechanical strength to retain the shape and structure of the tissue and plays its role in
the shock absorption properties. Both cartilage and bone tissue exhibit very complex and peculiar
ultrastructure which is responsible for its function. So far, the biggest challenge and the Holy Grail in
tissue engineering is to obtain such a structure, which is as close as possible to the natural one in terms
of these attributes. Several aspects have to be addressed in fabricating such structures.
6.1. Biodegradability and Biocompatibility
The ideal material for a biomimetic scaffold has to be biocompatible, because it will house the cells and
it will be implemented in the body, thus should not be toxic and elicit inflammatory responses. Secondly,
the material has to be biodegradable (bioresorbable)—it should decompose over time, being exchanged by
the tissue produced by the hosted cells. Therefore, synthetic and natural hydrogel-forming polymers turned
out to be good candidates, because they possess all of those features [85]. PVA (polyvinyl alcohol) [86], PEG
(polyethylene-glycol) [87], PLGA (polylactic-co-glycolic acid) [88], PLA (polylactic acid) [89], gelatin [90],
alginate [91,92], collagen [93] and chitosan [94] have all been researched as a scaffold material for tissue
engineering. These materials have the properties to support cell attachment and proliferation, especially
osteocytes and chondrocytes [95]. They can be enhanced by supplementing the scaffold with particular
proteins such as laminin to enhance adhesion [96]. Natural polymers such as collagen have the advantage
that they can trigger specific cell signaling, such as to elicit osteogenesis [97]. They also can be degraded
by the enzymes in our body, and the degradation rate can be modulated by either chemical modification,
or altering the manufacturing process [98].
6.2. Mechanical Properties
As was described earlier, cartilage and bone serve a supportive function in the body, therefore
scaffold replacing the tissue should have adequate mechanical properties such as Young’s modulus.
The hydrogels alone were too brittle to serve this function properly. To overcome this limitation, a lot of
research has been conducted to incorporate reinforcing materials. One of the most researched reinforcing
materials is PCL (poly-caprolactone). It is biocompatible, much tougher than the abovementioned
polymers, and has a degradation time of two to three years. Therefore, PCL fibers are often used to
prepare a composite material with hydrogel polymers. It is often electrospun or bioprinted in the
form of a mesh, and eventually, the fibers are embedded in the polymer. Fibrous PCL can have an
elastic modulus of 3.1 MPa, while a composite with various substances may augment its mechanical
properties a few-fold [99]. Consequently, it enhances the mechanical properties of as-prepared
composite materials, e.g., the composite of thick-fiber PCL (>88.5 µM), and GelMA had a stiffness of
16.1 MPa, which is similar to the native articular cartilage [100]. Another material used as a reinforcing
material is cellulose nanofibers. They have a high surface area, broad chemical modification capacity,
and similarity to collagen nanofibers. They have been used as a reinforcing material for alginate
hydrogels for the cartilage scaffolds of human ear and sheep meniscus constructs [101]. Other research
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Lalwani et al. presented a comprehensive cytocompatibility assessment of free-standing 3D
Lalwani et al. presented a comprehensive cytocompatibility assessment of free-standing 3D
constructs composed of CNTs, in comparison to the PLGA scaffold with similar porosity levels
constructs composed of CNTs, in comparison to the PLGA scaffold with similar porosity levels (80–
(80–90%) [109]. An average pore size, determined with the MicroCT technique, was 300–500 µm for
PLGA and 100–400 µm for scaffolds prepared with MWCNTs and SWCNTs. Despite the difference in
composition, the majority of tests carried out using MC3T3 cells (cytotoxicity, viability, proliferation,
adhesion, infiltration) showed comparable results. Interestingly, the morphology of cells was different
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among the scaffolds, with the elongated, spindle-like shape and more circular shape on MWCNT and
SWCNT fabricated scaffolds, respectively. It was noted that this difference may be attributed to the
difference in CNTs’ dimensions. MWCNTs are thicker and longer compared to the used SWCNTs,
which resulted in different surface roughness.
Joddar et al. developed an MWCNT-alginate composite by linking the alginate chains to
–COOH-functionalized MWCNTs by Ca2+ ions. Unlike alginate alone and alginate with incorporated
pristine MWCNTs, the prepared composite presented non-Newtonian pseudoplastic properties. It also
presented a shear-thinning behavior characterized by decreasing viscosities with an increasing shear rate.
The degradation time in the DMEM media of the scaffold was prolonged more than twofold. MWCNT
addition to the amount of 1 mg/mL resulted in an increase in average pore size from 1.01 ± 0.39 µm to
1.98 ± 1.08 µm and, importantly, the pores were homogenously distributed and interconnected. This
resulted in the clustering of HeLa cells in MWCNT-alginate scaffolds. This may be very promising for
cartilage development since chondrocytes naturally grow in micromasses. It also resulted in a slight
increase in the elastic modulus. All of these advantages are lost with increasing concentrations of
MWCNTs. However, the authors declare that the level of MWCNT-alginate crosslinking is low and it
can be increased by introducing more –COOH groups as well as increasing the Ca2+ ions’ concentration.
This would resemble natural complex ECM interconnections more closely, which should result in
much better mechanical properties [91]. Similar findings were published by Lau et al., who analyzed
various concentration levels of chitosan and CNTs to compare the porosity in three-dimensional
chitosan–CNT scaffolds. The MWCNTs used in the experiment were of precisely defined dimensions
of 20–30 nm outer diameter and 10–30 µm length. This size was selected due to the chitosan properties
and mechanism of synthesis since such sized CNTs would not decrease the likelihood of entanglement
and therefore the need for the use of a greater concentration of CNTs. Moreover, they were significantly
larger than the average diameter of the chitosan pores. Such a scaffold was prepared with the TIPS
method and exhibited 92–97% porosity, with pore sizes of 100–300 µm. Interestingly, the mechanical
strength of the chitosan–CNT scaffold improved with the increasing concentration of CNT; however,
beyond the optimum concentration of CNT, the scaffolds became more brittle and fragile.
Natural cartilage or bone tissue is composed of a plethora of interconnected molecules, and hence
structures composed of diverse molecules were investigated. For example, chitosan–MWCNTs–HA
nanocomposites prepared by Chen et al. demonstrated a sharp increase in the elastic modulus by 114%
(from 509.9 to 1089.1 MPa) and compressive strength by 218% from 33.2 to 105.5 MPa, by increasing the
MWCNT–chitosan weight ratios from 0% to 5%. Importantly, it did not affect cell viability. These values,
though not as high as for the native bone, present that cooperation between different components may
vastly increase the mechanical properties [104].
Kroustalli et al. showed that osteoblasts have increased adhesion properties, as well as proliferation
and differentiation potential, on even pristine MWCNTs [110]. The MWCNTs with a mean diameter of
5–20 nm and >10 um were prepared as a thin film (243.4 ± 41.3 nm) of randomly oriented networks
of aggregated CNTs. The MWCNTs accelerated human mesenchymal stem cell differentiation to a
higher extent (three-and-a-half fold) than a plastic tissue culture, even in the absence of additional
biochemical inducing agents, measured with alkaline phosphatase (ALP) activity. The pre-treatment
with anti-integrin antibodies decreased the number of adherent cells and adhesion strength at 4–60%.
In conclusion, even pristine MWCNTs can adsorb proteins and therefore allow osteoblasts to adhere
via the integrin-mediated pattern.
Deligianni discussed the role of scaffold dimensions concerning cell shape and its impact on cell
fate [111]. It has been concluded that the cell morphology correlates with the physiological behavior
of the cells, especially that the cell growth is accelerated when cell adhesion is decreased. The study
presented that on flat and polished surfaces, lower phyllopodia content was correlated with an increase
in cell proliferation and a more elongated and spindle-like morphology. In contrast, on microrough
surfaces, the cell bodies become more cuboidal and form polygonal shapes, with an accompanying
lower proliferation rate. The clear correlation between cell shape and differentiation leads to the
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assumption that changes in the assembly and disassembly of the actin cytoskeleton may be critical
in supporting mesenchymal stem cell differentiation, especially into bone cell lineage. In conclusion,
smaller MWCNTs of 30 nm in diameter promote adhesion, whereas larger (70 to 100 nm) MWCNTs
elicit differentiation.
Chanine et al. cultured chondrocytes in composite mixtures of 2% agarose and two preparations
of CNTs, carboxyl functionalized SWCNT–COOH, and covalent PEG-modified SWCNTs [112].
The SWCNT–COOH showed greater viability than a control scaffold, whereas the SWCNT–PEG
scaffold showed inhibited proliferation. Interestingly, a higher concentration of SWCNT–PEG yielded
much higher ECM production, despite the lowest cell viability. This is in concordance with the
previously mentioned finding that the higher the adhesion level, the lower the proliferation rate,
but the more active the metabolic state of the cell.
8. Methods of Scaffold Fabrication
There are several methods used for scaffold production. They are based on the formation
of nanofibers from the biomaterial of choice with further attempts to organize them into desired
spatial architecture. Current methods of scaffold fabrication are divided into conventional and rapid
prototyping methods.
8.1. Conventional Techniques
Conventional techniques are defined as processes in which prepared scaffolds have continuous,
uninterrupted pore structure, however, it lacks long-range channeling microarchitecture.
8.1.1. Electrospinning
One of the very first methods utilized is electrospinning. Electrostatic charge is applied to the
polymer in liquid form, which is extruded through a small jet, resulting in the nanofibers which are
deposited on the metallic collector [113]. Conventional electrospun fibers can be aligned randomly or
in the vertically aligned fashion, creating a tightly packed, 2D mesh which is similar to native ECM
of some tissues, e.g., skin [114]. However, as was noted before, the cartilage and bone are complex
hierarchical structures. Therefore, it was attempted to create 3D structures with higher porosity to
facilitate cell infiltration. One of the methods was to electrospun the fibers directly to the liquid
collector instead of the flat one. It resulted in a more porous structure, however, with limited control
over spatial arrangement [115]. There are several papers where CNTs are used in a composite material
with PCL [116,117] and polyurethane [118,119].
8.1.2. Solvent Casting
This technique is based on the mixing of uniformly distributed salt particles in a particular solvent
with a polymeric solution. After evaporation of the solvent, the matrix is submerged in water, leading
to the dissolution of salt particles, leaving a porous scaffold.
8.1.3. Freeze-Drying
This process is also called lyophilization. Mao et al. developed a method to synthesize a
collagen-based scaffold reinforced with SWCNTs using monodisperse ice crystals [120]. The ice particles,
created by spraying the ultrapure water into liquid nitrogen, were sieved with 355 µm and 425 µm
sieves at −15◦ C. They were mixed with a collagen solution and freeze-dried after another incubation
step. Finally, the scaffold was immersed in a solution of collagen-coated SWCNTs. The process
resulted in homogenous, interconnected pores with a narrow size distribution of 359 ± 53 µm in
diameter. After two weeks, the number of cells and GAGs synthesis was significantly greater in the
SWCNT-enforced scaffolds compared to the bare collagen.

Materials 2020, 13, 4039

15 of 25

8.1.4. Self-Assembly
Self-assembly is a process in which fibers arrange themselves spontaneously into fibers of the
desired shape, due to intramolecular interactions. It is achieved by using particular functional motifs
(e.g., amino acid sequences) [121], or chemical interactions in particular conditions (e.g., the polarity of
solvent) [122]. Peptide self-assembled scaffolds have good biological activity, however, they are too
brittle to carry the mechanical load as a scaffold.
8.1.5. Phase Separation
Phase separation is a technique that produces 3D nanofibrous structures with nanofibers of
dimensions similar to collagen fibrils of ECM (50–500 µm). This technique employs two substances that
are incompatible in a particular solvent, which results in the formation of a porous structure, followed
by the replacement of the solvent. The fabrication process is convenient, however, it is restricted to
certain specific polymer-solvent combinations and since they have high porosity the obtained scaffold is
too brittle for cartilage and bone scaffolds. [123]. The modification of this method is a thermal-induced
phase separation (TIPS), which utilizes temperature difference to separate the phases.
In general, scaffolds produced by conventional methods have poorly controlled pore sizes and
spatial distribution. Thus, the cellular infiltration and diffusion of nutrients are limited [124].
8.2. Rapid Prototyping Technologies
Rapid prototyping technologies are bottom-up approaches, which are capable of producing
specially designed forms and shapes with the use of computer-aided design (CAD).
8.2.1. 3D Bioprinting
3D bioprinting is a technique in which a biomaterial is precisely extruded in a layer-by-layer
approach, thus giving much more control over the shape and microarchitecture of a printed scaffold.
Therefore, it allows the creation of a construct that closely resembles native tissue. This is a crucial aspect,
both in terms of mechanical support and for proper cellular function because, as was mentioned earlier,
the local environment inside the tissue affects every aspect of cellular behavior such as metabolism,
proliferation, and migration [125,126].
The biomaterial used in bioprinting is composed of a hydrogel matrix, in which living cells
are uniformly suspended, and it is therefore called a bioink. An ideal bioink should have a few
key features such as printability, shape stability, sufficient mechanical strength, biocompatibility,
cytocompatibility, and degradability. Because it has to be bio- and cytocompatible, currently used
bioinks are based mainly on natural polymers, such as alginate, agarose, gelatin, fibrin, chitosan,
hyaluronate, and collagen; however, synthetic polymers, e.g., poloxamer (pluronic) or polyethylene
glycol (PEG) are also exploited. Except for agarose and alginate, these materials have an inherent
resemblance to the ECM. As relatively soft hydrogels, they have good printability parameters; however,
they do not possess sufficient mechanical stability to resist the same continuously applied loads as a
cartilage or bone replacement. Therefore, two approaches are utilized—crosslinking and augmentation
with stiffer materials, generating a composite scaffold [127].
There are two types of crosslinking—physical and chemical. Physical crosslinking relies on ionic
or hydrophobic interactions and hydrogen bonding. One of the most extensively used hydrogels,
alginate, is physically crosslinked after printing by the addition of calcium salts (e.g., CaCl2 ). Chemical
crosslinking is based on the formation of covalent bonds, and therefore as-prepared scaffolds are
mechanically stronger [128]. For this type of crosslinking, various chemical modifications of polymers
are used, e.g., methacrylated or diacrylated moieties of PEG, cellulose, gelatin undergoes radical
polymerization after UV light irradiation [129–131].
Composite scaffolds are made by the usage of rigid materials, in the form of an external
mesh, or fibers and particles, along with the hydrogel formulation. An example of a widely used
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synthetic material is polycaprolactone (PCL), due to its mechanical strength and biocompatibility.
Daly et al. [132] printed a mesenchymal stem cell-laden scaffold on the pattern of vertebrae. In this
study, alginate-based bioink, reinforced with PCL fibers, was utilized. This reinforcement led to a
significant increase in the compressive modulus (3.867 ± 0.2187 vs. 1402 ± 157.8 kPa). This model was
tested in vivo by subcutaneous implantation into mice. After 12 weeks, bioprinted vertebrae were
extensively vascularized and mineralized; 24.6% ± 4.8% of the whole scaffold surface was bone tissue.
Piard et al. co-printed osteon-like scaffolds with fibrin/gelatin bioink, along with a PCL supporting
carrier scaffold. The application of the latter vastly increased the compressive modulus, which fell
into the range of cortical bone [133]. On the other hand, Gao et al. printed a 3D scaffold made
of poly(ethylene glycol)dimethacrylate (PEGDMA) in which nanoparticles of bioactive glass and
hydroxyapatite were suspended [134]. The nanoparticles had a dual purpose—they reinforced the
whole scaffold, increasing its compressive modulus, and hydroxyapatite was an osteogenic inducer to
the mesenchymal stem cells present in the bioink.
8.2.2. Laser-assisted Bioprinting
Laser-assisted bioprinting (LAB) is a nozzle-free, non-contact technique, where the laser is pulsed
on a three-layer material: laser-transparent layer, laser absorbing layer, and bioink. Energy from
penetrating laser is absorbed and forms bubbles, which ejects the bioink from the laser surface onto the
collector stage. Kerouredan et al. used this technique to print a pattern with labeled endothelial cells
directly into the bone defect in mice, which was filled with a collagen matrix. The defined local cell
density of endothelial cells allowed the generation of microvascular networks [135].
8.2.3. Fused Deposition Modeling
Fused deposition modeling (FDM) is a technique in which polymer filaments are inserted into a
heated nozzle, melted and extruded.
8.2.4. Stereolithography and Digital Light Projection
Stereolithography (SLA) and digital light projection (DLP) are nozzle-free techniques that create
objects through layer-by-layer photopolymerization.
Another promising direction in 3D bioprinting is the so-called 4D bioprinting, where the
concept of time is added as a fourth dimension. This means that a 3D-bioprinted scaffold can
change its characteristics, spontaneously, or under various stimuli, after the printing process [136].
The stimuli-responsive materials can “remember” their shapes due to their chemical composition.
For instance, thermo-responsive materials can change their shape (e.g., polyurethane [137]), or achieve
sol-gel transition below a particular temperature. Fabrication of such scaffolds has many potential
advantages. Wu et al. prepared injectable chitosan/silk fibroin/bioactive glass nanoparticle hydrogel,
which can be injected directly into the damaged bone. In body temperature it undergoes a gelling
process, yielding porous filling. It was tested in rats, and after eight weeks it restored vascularized
bone tissue and mineralized collagen deposits. No cells and growth factors were used, which suggests
the infiltration of the scaffold by cells and its further replacement with native bone tissue [138].
There is a limited amount of research regarding CNT usage as a supplement in bioinks. One of
the most interesting works was published by Goncalves et al. [105]. A three-phased HA–CNT–PCL
composite was used to print a scaffold for bone cell growth. The CNT content was up to 10%,
embedded in 50% PCL, HA being the remaining part. The addition of 2% CNT yielded the best
mechanical and electrical properties, with a compressive strength of ~4 MPa, which is similar to
that of a trabecular bone. On the other hand, the elastic moduli were measured 44 MPa for the 2%
CNT supplement. Although 0.75% CNT yielded the highest Young’s modulus (60 MPa), it was not
conductive, which plays a role in regulating the physiological behavior of cells, e.g., the electrical
stimulation of bone promotes osteogenesis [139], and therefore it is a desirable property for a bone
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scaffold. The pore sizes could be adjusted from 450 to 700 µm. Moreover, the material elicited the
adhesion and spreading of osteoblast-like cells.
Cui et al. used a tough polyion complex (PIC) mixed with MWCNTs for the extrusion-based
printing of a scaffold for bone repair [140]. It was indicated that the addition of MWCNTs promoted the
osteogenesis of embedded mesenchymal stem cells, resulting in a mineralized matrix formation and
osteogenesis-related gene upregulation. Moreover, the scaffold had remarkable mechanical properties
of the tensile strength (1.69 ± 0.11 MPa), Young’s modulus (4.47 ± 0.5 MPa), and a compressive modulus
(0.445 ± 0.029 MPa) and could be bent and fully recover its shape. It was used in an in vivo experiment,
where it was implanted for osteogenic repair in a rat’s cranial bone. It acted as a template for new bone
tissue, which had ingrown in the pores of the scaffold. The promotion of new bone formation was
significantly more effective with PIC/MWCNTs than PIC alone, which further indicates the MWCNTs’
stimulatory effect.
Wang et al. [141] blended two different concentrations of MWCNTs (1% and 3 wt.%) with PCL
and printed (with RegenHu Discovery bioprinter) 3D scaffold with a slice thickness of 220 µm, filament
diameter of 330 µm, and pores of around 200 µm. The addition of MWCNTs slightly increased the
compressive modulus, however, it vastly increased (more than two-and-a-half fold over two weeks)
cell proliferation and exerted strong protein adhesion properties.
Huang et al. produced a 3D hierarchical scaffold by the screw-assisted extrusion 3D printing
composed of a PCL/HA/MWCNTs composite. MWCNTs were highly aligned, surrounded by HA,
which mimicked native bone structure. It was tested that MWCNTs promoted the early stage of
osteogenesis differentiation of mesenchymal stem cells, while HA promoted the later stage of this
process. The supplementation of PCL with MWCNTs and HA enhanced the compressive modulus
from 55 to 85 MPa [142].
9. Discussion
Increasing demand for organs, limitations of currently existing treatment techniques, and shortage
of suitable transplants have led to great advances in tissue engineering and regenerative medicine,
specifically in the field of scaffold design. In terms of bone repair, two major techniques are used as a
standard of treatment—autologous bone grafting and titanium implants. Both approaches suffer from
patient morbidity; bone grafting is a technique with good outcomes, however, the amount of bone that
can be grafted is limited [143]. Titanium implants, however, pose a risk of infection or rejection and
may cause stress shielding which leads to embrittlement of the native bone [50]. In terms of articular
cartilage repair, there is no effective gold standard method of treatment. Existing experimental methods
rely on burdensome arthroscopic interventions combined with an influx of bone marrow, injections of
stem cells, or grafting of different connective tissues. Those techniques are still in the experimental
phases, with mixed outcomes and scarce long-term follow-up studies.
This led to the idea of external scaffolds, which may mimic the intrinsic complex ultrastructure
of these tissues and serve as a direct replacement, which will be gradually replaced by the native
tissue produced in situ by the residual cells. To achieve this, proper biocompatible materials should be
developed with techniques to properly arrange the scaffold into a functional structure. Many hydrogel
polymers have been tested, because of their biocompatibility and provision of aqueous environment
needed to house the cells [81,92,144]. However, it was found that alone, they are too brittle to bear
the load applied on either bone or cartilage. This led to the creation of composite materials where
the hydrogel was reinforced with more robust molecules, such as PCL, native collagens or naturally
occurring hydroxyapatite and tricalcium phosphate in terms of bone tissue. Such scaffolds were able
to achieve physical characteristics comparable to the native tissues [104,145]. Due to the properties of
CNTs, they were also tested for the scaffolds due to the following reasons: (1) their superior mechanical
properties, with elastic moduli and tensile strength, far better than the other materials used [146];
(2) CNT size, shape, surface roughness, and surface area structurally mimics that of collagen fibers,
providing a 3D network to support and guide cell proliferation, differentiation, and communication,
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which is not the case for the polymeric fibers, such as PCL [91,140]; (3) CNTs’ ability to interact with
and adsorb extracellular proteins allows enhanced cell interaction and scaffold biocompatibility [110];
(4) CNTs offer increased cell support, which is important for angiogenesis and vascularization [147].
Nevertheless, the major problem at this stage of scaffold production is to properly arrange the
fibers to, at least, obtain proper porosity, not to mention the hierarchical ultrastructure of the tissue,
which is unattainable with the conventional techniques. Porosity should be high enough to provide
the space for the cells and allow for the diffusion of metabolites, but the more porous the material is,
the more brittle it becomes. Many conventional approaches were carried out to achieve this, e.g., using
homogenous ice crystals as a mold for the polymers, which are later removed, leaving the monodisperse
pores. However, the 3D bioprinting technique emerged, which is showing itself to be able to overcome
the ultrastructural limitations with which scientists have been struggling to date [87]. Nowadays,
3D bioprinters offer a printing resolution of 5 µm (3DDiscovery™ Evolution, RegenHU) with several
printheads and with few different printing techniques working in parallel, such as electrospinning.
Nevertheless, to our knowledge, no produced scaffold exactly mimics the hierarchical ultrastructure
of either bone or cartilage. The most important aspect of such scaffolds, besides the lack of toxicity,
is to provide sufficient mechanical durability until the tissue regenerates. Therefore, if a scaffold
possesses sufficient porosity to house the cells and sufficient mechanical properties, it seems that
the fidelity in the ultrastructure of bone and cartilage can be omitted in the design of a scaffold.
These ultrastructural features, such as distinct layers in cartilage (Figure 1), or a concentrated Haversian
system in bone, are not necessarily required to be designed in the scaffold. Optimally, the scaffold
would undergo biodegradation, at a rate similar to the ECM rebuilding, therefore these ultrastructural
motifs could be remodeled by the residual cells. However, with the current state-of-the-art, it is possible
to fabricate a CNT reinforced scaffold with mechanical properties similar to the native tissue, providing
a microenvironment to house cells that is directly augmented by the incorporation of CNTs [140].
The scaffolds are shown to be effective in short-term in vivo studies in small animals. The current
limitation in the field of 3D bioprinting is the lack of long-term research of produced scaffolds in vivo,
especially in humans. Therefore, we do not have information on whether these scaffolds are sufficient
to be translated to the market and used publicly. This is mostly attributed not to technical constraints
because the bioprinting process itself is standardized and controlled by software, but to a high level of
innovation and possible regulatory constraints preventing carrying out of such studies [147].
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Biochemical and biophysical aspects of collagen nanostructure in the extracellular matrix. Physiol. Res. 2007,
56, 51–60.
Eyre, D.R. Articular cartilage and changes in Arthritis: Collagen of articular cartilage. Arthritis Res. 2001, 4,
30–35. [CrossRef]
Eyre, D.R.; Weis, M.A.; Wu, J.-J. Articular cartilage collagen: An irreplaceable framework? Eur. Cells Mater.
2006, 12, 57–63. [CrossRef]
Benninghoff, A. Form und Bau der Gelenkknorpel in ihren Beziehungen zur Funktion. Cell Tissue Res. 1925,
2, 783–862. [CrossRef]
Weiss, C.; Rosenberg, L.; Helfet, A.J. An Ultrastructural Study of Normal Young Adult Human Articular
Cartilage. J. Bone Jt. Surg. Am. Vol. 1968, 50, 663–674. [CrossRef] [PubMed]
Mow, V.C.; Guo, X.E. Mechano-Electrochemical Properties Of Articular Cartilage: Their Inhomogeneities
and Anisotropies. Annu. Rev. Biomed. Eng. 2002, 4, 175–209. [CrossRef] [PubMed]
Fratzl, P.; Gupta, H.S.; Paschalis, E.P.; Roschger, P. Structure and mechanical quality of the collagen–mineral
nano-composite in bone. J. Mater. Chem. 2004, 14, 2115–2123. [CrossRef]
Ralston, S.H. Bone structure and metabolism. Medicine 2013, 41, 581–585. [CrossRef]
Reznikov, N.; Shahar, R.; Weiner, S. Three-dimensional structure of human lamellar bone: The presence of
two different materials and new insights into the hierarchical organization. Bone 2014, 59, 93–104. [CrossRef]
Weiner, S.; Wagner, H.D. THE MATERIAL BONE: Structure-Mechanical Function Relations. Annu. Rev.
Mater. Res. 1998, 28, 271–298. [CrossRef]
Zimmermann, E.A.; Schaible, E.; Gludovatz, B.; Schmidt, F.N.; Riedel, C.; Krause, M.; Vettorazzi, E.;
Acevedo, C.; Hahn, M.; Püschel, K.; et al. Intrinsic mechanical behavior of femoral cortical bone in young,
osteoporotic and bisphosphonate-treated individuals in low- and high energy fracture conditions. Sci. Rep.
2016, 6, 21072. [CrossRef]
Fantner, G.E.; Adams, J.; Turner, P.; Thurner, P.J.; Fisher, L.W.; Hansma, P.K. Nanoscale Ion Mediated
Networks in Bone: Osteopontin Can Repeatedly Dissipate Large Amounts of Energy. Nano Lett. 2007, 7,
2491–2498. [CrossRef]
Qu, H.; Fu, H.; Han, Z.; Sun, Y. Biomaterials for bone tissue engineering scaffolds: A review. RSC Adv. 2019,
9, 26252–26262. [CrossRef]
Yang, D.S.; Lee, K.W.; Hwang, J.Y.; Kim, K.J.; Choy, W.S. Arthroscopic assessment of cartilage healing status
after treatment of tibial plateau fracture. Indian J. Orthop. 2019, 53, 257. [CrossRef]
Richter, D.L.; Schenck, R.C.; Wascher, D.C.; Treme, G. Knee Articular Cartilage Repair and Restoration
Techniques: A Review of the Literature. Sports Health A Multidiscip. Approach 2015, 8, 153–160. [CrossRef]
Solheim, E.; Hegna, J.; Øyen, J.; Harlem, T.; Strand, T. Results at 10 to 14years after osteochondral autografting
(mosaicplasty) in articular cartilage defects in the knee. Knee 2013, 20, 287–290. [CrossRef]
Mundi, R.; Chow, L.; Crouch, S.; Enselman, E.S.; Bedi, A.; Simunovic, N.; Ayeni, O.R. Cartilage Restoration
of the Knee. Am. J. Sports Med. 2015, 44, 1888–1895. [CrossRef] [PubMed]
DiBartola, A.C.; Wright, B.M.; Magnussen, R.A.; Flanigan, D.C. Clinical Outcomes After Autologous
Chondrocyte Implantation in Adolescents’ Knees: A Systematic Review. Arthrosc. J. Arthrosc. Relat. Surg.
2016, 32, 1905–1916. [CrossRef] [PubMed]
Medvedeva, E.V.; Grebenik, E.A.; Gornostaeva, S.N.; Telpuhov, V.I.; Lychagin, A.; Timashev, P.; Chagin, A.S.
Repair of Damaged Articular Cartilage: Current Approaches and Future Directions. Int. J. Mol. Sci. 2018, 19,
2366. [CrossRef] [PubMed]
Hunziker, E. Articular cartilage repair: Basic science and clinical progress. A review of the current status and
prospects. Osteoarthr. Cartil. 2002, 10, 432–463. [CrossRef] [PubMed]
Campana, V.; Milano, G.; Pagano, E.; Barba, M.; Cicione, C.; Salonna, G.; Lattanzi, W.; Logroscino, G. Bone
substitutes in orthopaedic surgery: From basic science to clinical practice. J. Mater. Sci. Mater. Electron. 2014,
25, 2445–2461. [CrossRef] [PubMed]
Song, P.; Hu, C.; Pei, X.; Sun, J.; Sun, H.; Wu, L.; Jiang, Q.; Fan, H.; Yang, B.; Zhou, C.; et al. Dual modulation
of crystallinity and macro-/microstructures of 3D printed porous titanium implants to enhance stability and
osseointegration. J. Mater. Chem. B 2019, 7, 2865–2877. [CrossRef]

Materials 2020, 13, 4039

51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.

63.

64.

65.

66.
67.
68.
69.
70.

71.

72.

73.

21 of 25

Maksimkin, A.V.; Senatov, F.S.; Niaza, K.; Dayyoub, T.; Kaloshkin, S.D. Ultra-High Molecular Weight
Polyethylene/Titanium-Hybrid Implant for Bone-Defect Replacement. Materials 2020, 13, 3010. [CrossRef]
Maggi, A.; Li, H.; Greer, J.R. Three-dimensional nano-architected scaffolds with tunable stiffness for efficient
bone tissue growth. Acta Biomater. 2017, 63, 294–305. [CrossRef]
Ghassemi, T.; Shahroodi, A.; Ebrahimzadeh, M.H.; Mousavian, A.; Movaffagh, J.; Moradi, A. Current
Concepts in Scaffolding for Bone Tissue Engineering. Arch. bone Jt. Surg. 2018, 6, 90–99. [PubMed]
Nakanishi, W.; Minami, K.; Shrestha, L.K.; Ji, Q.; Hill, J.P.; Ariga, K. Bioactive nanocarbon assemblies:
Nanoarchitectonics and applications. Nano Today 2014, 9, 378–394. [CrossRef]
Tutak, W.; Chhowalla, M.; Sesti, F. The chemical and physical characteristics of single-walled carbon nanotube
film impact on osteoblastic cell response. Nanotechnology 2010, 21, 315102. [CrossRef] [PubMed]
Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56–58. [CrossRef]
Prasek, J.; Drbohlavova, J.; Chomoucka, J.; Hubalek, J.; Jašek, O.; Adam, V.; Kizek, R. Methods for carbon
nanotubes synthesis—Review. J. Mater. Chem. 2011, 21, 15872–15884. [CrossRef]
Gupta, N.; Gupta, S.M.; Sharma, S.K. Carbon nanotubes: Synthesis, properties and engineering applications.
Carbon Lett. 2019, 29, 419–447. [CrossRef]
Nomanbhay, S.; Raziah, A.Z.; Junizah, A.R. Carbon Nanotubes: A Review on Structure and Their Interaction
with Proteins. J. Chem. 2013, 2013, 1–18. [CrossRef]
Tofighy, M.A.; Mohammadi, T. Adsorption of divalent heavy metal ions from water using carbon nanotube
sheets. J. Hazard. Mater. 2011, 185, 140–147. [CrossRef]
Yang, H.Y.; Han, Z.J.; Yu, S.F.; Pey, K.L.; Ostrikov, K.; Karnik, R. Carbon nanotube membranes with ultrahigh
specific adsorption capacity for water desalination and purification. Nat Commun. 2013, 4, 2220. [CrossRef]
Resende, R.R.; Tonelli, F.M.P.; Santos, A.K.; Gomes, K.N.; Lorençon, E.; Ladeira, L.O.; Guatimosim, S.
Carbon nanotube interaction with extracellular matrix proteins producing scaffolds for tissue engineering.
Int. J. Nanomed. 2012, 7, 4511–4529. [CrossRef]
Imaninezhad, M.; Schober, J.; Griggs, D.; Ruminski, P.; Kuljanishvili, I.; Zustiak, S.P. Cell Attachment and
Spreading on Carbon Nanotubes Is Facilitated by Integrin Binding. Front. Bioeng. Biotechnol. 2018, 6, 1–12.
[CrossRef] [PubMed]
Trzeciak, T.; Rybka, J.D.; Akinoglu, E.M.; Richter, M.; Kaczmarczyk, J.; Giersig, M. In Vitro Evaluation
of Carbon Nanotube-Based Scaffolds for Cartilage Tissue Engineering. J. Nanosci. Nanotechnol. 2016,
16, 9022–9025. [CrossRef]
Figarol, A.; Pourchez, J.; Boudard, D.; Forest, V.; Akono, C.; Tulliani, J.-M.; Lecompte, J.-P.; Cottier, M.;
Bernache-Assollant, D.; Grosseau, P. In vitro toxicity of carbon nanotubes, nano-graphite and carbon black,
similar impacts of acid functionalization. Toxicol. Vitr. 2015, 30, 476–485. [CrossRef] [PubMed]
Francis, A.P.; Thiyagarajan, D. Toxicity of carbon nanotubes: A review. Toxicol. Ind. Health 2018, 34, 200–210.
[CrossRef] [PubMed]
Kobayashi, N.; Izumi, H.; Morimoto, Y. Review of toxicity studies of carbon nanotubes. J. Occup. Health 2017,
59, 394–407. [CrossRef]
Liu, Y.; Zhao, Y.; Sun, B.; Chen, C. Understanding the Toxicity of Carbon Nanotubes. Acc. Chem. Res. 2012,
46, 702–713. [CrossRef]
Castranova, V.; Schulte, P.A.; Zumwalde, R.D. Occupational Nanosafety Considerations for Carbon Nanotubes
and Carbon Nanofibers. Acc. Chem. Res. 2012, 46, 642–649. [CrossRef]
Wang, L.; Mercer, R.R.; Rojanasakul, Y.; Qiu, A.; Lu, Y.; Scabilloni, J.F.; Wu, N.; Castranova, V. Direct
Fibrogenic Effects of Dispersed Single-Walled Carbon Nanotubes on Human Lung Fibroblasts. J. Toxicol.
Environ. Health Part A 2010, 73, 410–422. [CrossRef]
Johnston, H.J.; Hutchison, G.R.; Christensen, F.M.; Peters, S.; Hankin, S.; Aschberger, K.; Stone, V. A critical
review of the biological mechanisms underlying thein vivoandin vitrotoxicity of carbon nanotubes: The
contribution of physico-chemical characteristics. Nanotoxicology 2010, 4, 207–246. [CrossRef]
Li, J.-G.; Li, W.-X.; Xu, J.-Y.; Cai, X.-Q.; Liu, R.-L.; Li, Y.; Zhao, Q.-F.; Li, Q. Comparative study of pathological
lesions induced by multiwalled carbon nanotubes in lungs of mice by intratracheal instillation and inhalation.
Environ. Toxicol. 2007, 22, 415–421. [CrossRef]
Sargent, L.M.; Reynolds, S.H.; Castranova, V. Potential pulmonary effects of engineered carbon
nanotubes:in vitrogenotoxic effects. Nanotoxicology 2010, 4, 396–408. [CrossRef]

Materials 2020, 13, 4039

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.
88.

89.

90.

91.

22 of 25

Takagi, A.; Hirose, A.; Nishimura, T.; Fukumori, N.; Ogata, A.; Ohashi, N.; Kitajima, S.; Kanno, J. Induction of
mesothelioma in p53+/- mouse by intraperitoneal application of multi-wall carbon nanotube. J. Toxicol. Sci.
2008, 33, 105–116. [CrossRef]
Muller, J.; Huaux, F.; Moreau, N.; Misson, P.; Heilier, J.-F.; Delos, M.; Arras, M.; Fonseca, A.; Nagy, J.B.;
Lison, D. Respiratory toxicity of multi-wall carbon nanotubes. Toxicol. Appl. Pharmacol. 2005, 207, 221–231.
[CrossRef]
Allegri, M.; Perivoliotis, D.K.; Bianchi, M.G.; Chiu, M.; Pagliaro, A.; Koklioti, M.A.; Trompeta, A.-F.;
Bergamaschi, E.; Bussolati, O.; Charitidis, C. Toxicity determinants of multi-walled carbon nanotubes: The
relationship between functionalization and agglomeration. Toxicol. Rep. 2016, 3, 230–243. [CrossRef]
Sager, T.M.; Wolfarth, M.W.; Andrew, M.; Hubbs, A.; Friend, S.; Chen, T.-H.; Porter, D.W.; Wu, N.; Yang, F.;
Hamilton, R.F.; et al. Effect of multi-walled carbon nanotube surface modification on bioactivity in the
C57BL/6 mouse model. Nanotoxicology 2013, 8, 317–327. [CrossRef]
Mutlu, G.M.; Budinger, G.R.S.; Green, A.A.; Urich, D.; Soberanes, S.; Chiarella, S.E.; Alheid, G.F.;
McCrimmon, D.R.; Szleifer, I.; Hersam, M.C. Biocompatible Nanoscale Dispersion of Single-Walled Carbon
Nanotubes Minimizes in vivo Pulmonary Toxicity. Nano Lett. 2010, 10, 1664–1670. [CrossRef]
Elgrabli, D.; Dachraoui, W.; Ménard-Moyon, C.; Liu, X.J.; Bégin, D.; Bégin-Colin, S.; Bianco, A.; Gazeau, F.;
Alloyeau, D. Carbon Nanotube Degradation in Macrophages: Live Nanoscale Monitoring and Understanding
of Biological Pathway. ACS Nano 2015, 9, 10113–10124. [CrossRef]
Aldieri, E.; Fenoglio, I.; Cesano, F.; Gazzano, E.; Gulino, G.; Scarano, D.; Attanasio, A.; Mazzucco, G.;
Ghigo, D.; Fubini, B. The Role of Iron Impurities in the Toxic Effects Exerted by Short Multiwalled Carbon
Nanotubes (MWCNT) in Murine Alveolar Macrophages. J. Toxicol. Environ. Health Part A 2013, 76, 1056–1071.
[CrossRef]
Tutak, W.; Park, K.H.; Vasilov, A.; Starovoytov, V.; Fanchini, G.; Cai, S.-Q.; Partridge, N.C.; Sesti, F.;
Chhowalla, M. Toxicity induced enhanced extracellular matrix production in osteoblastic cells cultured on
single-walled carbon nanotube networks. Nanotechnol. 2009, 20, 255101. [CrossRef]
Casey, A.; Herzog, E.; Davoren, M.; Lyng, F.M.; Byrne, H.J.; Chambers, G. Spectroscopic analysis confirms the
interactions between single walled carbon nanotubes and various dyes commonly used to assess cytotoxicity.
Carbon 2007, 45, 1425–1432. [CrossRef]
Wang, G.; Zhang, J.; Dewilde, A.H.; Pal, A.K.; Bello, D.; Therrien, J.M.; Braunhut, S.; Marx, K.A. Understanding
and correcting for carbon nanotube interferences with a commercial LDH cytotoxicity assay. Toxicology 2012,
299, 99–111. [CrossRef] [PubMed]
Jeznach, O.; Kołbuk, D.; Sajkiewicz, P.; Sajkiewicz, P. Injectable hydrogels and nanocomposite hydrogels for
cartilage regeneration. J. Biomed. Mater. Res. Part A 2018, 106, 2762–2776. [CrossRef] [PubMed]
Dattola, E.; Parrotta, E.I.; Scalise, S.; Perozziello, G.; Limongi, T.; Candeloro, P.; Coluccio, M.L.; Maletta, C.;
Bruno, L.; De Angelis, M.T.; et al. Development of 3D PVA scaffolds for cardiac tissue engineering and cell
screening applications. RSC Adv. 2019, 9, 4246–4257. [CrossRef]
Raic, A.; Rödling, L.; Kalbacher, H.; Lee-Thedieck, C. Biomimetic macroporous PEG hydrogels as 3D scaffolds
for the multiplication of human hematopoietic stem and progenitor cells. Biomaterials 2014, 35, 929–940.
[CrossRef] [PubMed]
Ahmad, H.; Arya, A.; Agrawal, S.; Dwivedi, A.K. PLGA scaffolds: Building blocks for new age therapeutics.
Mater. Biomed. Eng. 2019, 155–201. [CrossRef]
Singh, D.; Babbar, A.; Jain, V.; Gupta, D.; Saxena, S.; Dwibedi, V. Synthesis, characterization, and bioactivity
investigation of biomimetic biodegradable PLA scaffold fabricated by fused filament fabrication process.
J. Braz. Soc. Mech. Sci. Eng. 2019, 41, 121. [CrossRef]
Afewerki, S.; Sheikhi, A.; Kannan, S.; Ahadian, S.; Khademhosseini, A. Gelatin-polysaccharide composite
scaffolds for 3D cell culture and tissue engineering: Towards natural therapeutics. Bioeng. Transl. Med. 2018,
4, 96–115. [CrossRef]
Joddar, B.; Garcia, E.; Casas, A.; Stewart, C.M. Development of functionalized multi-walled
carbon-nanotube-based alginate hydrogels for enabling biomimetic technologies. Sci. Rep. 2016, 6,
32456. [CrossRef]
Farokhi, M.; Shariatzadeh, F.J.; Solouk, A.; Mirzadeh, H. Alginate Based Scaffolds for Cartilage Tissue
Engineering: A Review. Int. J. Polym. Mater. 2019, 69, 230–247. [CrossRef]

Materials 2020, 13, 4039

92.
93.

94.
95.
96.

97.
98.
99.

100.

101.

102.
103.

104.

105.
106.
107.
108.

109.
110.

111.

112.

23 of 25

Irawan, V.; Sung, T.-C.; Higuchi, A.; Ikoma, T. Collagen Scaffolds in Cartilage Tissue Engineering and
Relevant Approaches for Future Development. Tissue Eng. Regen. Med. 2018, 15, 673–697. [CrossRef]
Aguilar, A.; Zein, N.; Harmouch, E.; Hafdi, B.; Bornert, F.; Offner, D.; Clauss, F.; Fioretti, F.; Huck, O.;
Benkirane-Jessel, N.; et al. Application of Chitosan in Bone and Dental Engineering. Molecules 2019, 24, 3009.
[CrossRef] [PubMed]
Parisi, L.; Toffoli, A.; Ghiacci, G.; Macaluso, G.M. Tailoring the Interface of Biomaterials to Design Effective
Scaffolds. J. Funct. Biomater. 2018, 9, 50. [CrossRef] [PubMed]
Garg, K.; Talovic, M.M.M.; Ziemkiewicz, K.G.N. Laminin Enriched Scaffolds for Tissue Engineering
Applications. Adv. Tissue Eng. Regen. Med. Open Access 2017, 2, 1–8. [CrossRef]
Duan, W.; Haque, M.; Kearney, M.T.; Lopez, M.J. Collagen and Hydroxyapatite Scaffolds Activate Distinct
Osteogenesis Signaling Pathways in Adult Adipose-Derived Multipotent Stromal Cells. Tissue Eng.
Part C Methods 2017, 23, 592–603. [CrossRef] [PubMed]
Tian, H.; Tang, Z.; Zhuang, X.; Chen, X.; Jing, X. Biodegradable synthetic polymers: Preparation,
functionalization and biomedical application. Prog. Polym. Sci. 2012, 37, 237–280. [CrossRef]
Dwivedi, R.; Kumar, S.; Pandey, R.; Mahajan, A.; Nandana, D.; Katti, D.S.; Mehrotra, D. Polycaprolactone as
biomaterial for bone scaffolds: Review of literature. J. Oral Boil. Craniofacial Res. 2020, 10, 381–388. [CrossRef]
Visser, J.; Melchels, F.P.; Jeon, J.E.; Van Bussel, E.M.; Kimpton, L.S.; Byrne, H.M.; Dhert, W.J.A.; Dalton, P.D.;
Hutmacher, D.W.; Malda, J. Reinforcement of hydrogels using three-dimensionally printed microfibres.
Nat. Commun. 2015, 6, 6933. [CrossRef]
Ávila, H.M.; Schwarz, S.; Feldmann, E.-M.; Mantas, A.; Von Bomhard, A.; Gatenholm, P.; Rotter, N.
Biocompatibility evaluation of densified bacterial nanocellulose hydrogel as an implant material for auricular
cartilage regeneration. Appl. Microbiol. Biotechnol. 2014, 98, 7423–7435. [CrossRef]
Markstedt, K.; Mantas, A.; Tournier, I.; Ávila, H.M.; Hägg, D.; Gatenholm, P. 3D Bioprinting
Human Chondrocytes with Nanocellulose–Alginate Bioink for Cartilage Tissue Engineering Applications.
Biomacromolecules 2015, 16, 1489–1496. [CrossRef]
Athukoralalage, S.S.; Balu, R.; Dutta, N.K.; Choudhury, N.R. 3D Bioprinted Nanocellulose-Based Hydrogels
for Tissue Engineering Applications: A Brief Review. Polymers 2019, 11, 898. [CrossRef]
Chen, L.; Hu, J.; Shen, X.; Tong, H. Synthesis and characterization of chitosan–multiwalled carbon
nanotubes/hydroxyapatite nanocomposites for bone tissue engineering. J. Mater. Sci. Mater. Electron.
2013, 24, 1843–1851. [CrossRef] [PubMed]
Gonçalves, E.M.; Oliveira, F.; Silva, R.M.F.; Neto, M.A.; Fernandes, M.H.; Amaral, M.; Vallet-Regí, M.; Vila, M.
Three-dimensional printed PCL-hydroxyapatite scaffolds filled with CNTs for bone cell growth stimulation.
J. Biomed. Mater. Res. Part B Appl. Biomater. 2015, 104, 1210–1219. [CrossRef] [PubMed]
Klawitter, J.J.; Bagwell, J.G.; Weinstein, A.M.; Sauer, B.W.; Pruitt, J.R. An evaluation of bone growth into
porous high density polyethylene. J. Biomed. Mater. Res. 1976, 10, 311–323. [CrossRef] [PubMed]
Tsuruga, E.; Takita, H.; Itoh, H.; Wakisaka, Y.; Kuboki, Y. Pore Size of Porous Hydroxyapatite as the
Cell-Substratum Controls BMP-Induced Osteogenesis. J. Biochem. 1997, 121, 317–324. [CrossRef] [PubMed]
Murphy, C.M.; O’Brien, F.J. Understanding the effect of mean pore size on cell activity in
collagen-glycosaminoglycan scaffolds. Cell Adhes. Migr. 2010, 4, 377–381. [CrossRef]
Lalwani, G.; Gopalan, A.; D’Agati, M.; Sankaran, J.S.; Judex, S.; Qin, Y.-X.; Sitharaman, B. Porous
three-dimensional carbon nanotube scaffolds for tissue engineering. J. Biomed. Mater. Res. Part A
2015, 103, 3212–3225. [CrossRef]
Kroustalli, A.; Kotsikoris, V.; Karamitri, A.; Topouzis, S.; Deligianni, D. Mechanoresponses of human primary
osteoblasts grown on carbon nanotubes. J. Biomed. Mater. Res. Part A 2014, 103, 1038–1044. [CrossRef]
Deligianni, D.D. Multiwalled carbon nanotubes enhance human bone marrow mesenchymal stem cells’
spreading but delay their proliferation in the direction of differentiation acceleration. Cell Adhes. Migr. 2014,
8, 558–562. [CrossRef]
Chahine, N.O.; Collette, N.M.; Thomas, C.B.; Genetos, D.C.; Loots, G.G. Nanocomposite Scaffold for
Chondrocyte Growth and Cartilage Tissue Engineering: Effects of Carbon Nanotube Surface Functionalization.
Tissue Eng. Part A 2014, 20, 2305–2315. [CrossRef]
Jun, I.; Han, H.-S.; Edwards, J.R.; Jeon, H. Electrospun Fibrous Scaffolds for Tissue Engineering: Viewpoints
on Architecture and Fabrication. Int. J. Mol. Sci. 2018, 19, 745. [CrossRef]

Materials 2020, 13, 4039

24 of 25

113. Keirouz, A.; Chung, M.; Kwon, J.; Fortunato, G.; Radacsi, N. 2D and 3D electrospinning technologies
for the fabrication of nanofibrous scaffolds for skin tissue engineering: A review. Wiley Interdiscip. Rev.
Nanomed. Nanobiotechnol. 2020, 12, e01626. [CrossRef] [PubMed]
114. Li, S.; Lee, B.-K. Electrospinning of circumferentially aligned polymer nanofibers floating on rotating water
collector. J. Appl. Polym. Sci. 2019, 137, 48759. [CrossRef]
115. Tohidlou, H.; Shafiei, S.; Abbasi, S.; Asadi-Eydivand, M.; Fathi-Roudsari, M. Amine-functionalized
Single-walled Carbon Nanotube/Polycaprolactone Electrospun Scaffold for Bone Tissue Engineering: In vitro
Study. Fibers Polym. 2019, 20, 1869–1882. [CrossRef]
116. Zadehnajar, P.; Akbari, B.; Karbasi, S.; Mirmusavi, M.H. Preparation and characterization of poly
ε-caprolactone-gelatin/multi-walled carbon nanotubes electrospun scaffolds for cartilage tissue engineering
applications. Int. J. Polym. Mater. 2019, 69, 326–337. [CrossRef]
117. Tondnevis, F.; Keshvari, H.; Mohandesi, J.A. Fabrication, characterization, and in vitro evaluation
of electrospun polyurethane-gelatin-carbon nanotube scaffolds for cardiovascular tissue engineering
applications. J. Biomed. Mater. Res. Part B Appl. Biomater. 2020, 108, 2276–2293. [CrossRef]
118. Stocco, T.D.; Antonioli, E.; Romagnolli, M.L.; Sousa, G.F.; Ferretti, M.; Lobo, A.O. Aligned biomimetic
scaffolds based on carbon nanotubes-reinforced polymeric nanofibers for knee meniscus tissue engineering.
Mater. Lett. 2020, 264, 127351. [CrossRef]
119. Mao, H.; Kawazoe, N.; Chen, G. Cell response to single-walled carbon nanotubes in hybrid porous collagen
sponges. Colloids Surfaces B Biointerfaces 2015, 126, 63–69. [CrossRef]
120. Chen, J.; Zou, X.-N. Self-assemble peptide biomaterials and their biomedical applications. Bioact. Mater.
2019, 4, 120–131. [CrossRef]
121. Zhang, S.; Xing, M.; Li, B. Biomimetic Layer-by-Layer Self-Assembly of Nanofilms, Nanocoatings, and 3D
Scaffolds for Tissue Engineering. Int. J. Mol. Sci. 2018, 19, 1641. [CrossRef]
122. Zhang, T.; Zhang, H.; Zhang, L.; Shuaijun, J.; Liu, J.; Xiong, Z.; Sun, W. Biomimetic design and fabrication of
multilayered osteochondral scaffolds by low-temperature deposition manufacturing and thermal-induced
phase-separation techniques. Biofabrication 2017, 9, 025021. [CrossRef]
123. Kundu, J.; Pati, F.; Shim, J.-H.; Cho, D.-W. Rapid Prototyping Technology for Bone Regeneration; Elsevier BV:
Amsterdam, The Netherlands, 2014; pp. 254–284.
124. Noh, I. Biomimetic Medical Materials: From Nanotechnology to 3D Bioprinting; Springer: Singapore, 2018.
125. Moniruzzaman, M.; O’Neal, C.; Bhuiyan, A.; Egan, P.F. Design and Mechanical Testing of 3D Printed
Hierarchical Lattices Using Biocompatible Stereolithography. Designs 2020, 4, 22. [CrossRef]
126. Gungor-Ozkerim, P.S.; Inci, I.; Zhang, Y.S.; Khademhosseini, A.; Dokmeci, M.R. Bioinks for 3D bioprinting:
An overview. Biomater. Sci. 2018, 6, 915–946. [CrossRef]
127. Axpe, E.; Oyen, M.L. Applications of Alginate-Based Bioinks in 3D Bioprinting. Int. J. Mol. Sci. 2016, 17,
1976. [CrossRef] [PubMed]
128. Klotz, B.J.; Gawlitta, D.; Rosenberg, A.J.; Malda, J.; Melchels, F.P. Gelatin-Methacryloyl Hydrogels: Towards
Biofabrication-Based Tissue Repair. Trends Biotechnol. 2016, 34, 394–407. [CrossRef]
129. Poldervaart, M.T.; Goversen, B.; De Ruijter, M.; Abbadessa, A.; Melchels, F.P.W.; Oner, F.C.; Dhert, W.J.A.;
Vermonden, T.; Alblas, J. 3D bioprinting of methacrylated hyaluronic acid (MeHA) hydrogel with intrinsic
osteogenicity. PLoS ONE 2017, 12, e0177628. [CrossRef] [PubMed]
130. Wu, D.; Yu, Y.; Tan, J.; Huang, L.; Luo, B.; Lu, L.; Zhou, C. 3D bioprinting of gellan gum and poly (ethylene
glycol) diacrylate based hydrogels to produce human-scale constructs with high-fidelity. Mater. Des. 2018,
160, 486–495. [CrossRef]
131. Li, J.; Chen, M.; Fan, X.-Q.; Zhou, H. Recent advances in bioprinting techniques: Approaches, applications
and future prospects. J. Transl. Med. 2016, 14, 271. [CrossRef] [PubMed]
132. Piard, C.; Baker, H.; Kamalitdinov, T.; Fisher, J.P. Bioprinted osteon-like scaffolds enhance in vivo
neovascularization. Biofabrication 2019, 11, 025013. [CrossRef]
133. Gao, G.; Schilling, A.F.; Yonezawa, T.; Wang, J.; Dai, G.; Cui, X. Bioactive nanoparticles stimulate bone tissue
formation in bioprinted three-dimensional scaffold and human mesenchymal stem cells. Biotechnol. J. 2014,
9, 1304–1311. [CrossRef]
134. Kérourédan, O.; Hakobyan, D.; Rémy, M.; Ziane, S.; Dusserre, N.; Fricain, J.-C.; Delmond, S.; Thébaud, N.B.;
Devillard, R. In situ prevascularization designed by laser-assisted bioprinting: Effect on bone regeneration.
Biofabrication 2019, 11, 045002. [CrossRef]

Materials 2020, 13, 4039

25 of 25

135. Wan, Z.; Zhang, P.; Liu, Y.; Lv, L.; Zhou, Y. Four-dimensional bioprinting: Current developments and
applications in bone tissue engineering. Acta Biomater. 2019, 101, 26–42. [CrossRef]
136. Hendrikson, W.J.; Rouwkema, J.; Clementi, F.; Van Blitterswijk, C.A.; Fare’, S.; Moroni, L. Towards 4D printed
scaffolds for tissue engineering: Exploiting 3D shape memory polymers to deliver time-controlled stimulus
on cultured cells. Biofabrication 2017, 9, 031001. [CrossRef] [PubMed]
137. Wu, J.; Zheng, K.; Huang, X.; Liu, J.; Liu, H.; Boccaccini, A.R.; Wan, Y.; Guo, X.; Shao, Z. Thermally triggered
injectable chitosan/silk fibroin/bioactive glass nanoparticle hydrogels for in-situ bone formation in rat
calvarial bone defects. Acta Biomater. 2019, 91, 60–71. [CrossRef] [PubMed]
138. Balmer, T.W.; Vesztergom, S.; Broekmann, P.; Stahel, A.; Büchler, P. Characterization of the electrical
conductivity of bone and its correlation to osseous structure. Sci. Rep. 2018, 8, 8601. [CrossRef]
139. Cui, H.; Yu, Y.; Li, X.; Sun, Z.; Ruan, J.; Wu, Z.L.; Qian, J.; Yin, J. Direct 3D printing of a tough hydrogel
incorporated with carbon nanotubes for bone regeneration. J. Mater. Chem. B 2019, 7, 7207–7217. [CrossRef]
140. Wang, W.; Huang, B.; Byun, J.J.; Bartolo, P. Assessment of PCL/carbon material scaffolds for bone regeneration.
J. Mech. Behav. Biomed. Mater. 2019, 93, 52–60. [CrossRef]
141. Huang, B.; Vyas, C.; Byun, J.J.; El-Newehy, M.; Huang, Z.; Bartolo, P. Aligned multi-walled carbon nanotubes
with nanohydroxyapatite in a 3D printed polycaprolactone scaffold stimulates osteogenic differentiation.
Mater. Sci. Eng. C 2020, 108, 110374. [CrossRef]
142. Beheshtizadeh, N.; Lotfibakhshaiesh, N.; Pazhouhnia, Z.; Hoseinpour, M.; Nafari, M. A review of 3D
bio-printing for bone and skin tissue engineering: A commercial approach. J. Mater. Sci. 2019, 55, 3729–3749.
[CrossRef]
143. Saravanan, S.; Leena, R.; Selvamurugan, N. Chitosan based biocomposite scaffolds for bone tissue engineering.
Int. J. Boil. Macromol. 2016, 93, 1354–1365. [CrossRef]
144. Bruyas, A.; Lou, F.; Stahl, A.M.; Gardner, M.J.; Maloney, W.J.; Goodman, S.; Yang, Y.P. Systematic
characterization of 3D-printed PCL/β-TCP scaffolds for biomedical devices and bone tissue engineering:
Influence of composition and porosity. J. Mater. Res. 2018, 33, 1948–1959. [CrossRef]
145. Gorain, B.; Choudhury, H.; Pandey, M.; Kesharwani, P.; Abeer, M.M.; Tekade, R.K.; Hussain, Z. Carbon
nanotube scaffolds as emerging nanoplatform for myocardial tissue regeneration: A review of recent
developments and therapeutic implications. Biomed. Pharmacother. 2018, 104, 496–508. [CrossRef] [PubMed]
146. Cui, L.; Liang, J.; Liu, M.H.; Zhang, K.; Li, J. Nanomaterials for Angiogenesis in Skin Tissue Engineering.
Tissue Eng. Part B Rev. 2020, 26, 203–216. [CrossRef] [PubMed]
147. Costa, P. Translating Biofabrication to the Market. Trends Biotechnol. 2019, 37, 1032–1036. [CrossRef] [PubMed]
© 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/).

