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Abstract

Carbon nanotubes (CNTs), with unique graphitic structure, superior mechanical, electrical, optical and biological proper-
ties, has attracted more and more interests in biomedical applications, including gene/drug delivery, bioimaging, biosensor
and tissue engineering. In this review, we focus on the role of CNTs and their polymeric composites in tissue engineering
applications, with emphasis on their usages in the nerve, cardiac and bone tissue regenerations. The intrinsic natures of
CNTs including their physical and chemical properties are first introduced, explaining the structure effects on CNTs electrical
conductivity and various functionalization of CNTs to improve their hydrophobic characteristics. Biosafety issues of CNTs
are also discussed in detail including the potential reasons to induce the toxicity and their potential strategies to minimise
the toxicity effects. Several processing strategies including solution-based processing, polymerization, melt-based process-
ing and grafting methods are presented to show the 2D/3D construct formations using the polymeric composite containing
CNTs. For the sake of improving mechanical, electrical and biological properties and minimising the potential toxicity
effects, recent advances using polymer/CNT composite the tissue engineering applications are displayed and they are mainly
used in the neural tissue (to improve electrical conductivity and biological properties), cardiac tissue (to improve electrical,
elastic properties and biological properties) and bone tissue (to improve mechanical properties and biological properties).
Current limitations of CNTs in the tissue engineering are discussed and the corresponded future prospective are also pro-
vided. Overall, this review indicates that CNTs are promising “next-generation” materials for future biomedical applications.

Introduction

The aim of tissue engineering is to restore, repair and replace
damaged and diseased tissues with incorporation of biologi-
cal substitutes such as living cells, biomolecules, biocom-
patible and degradable synthesis or natural materials that
can restore, maintain and enhance the function of tissues
or organs [1]. Currently therapies for tissue regeneration
involve the utilization of isolated cells or cell substrates, the
delivery of tissue-induced biomolecules such as proteins,
drugs and oligonucleotides, and finally artificial constructs
with or without bio-macromolecules [2, 3]. The engineered
constructs approach is the most commonly used technique
for tissue engineering. Among them, developing biocom-
patible and bioactive biomaterials is critically essential for
tissue engineering. In the past decades, a great development
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has been achieved with different novel biomaterials with
aid of stem cells and growth factors to mimic the intrin-
sic architecture and physiochemical properties of the target
extracellular matrix (ECM) which plays a significant role in
providing appropriate physical and biological atmosphere
and supporting cellular interactions including proliferation,
migration, differentiation and eventually formation of new
tissues. Natural or synthetic polymers have been extensively
investigated due to their good biocompatibility and biode-
gradable properties. However, some polymers and their rela-
tive inert nature limited their uses in the tissue engineer-
ing. Therefore, combining with other bioactive materials
to produce comprehensively enhanced composite materials
has become one of trends to develop biomaterials for tissue
engineering.

Carbon nanotubes (CNTs), firstly developed by Lijima
in 1991 [4], have been widely used for sports applications,
microelectronics, photovoltaics and energy storage due to
their exceptional mechanical, optical and electrical proper-
ties [5—7]. Multiple studies investigated the use of CNTs for
biomedical applications. Due to their exceptional electrical
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properties, CNTs are widely used for a biosensor [8, 9]
and their spectroscopic properties make them interesting
materials for photothermal therapy or medical imaging [8].
Moreover, due to their extremely high aspect ratio, CNTs
are widely used as nanocarrier to deliver drugs, genes, and
other therapeutic agents, by binding them to the sidewall of
CNTs through ni-stacking interactions between the graphitic
structure and the aromatic nucleotide bases and nucleic acid
[10-12]. More recently, the use of CNTs has been explored
for tissue engineering applications. The incorporation of
CNTs into a polymer matrix displays a variety of structural
and physiochemical reinforcement characteristics, including
the improvement of strength, flexibility and biocompatibil-
ity, induction of angiogenesis, reduction of thrombosis and
manipulation of gene expression for tissue repair [13]. This
paper provides a comprehensive review on the use of CNTs
for tissue engineering applications. Main physical, chemical
and biological properties are discussed. The use of compat-
ible materials based on polyester and CNTs is detailed and
the use of these materials for neural, cardiac and bone tissue
repair and regeneration discussed.

Structure and properties

CNTs consisting of carbon atoms in a series of condensed
benzene rings are cylindrical nanostructures with extremely
high aspect ratio. They can be classified as single-walled
carbon nanotubes (SWCNTSs) and multi-walled carbon nano-
tubes (MWCNTS) [11]. SWCNTs are long-hollow structures
with one-atom-thick walls, where carbon atoms are con-
nected with hexagonal sp? hybrid bonds. MWCNTSs have
multi-layers of graphitic carbon tubes, concentrically sur-
rounding a central CNT. The diameter of SWCNTs is nor-
mally around 1 nm to 2 nm while the diameter of MWCNTSs
ranges between 10 nm to100 nm with length varying from
50 nm to 1 cm [14, 15]. The structure of SWCNTSs com-
prises tips and sidewalls. Three distinct tubular structures
caused by the orientation of rolling up a graphene sheet can
be identified: armchair, zigzag and chiral, which is denoted
by the chiral indices (n, m) (Fig. 1a) [16]. The differences
between chiral angle and diameter lead to different structures
and different properties. The armchair CNTs share similar
electrical properties to metals, while the zigzag and chiral
CNTs present similar properties to semiconductors [11, 17].
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Fig.1 a Depiction of SWCNTs with armchair, zigzag and chiral
structures; b schematic illustration of the CNT band structure and
the hexagonal shape of its first Brillouin zone; ¢ two non-covalent
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Physical properties

SWCNTs and MWCNTs have exceptional mechanical
properties, presenting a Young’s Modulus in the range of
0.27-1.34 TPa and a tensile strength in the range of 11-200
GPa [18-22]. CNTs also exhibit excellent electrical conduc-
tivity as high as 10* S/cm® and exceptional thermal conduc-
tivity as high as 5000 Wm™! K [13, 23, 24]. The electrical
structure and electrical properties of CNTs can be deduced
from the electrical properties of the graphene sheet [25]. As
shown in Fig. 1b, the & and n* state are joined at six points,
called Fermi point, in a hexagon shape. In the r—k directions
(six directions passing through the Fermi points), the elec-
trons are free to move and the graphene sheet behave like
a metal. In the other directions (r—M direction), electrons
are prohibited by a semiconductor-like band gap and the
graphene behaves as a semiconductor [26].

Chemical properties

The carbon atoms in CNTs are connected by strong non-
polar covalent bonds. The hydrophobic nature of the CNTs
surface makes them insoluble in water and most organic
solvents. Additionally, strong Van de Waals forces and high
aspect ratio often result in the agglomeration of CNTs [27].
Therefore, the homogeneous dispersion of CNTs remains
one of main challenges related to the use of CNTs, weaken-
ing the mechanical, electrical and chemical properties. To
address this problem, functionalized CNTs have been inten-
sively studied. Two commonly used approaches are based on
the non-covalent (physical adsorption) and covalent func-
tionalizations (chemical bond) [28, 29].

The non-covalent strategy is a relatively simple process
performed under mild conditions based on physical bond-
ing due to different adsorption forces, such as Van de Waals
force, hydrogen bonds, electrostatic force and m—r interac-
tions [28-31].Therefore, the perfect graphitic structure and
the electronic properties remain intact. Two non-covalent
functionalization methods can be considered (Fig. 1c). One
method is based on wrapping surfactants or polymer chains
on the sidewalls of CNTs and the second method is achieved
through n—7 stacking interactions between aromatic rings
of grafted materials and n-electrons of graphitic sheets on
the surface of CNTs [17, 32]. The grafted surfactants or
the polymer can behave as a dispersing agent to strengthen
the solubility of CNTs in aqueous solutions [33, 34]. Non-
covalent strategies create CNTs with high affinity with bio-
molecules like DNA, RNA, peptides, proteins and enzymes,
making them interesting carrier materials to deliver these
biomolecules to target cells or organs [34-38].

The covalent approach is based on the formation of cova-
lent linkage between functional groups and the main body of
CNTs (Fig. 1d). The defective carbon atoms on the sidewalls

or at the end of both SWCNTs or MWCNTSs can be oxidized
by strong oxidants (e.g. HNO;/H,SO,), generating carbox-
ylic acid groups or carboxylated fractions [17, 37]. In order to
further increase the reactivity of CNTs, allowing the attach-
ment of hydrophilic molecules, the carboxylic acid groups
are normally converted into acid chloride and then undergo
an esterification or amidation reaction [28, 39, 40]. Numer-
ous molecules, including polymers, metals, biomolecules,
are reported to be grafted to the surface of carboxylated
CNTs. You et al. [41] showed that different kinds of aque-
ous soluble ionic polymer chains, such as cationic polymers
(e.g. poly(2-(dimethylamino)ethylmethacrylate), anionic
polymers (e.g. poly(acrylic acid) and zwitterionic polymers
(e.g. poly(3-(N-(3-methacrylamidopropyl)-N,N-dimethyl)
ammoniopropane sulfonate)), can be easily connected to the
surface of MWCNTs via surface reversible addition-frag-
mentation chain transfer (RAFT) polymerization, presenting
good solubility. Prabhavathi et al. [42] reported that zinc (IT)
and copper (II) complexes of mesotetra(4-aminophenyl)por-
phyrin (Zn-TAP and Cu-TAP) were successfully covalently
grafted to the MWCNTSs improving their solubility in many
solvents. Redondo-Gomez et al. [43] described the biomi-
metic functionalization of MWCNT surface with cholic
acid. After functionalization, MWCNTs showed facial bio-
amphiphilic behaviour, improving the dispersion stability in
aqueous, organic polar and low-polarity solvents. Covalent
functionalization strengthens the processability and func-
tionality, being a more stable and robust method compared
to the non-covalent approach. However, a disturbance of the
nanotube structures (r networks) might result in significant
changes in both physical and chemical properties [28, 44].
To address this problem, Nosek et al.[44] covalently grafted
bipyridyl ligands directly onto the sidewall of the SWCNT,
followed by addition of several different transition metals
to form organometallic complexes, instead of using linker
molecules between the ligands and the nanotubes. This tech-
nique allows tuning the electrical properties through revers-
ing doping in charge transport between the substrates and
SWCNTs. The physiochemical properties are summarised
in Table 1.

Biological properties
Cellular interactions

The use of CNTs for biomedical applications and in particu-
lar for tissue engineering requires the understanding of the
effects of CNTs at a cellular level, especially the mechanisms
of uptake and eliminations of CNTs [45]. The mechanism
of cellular internalization for CNTs can be categorized into
active (energy dependent) and passive (energy independent)
diffusion processes (Fig. 2). The active pathway of CNTs
through cellular membranes mainly occurs by endocytosis.
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Refs

MWCNTs

SWCNTs

Table 1 Physicochemical properties of CNTs
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In the endocytic process, CNTs are internalized inside
vesicles (endosomes) prior to being directly transported to
the lysosomes localized in the perinuclear compartment of
cells [45, 46]. Cui et al. [47] investigated the uptake behav-
iours of SWCNTs using murine macrophage cells. Selec-
tive inhibitions of endocytosis pathways showed that the
internalization of SWCNTs involves several pathways, such
as macropinocytosis, caveolae-mediated endocytosis and
clathrin-dependent endocytosis. Results suggest that the
macropinocytosis is the main mechanism of SWCNT inter-
nalization and the clathrin-mediated endocytosis is length
dependent and relatively important for internalizing the
shorter length of CNTs. Phagocytosis, another type of endo-
cytosis, allows the uptake of over 1 pm length CNT. The
phenomenon involves the participant of macrophages and is
an energy-dependent pathway not possible to occur at low
temperature [45, 48-50]. The energy-dependent endocytosis
is strongly dependent upon the temperature and the pres-
ence of metabolic inhibitors. Shi et al. [51] reported that the
low temperature (4 °C) and the presence of inhibitors sig-
nificantly hindered the internalization of CNTs. Results also
show that CNTs penetrate the cell membrane first through
tip. For nanotubes with end caps or carbon shell at their tips,
the uptake process involves tip recognition through receptor
binding, rotation, driven by asymmetric elastic strain at the
tube-bilayer interface, and finally enter the cell in the near-
vertical direction. For nanotubes without caps and shells on
their tips, tip-entry mode will not occur.

Passive diffusion of CNTs, as an energy-independent
process, is not affected by both temperature and the pres-
ence of endocytosis inhibitors [45, 52]. The interaction
between CNTs and cells starts with CNTs contacting with
cell membranes and follows by a sequence of events such
as landing on the cell membrane surface, penetrating into
the lipid head group of phospholipid bilayer membrane
and eventually sliding through the lipid tails [53, 54]. Pan-
tarotto et al. [52] proved that functionalized SWCNTs can
cross the cell membrane, accumulate in the cytoplasm and
reach the cell nucleus. During the process, the endocytosis
uptake mechanism was not triggered and CNTs behaved like
cell penetrating peptides and related synthetic oligomers,
piercing into the cell membrane and reaching to the cell
nucleus, due to their positive charge and the presence of
amino acid sequences as signal for nuclear localization.
Similarly, Lacerda et al. [55] used chemically functional-
ized MWCNTSs to investigate the uptake mechanism in the
presence of different well known cellular uptake inhibitors
at different temperatures. Results showed that the internali-
zation of CNTs does not occur by one single pathway but
through the combination of pathways. It was also possible
to observe that 30 to 50% of functionalized MWCNTs enter
cells by a temperature-insensitive and energy-independent
mechanism. The remaining functionalised MWCNTs enter
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Fig.2 Cellular uptake mechanisms for CNTs (reproduced from [45, 56, 57])

the cells penetrating into the cytoplasm through an energy
dependent active mechanism.

The elimination of CNTs involves exocytosis and enzy-
matic degradation processes. It has been reported that CNTs
are expelled from cells through exocytosis after several hours
or days of internalization. Neves et al. [58] found that double
wall carbon nanotubes, functionalized by wrapping RNA
around the nanotube wall, were taken up by cultured cells
and released after 24 h with no discernible stress response.
However, the dwell time can be prolonged through loading
cytocompatible materials. Mao et al. [59] showed that col-
lagen grafted SWCNTs presented no negative cellular effects
and a large amount of CNTs was internalized by cells. The
internalized CNTs were distributed in the perinuclear region
and retained in the cells for more than one week. Contra-
rily, exocytosis can be triggered by the cell stress condi-
tions. As shown by Marangon et al. [60] human monocyte
macrophages and endothelial cells can release microvesicles
containing CNTs under stress conditions. This mechanism
removes the exogenous and cytotoxic carbon nanomaterials
by inducing the formation of autophagic microvesicles [45,
61]. Recently, some researchers also found that CNT can
be enzymatically degraded within the cells. Sato et al. [62]
implanted tangled oxidized MWCNTs (t-ox-MWCNTSs) into
rat subcutaneous tissues and found that the majority of the
large aggregations of CNTs remain unchanged while small
agglomerations were observed inside the macrophages,
where they are gradually degraded in lysosomes. Goode
et al. [63] investigated the interactions between microglial

cells and MWCNTs in both extra and intracellular situations.
Using dynamic, live cell imaging and high-resolution imag-
ing techniques, they found that microglial cells can break
apart and internalize micro-sized extracellular agglomerates
of acid oxidized MWCNTs (AO MWCNTs). After 2 h of
exposure to MWCNTs, N9 microglia were washed to remove
unbound MWCNTs. After further 2 h of incubation, MWC-
NTs were observed at the plasma membrane. After 24 h,
high-resolution images show the presence of MWCNTSs in
the microglia cytoplasm. From these images, it was possible
to observe that AO MWCNTs were different stages of struc-
tural breakdown (highly disordered graphitic structures and
delamination of the outer walls), indicating possible intracel-
lular biodegradation.

Biocompatibility

Cytotoxicity effects of CNTs strongly depend on their
physio-chemical characteristics such as length, diameter,
surface area, tendency for agglomeration, and the presence
and nature of catalyst residuals generated during the fabrica-
tion process of CNTs [64]. These characteristics are sche-
matically represented in Fig. 3.

Dimensions
CNTs exist in the form of compact tangles considered as

particles [62] or in the form of long, straight needle-like
“fibres” [65—68]. Depending on their dimensions, different
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Fig.3 Schematic illustration of several factors that might cause CNTs
toxicity

effects can be obtained, for example, particle like nanotubes
can lead to fibrosis and cancer while needle-like nanotubes
can affect the pleura [64]. Murphy et al. [65] reported that
CNTs presented similar length-dependent pathogenicity as
asbestos. Their research work showed that long CNTs can
reach the pleura of mice from the air being retained at the
parietal pleura, which results in the inflammation. Xu et al.
[66] conducted a similar study in rats. Two different sizes of
MWCNTs were chosen for the study, including a larger sized
needle-like MWCNT (MWCNT-L) and a smaller sized cot-
ton candy-like MWCNT (MWCNT-S). Results showed that
the MWCNT-L presented higher risk of causing asbestos-
like pleural lesions and the MWCNT-S presented stronger
inflammation leading to higher 8-hydroxydeoxyguanosine
levels in the lung tissue. Boyles et al. [67] showed that long
MWCNTs are cytotoxic, potentially inducing pro-inflam-
matory and pro-fibrotic immune response. However, short
CNTs present insignificant effects on the respiratory burst
and reduction in phagocytic ability. Recently, Zhang et al.
[68] investigated the effects of different width sizes (30 to
400 nm) of SWCNTs and MWCNTs. The results showed
that the cellular uptake of macrophages depends upon CNT
size, especially on the widths of their bundles. The uptake
linearly increases with the width size, leading to increase
cytotoxicity. These studies seem to indicate that the toxicity
of CNTs is length-dependent, increasing with the increase
of the dimensions of CNTs.

Impurity

Three strategies are used to synthesize CNTs: arc dis-
charge, laser ablation and chemical vapour deposition [1, 11,
69—71]. Chemical vapour deposition (CVD) is the mostly
widely used approach. In this case, reaction with a metal
catalyst and hydrocarbon source occurs at a temperature
higher than 700 °C using fluidized bed reactors that allow
uniform gas diffusion and heat transfer [1, 72]. The lengths
of the CNT, varying from nanometres to millimetres and
the widths ranging from 1 to 100 nm, strongly dependent on
the reaction conditions [1]. The CVD method provides large
scale production with reduced costs, high yield, less energy
consumption and less waste production [73]. However, the
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metal catalysts such as iron, nickel, cobalt and molybdenum
can be deposited on the outside surface of the nanotube,
which might induce some cytotoxicity effects due to oxida-
tive stress and anti-oxidant depletion [74-77]. Therefore,
for biomedical applications, a purification step such as air
oxidation, acid refluxing and surfactant based sonication is
required [78]. However, the purification process is a costly
step and the structures of CNT might be altered during the
process [1].

Surface characteristics

Structure defects and imperfections of the CNT framework
are considered one of the reasons causing toxicity. Mul-
ler and Fenoglio reported that the presence of structural
defects of CNTs could trigger acute pulmonary toxicity and
genotoxicity [79, 80]. Recently, Jiang et al. [81] found that
the structural defects of MWCNTSs can be correlated with
cell membrane damage. In this work, positively/negatively
charged giant unilamellar vesicles (GUVs) and supported
lipid bilayers (SLB) were used as a model of cell membrane.
Results showed that negatively charged MWCNTs defects
tend to bind and disrupt the cationic sites of the model mem-
brane, being expected a similar behaviour in the case of cell
plasma membrane.

Due to the CNTs intrinsic inert physio-chemical prop-
erties and incompatibility with nearly all solvents, a great
effort has been taken to modify the surface characteristic,
covalently and non-covalently grafting different functional
groups or biomolecules. This also mitigates the toxicity of
CNTs. Liu et al. [82] compared the toxicity effects of both
pristine MWCNTs and carboxylated MWCNTSs on a human
normal liver cell line LO2. The authors found both pristine
MWCNTs and carboxylated MWCNTSs reduce the electrical
potential of mitochondrial membrane, enhance the release
of cytochrome c, and eventually activate the mitochondria
mediated apoptotic pathway. Functionalized MWCNTs
showed milder effects, suggesting the reduced toxicity
effects on LO2 cells. Jain et al. [83] also reported that acid
oxidized carboxylated CNTs with shorter lengths, hydro-
philic surfaces and high aqueous dispersibility present less
toxic effects than the pristine counterparts. The decreased
bioactivity and pathogenicity of functionalized MWCNTs
were also reported in vivo [84]. Recently, Allegri et al.
pointed out that the mitigation effects of carboxyl- or amino-
functionalized MWCNTs can be partially attributed to the
tendency to generate larger agglomerates in protein-rich
biological fluids [85]. However, the functionalization might
still cause some toxicity due to the formation of reactive
oxygen species (ROS) which could induce oxidative stress
caused by the presence of redox-active groups [86]. Zhang
et al. [87] compared the non-functionalized MWCNTs, func-
tionalized MWCNTs with carboxylation (MWCNTs-COOH)
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and functionalized MWCNTSs with polyethylene glycol
(MWCNT-PEG) in terms of their toxicity effects on mac-
rophage. Results revealed that MWCNTs-COOH produces
a significant increase in ROS, interrupts the ATP synthesis,
and activate both the MAPK and NF-kB signalling path-
ways, which in turn upregulates 1L-1p,1L-6, TNF-a, and
iNOS to trigger cell death. Similarly, Lucia et al. [88] com-
pared the cytotoxic, genotoxic/oxidative and inflammatory
effects of three types of commercial available CNTs includ-
ing pristine MWCNTs, —-OH and —-COOH functionalized
MWCNTs. Results showed that functionalized MWCNT
presented higher cytogenotoxicity and —OH functionalized
MWCNTs showed no membrane damage and induction of
oxidative DNA damage. For pristine MWCNTSs, an inflam-
matory response was observed. Similar researches were
observed by Zhou et al. [89]. The authors compared pristine
and functionalized (-OH, -COOH) MWCNTSs in terms of
cytotoxicity and genotoxicity and found that pristine MWC-
NTs induced high cell death than functionalized MWCNTSs
that caused greater DNA oxidation. The interactions between
CNTs and proteins are also highly relevant. It is known that
when nanoparticles enter in a physiological environment,
they are able to rapidly absorb biomolecules such as proteins
and enzymes, forming a bio-corona that can alter the size
and interfacial composition of the nanomaterials, leading to
a change of biological “identity” (new biological responses
and structural or functional modification due to the biomol-
ecules present in the corona) [64, 90]. Several researches
showed that this protein corona is able to minimize the toxic
effects of CNTs. Ge et al. [91] showed that the n—r stack-
ing facilitate the binding of SWCNTs with aromatic resi-
dues (Trp, Phe, Tyr) of blood proteins. However, the protein
absorption by nanoparticles is both protein-- and CNT-spe-
cific. Lu et al. [92] studied the effects of three different types
of functionalized SWCNTs (carboxylated, hydroxylated
and amined SWCNTSs) on human serum albumin (HSA)
and found that the absorption capability of HSA increases
as follows: caboxylated SWCNTSs > hydroxylated SWC-
NTs > amined SWCNTSs. Moreover, the results showed that

coating carboxylated CNTs with HAS significantly reduced
their cytotoxicity in comparison of other two types of SWC-
NTs. Shannahan and co-workers [93] studied different types
of CNTs including unmodified and carboxylated SWCNT
and MWCNTs (SWCNT-COOH and MWCNT-COOH),
polyvinylpyrrolidone (PVP)-coated MWCNT and nano-
clay. SWCNT-COOH and MWCNT-COOH were found to
bind the greatest amount of proteins. Modified carboxylated
CNTs bound a high number of proteins compared to unmod-
ified CNTs, suggesting covalent binding to protein amines.
Improved results were observed with SWCNT-COOH.
Moreover, modified CNTs bound a high number of specific
proteins (e.g. nuclear receptor coactivator-6, lactase-phlori-
zin hydrolase) implying hydrogen bonding and electrostatic
interactions were involved in the protein corona formation.
PVP coating of MWCNTs did not influence the composition
of the protein corona, further strengthening the possibility of
hydrogen bonding and electrostatic interactions. Although
the formation of protein corona may alter the toxicity effects
of nanoparticles, strong interactions between CNT surface
and proteins might induce conformational changes of pro-
teins (i.e. the secondary and tertiary structure of bovine
serum albumin) and lead to potential loss of functions [94,
95]. The potential toxicity’s effects induced by CNTs are
summarised in Table 2.

Processing properties

As mentioned in previous sections, CNTs are 1D nanoma-
terials and the internalization of CNTs may induce the cyto-
toxicity and genotoxicity. Moreover, CNTs are insoluble in
water and most organic solvents, making them difficult to
directly process to fabricate scaffolds/constructs for tissue
engineering applications. Therefore, for the sake of minimiz-
ing the potential toxicity and fabrication points of views,
they are usually used as reinforcement fillers incorporated
with polymeric biomaterials due to the fact that polymers
are biocompatible and easily processed by various fabrica-
tion techniques. However, there is no universal processing

Table 2 The toxicities caused by different physio-chemical properties of CNTs

Characteristics Toxicity’ effects Refs

Dimensions Needle-like shape of CNTs may cause pleural lesions and inflammation; Longer and larger CNTs [65-68]
showing greater cytotoxic

Impurities Residuals such as iron, nickel, cobalt and molybdenum may induce oxidative stress and anti-depletion  [74-77]

Surface defects/imperfections Structural defects may trigger acute pulmonary toxicity and genotoxicity; Defect sites on MWCNTs [79-81]
correlate with their interaction with membranes

Functionalization Debatable; the addition of functional group may mitigates the toxicity of CNTs. However, the forma- [82-89]
tion of reactive oxygen species may trigger cell death; Functionalised CNTs may cause cyto-genotox-
icity

Corona The formation of bio-corona leads to a change of biological “identity” which may cause the loss of [94, 95]

functions
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technique which can be suitable for all situations. The selec-
tion of processing technologies has to be depended on the
desired properties, chemical compositions, ease of synthesis
of composite and cost considerations and it has to trade off
some properties for a specific case [96]. In this sense, a brief
review is provided to introduce the commonly used process-
ing technologies of CNTs in the polymer matrix for tissue
engineering applications.

Solution-based processing

Solution-based processing is most used technique to produce
CNT involved polymer composite due to its easy processing
procedure. The dissolved CNTs and polymer matrix solu-
tions in same/different solvents are mixed thoroughly, fol-
lowed by intensive agitation such as mechanical stirring,
sonication, and vigorous shaking. With the solvent evapora-
tion, the composite films/sheets containing CNTs and poly-
mers are formed. The solution-based process is involved
in various fabrication techniques, such as electrospinning,
freeze-casting, phase separation and extrusion-based addi-
tive manufacturing [97-99]. The selection of appropriate
processing technology is specifically depended on specific
applications. Electrospinning is a widely used fabrication
process which can produce fibrous matrix from micro to
nano-scale level [100]. More than 75 different natural/syn-
thetic polymers have been electrospun and fabricated as
scaffolds/constructs for various tissue applications such as
skeletal muscle, bone, skin, blood vessel and neural tissues
[101]. The electrospinning technique is specifically attrac-
tive to the CNTs involved polymeric composite scaffolds
due to the fact that this technique is able to create highly
orientated fiber mats [102]. The alignment of CNTs in the
polymer matrix creating anisotropic scaffolds can further
strengthen the electrical conductivity, mechanical properties
and their biological properties [103—105]. Freeze-casting,
also referred to ice-templating, is a solidification process to
produce porous structures. When suspensions or solutions
are solidifying, walls are templated due to the rejection of
particles and porous structures are created after post-solid-
ification, replicating the morphology of the solidified fluid
[106]. Freeze-casting can be used to produce both aniso-
tropic and isotropic structures while anisotropic character-
istics are more extensively investigated since anisotropy of
scaffolds plays a vital role in tissue engineering [107]. The
capability of producing high porous and anisotropic struc-
tures makes freeze-casting appealing to fabricate and mimic
the native bone tissue incorporating with CNTs to strengthen
their mechanical properties and biological properties. Phase
separation is also able to produce porous structures where
the dissolved polymer solution is placed in a mould fol-
lowed by the crystallization of the solvent and the solvent is
removed by freeze drying process, leaving behind the pores
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with a morphology similar to that of solvent crystallinities
[108]. The pores can be controlled by crystallization rate
and PH value [109]. Although these methods are able to
fabricate porous polymer/CNTs scaffolds for various tis-
sue engineering applications, they usually do not enable to
properly control pore size, pore geometry and spatial dis-
tribution of pores, besides being almost unable to construct
internal channels within the scaffold. In this sense, the addi-
tive manufacturing techniques are considered to be a viable
alternative to fabricate 3D porous scaffolds. Gongalves et al.
[99] reported a 3D printed polycaprolactone/hydroxyapatite/
multi-walled carbon nanotubes (PCL/HA/MWCNTs) scaf-
folds for bone tissue engineering. 50 wt% PCL, 40 wt% HA
and 10 wt% MWCNTs were mixed thoroughly in dichlo-
romethane solution and printed using a pressure-assisted
3D printing. Fully interconnected porous 3D scaffolds were
successfully produced with pore size ranging between 450
and 700 um. Ho et al. [110] also reported the use of pres-
sure-assisted 3D printing to produce 3D porous scaffolds for
cardiac tissue regeneration. Different amount of functional-
ized CNTs (1wt%, 3 wt% and 5 wt%) were mixed with PCL
in chloroform solution. The interconnected channels were
uniformly distributed with filament widths ranging from 300
to 450 um and pore sizes ranging from 425 to 675 pum.

Polymerization processing

The key factor of solution-based processes which can suc-
cessfully produce CNTs involved polymer composite is to
de-bundle the CNTs agglomeration and ensure homogene-
ous dispersion in the polymer matrix. As mentioned in previ-
ous sections, CNTs are insoluble in most organic solvents.
Although, the functionalized CNTs facilitate their solubility
in the solvents, the slow evaporation of solvent and follow-
ing fabrication process might spend long time, leading to
CNTs re-agglomeration and resulting in the inhomogene-
ous dispersion in the polymer matrix. Therefore, alternative
methods which is able to process insoluble CNTs and ensure
uniformly distribution are required. In-situ polymerization is
a construct strategy in which the monomers or pre-polymers
can mixed with functionalized CNTs or monomer-grafted
CNTs, followed by the polymerization carried out by adjust-
ing the temperature and time [96, 111, 112]. This method
allows a strong interaction between polymer matrix and
CNTs by the covalent linkage or the non-covalent linkage.
Kateklahijani et al. [113] fabricated poly (anilineboronic
acid) (PABA) nanocomposite containing DNA-function-
alized carbon nanotubes (DNA_CNT) and nitrogen-doped
graphene (NEG) through in situ chemical polymerization.
It was found that DNA_CNT_NEG presented a good pre-
dispersion in the 3-aminophenylboronic acid monomer solu-
tion and able to create highly-ordered and poly-conjugated
structure with superior electrical conductivity (14,300 S
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m~! at 3.0 wt% filler content). Bonab et al. [114] reported
a comparative study of thermoplastic polyurethane (TPU)
containing linear CNTs and branched CNTs using in-situ
polymerization. They found that the composite containing
branched CNTs formed stronger networks than the linear
CNTs composite, presenting better mechanical properties.
Moreover, the use of branched CNTs enables the rheological
threshold at much lower concentration for branched CNT
nanostructures than the linear CNT ones.

Gelation, also called sol-gel transition, is a process that
links macromolecular chains, resulting in the formation
of a branched polymer structures [115]. It can be divided
into physical gelation in which strong physical gels present
strong bounds between chains, whereas weak gels have
reversible links formed by temporary associations between
chains. In contrast, chemical gelation forms covalent bounds,
resulting in a stronger gel formation [116] and this process
involves the polymerization process.

The polymerization process can be achieved by adding
the chemical crosslinkers. Han et al. [117] integrated an
electro-conductive hydrogel containing polyvinyl alcohol-
borax (PVAB) and carbon nanotube-cellulose nanofiber
(CNT-CNF) nano hybrids using the chemical gelation
process where the cellulose nanofiber (CNF) served as a
dispersant to uniformly stabilize CNTs in the suspensions.
The CNT-CNF solutions were added by borax and polyvinyl
alcohol (PVA) and borax solutions, followed by the cooling
gelation to form the CNT-CNF/PVAB composite gels. The
CNT-CNF/PVAB composite gel presents high compressive
modulus (~93 kPa) and storage modulus (~7.12 kPa) and
assembled CNT-CNF/PVAB supercapacitor presents a spe-
cific capacitance of 117.1 g~! and a capacitance retention
of 96.4% after 1000 cycles. Ravanbakhsh et al. [118] devel-
oped a glycol chitosan/CNT-based composite hydrogels for
vocal fold tissue engineering in which glycol chitosan acted
as the matrix, glyoxal served as the chemical crosslinker,
and carbon nanotubes (CNTs) were added as the reinforce
fillers. The composite hydrogels were extensively tested
by scanning electron microscopy, rheological analysis and
cell viability analysis. The authors found the porosity was
increased with the increase of concentration of carboxylic
CNTs and the gelation time and the storage modulus were
as function of CNT concentration.

Ultraviolet (UV) initiator photo-polymerization is also
a usually used method to synthesize hydrogels containing
CNTs. Polat et al. [119] developed a gelatin-based con-
ductive hydrogels doped with carbon nanotube (CNT),
poly(3.,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) and silver (Ag) nanoparticle separately.
Gelatin (Gel) and methacrylic anhydride (MA) were used
to synthesize the gelatin methacrylate. Irgacure 2959 was
used as a photo-initiator and poly(ethylene glycol) diacrylate
(PEGDA) was used to increase mechanical strength. The

CNT, PEDOT:PSS and Ag were used as conductive fill-
ers. The results showed that the porosity was significantly
decreased by adding these conductive nanoparticles while
the thermal stabilities was improved compared than non-
conductive GelMA hydrogels. Equivalent impedance meas-
urements showed that the conductive hydrogels exhibited
high impedance at low frequencies and low impedance at
high frequencies. Ahadian et al. [120] reported an elasto-
meric polymer/CNT scaffolds for cardiac tissue engineer-
ing using the photo-polymerization. CNTs were dispersed in
the poly(ethylene glycol) dimethyl ether porogen and mixed
with poly(octamethylene maleate (anhydride) 1,2,4-butan-
etricarboxylate) (124 polymer) pre-polymer. The mixture
was molded into shape and crosslinked by UV light. The
124 polymer scaffolds containing 0.5 wt% CNTs presented
improved excitation threshold (3.6 +0.8 V/cm) compared
to the one with 0.1 wt% CNTs (5.0 +0.7 V/cm) and the one
without CNTs (5.1 +£0.8 V/cm), suggesting the greater tis-
sue maturity.

Moreover, the addition of CNTs into polymer-based
hydrogel can improve the viscoelastic behavior of composite
hydrogels, making them capable of maintaining the shape
fidelity. This makes them attractive to develop as a bioink
and process as 3D construct using additive manufacturing.
Nurly et al. [121] developed a polyethylene glycol (PEG)
and polyvinyl alcohol (PVA) double network (DN) hydrogel
containing different contents of CNTs (0.125 wt%, 0.25 wt%
and 0.5 wt%). Followed by mixing the first network of PEG-
diacrylate with PVA solutions and CNTs, the DN network
was formed by the crosslinking reaction catalyzed by adding
ammonium persulfate (AP). The developed hydrogels were
then tested in terms of their printability. The results showed
that the CNTs additional were capable to maintain the shape
memory effect of hydrogels and the viscoelasticity for print-
ability was improved as function of CNT concentration. Li
et al. [122] developed a hybrid bioink containing gelatin,
sodium alginate and carbon nanotubes and used direct 3D
printing technique to produce blood vessel construct. After
rapid fabrication, the vessel constructs were immersed in the
calcium chloride solution to acquire adequate cross-linking
reaction. The results showed that the bionic circular tubes
with an average wall thickness of 0.5 mm and a length of
7-10 cm were successfully fabricated and the addition of
CNTs can significantly improve the mechanical properties.
No cytotoxicity effects were observed.

Other processing technologies

Other fabrication processes to obtain polymeric scaffolds
containing CNTs includes coating CNTs on the surfaces of
pre-formed scaffolds and the melt-based processing. Vari-
ous coating techniques can be used to coat CNTs on the
produced polymer scaffolds such as layer-by-layer assembly
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(LBL) and electrophoretic deposition (EPD). Patel et al.
[123] using LBL deposition coated different amounts of
CNTs (0.5wt% and 1wt%) onto the surface of electrospun
PCL fibers and investigated the in-vivo responses of scaf-
folds. They found the PCL matrix coated with CNTs sig-
nificantly reduces the inflammatory signs, substantially
promotes angiogenic responses and accelerates the bone tis-
sue healings. Fraczek-Szczypta et al. [124] used EPD tech-
nique coating graphene oxide (GO) and polyaniline (PANI)
nanocomposite onto the surface of titanium (Ti) substrates
for neurite regeneration. Four different coatings including
GOTi-GO, GO:PANI (1:1), GO:PANI (4:1), and GO:PANI
(16:1) were extensively characterized such as morphology,
microstructure, surface energy, wettability and biological
tests. Among the four different coatings, GO:PANI (16:1)
coating is the most promising one which presents better cell
viability and facilitates the formation of ‘neurosphere-like’
structures of cortical neurons. The CNTs surface coating can
change the surface characteristics and have direct impacts
on the cell-material interactions. However, the limitations
are also co-existed such as the limited effects on the overall
properties of the scaffolds (i.e. mechanical property) and
reduced long-term functionality caused by the removal of
coating layers (i.e. degradation of polymer). Melting pro-
cess is also used to fabricate the polymer/CNTs scaffolds.
This method is usually applied to prepare the mixture of
thermoplastic polymers and CNTs particles. The molten-
state polymer matrix, when applied the air pressure or the
mechanical strength, can generate high shear forces which
can facilitate the de-agglomeration of CNTs bundles and
assist their homogeneously dispersion in the polymer matrix.
In our group previously researches [125, 126], we success-
fully used melt blending to prepare PCL/MWCNTSs compos-
ite and PCL/HA/MWCNT composite. The composites were
processed to be 3D porous scaffolds for bone tissue applica-
tions using the screw-assisted extrusion additive manufac-
turing. The produced scaffolds exhibit stronger mechanical
properties and enhanced osteogenesis. The combination of
screw motion can significantly promote the CNTs alignment
in PCL matrix. The fibrous-like CNTs embedded by nano-
scale HAs highly mimic the native structures of bone tis-
sue. Although melt process is a straightforward and simple
method to produce polymer/CNTs composite and the fabri-
cation process is free from toxic solvents, the limitation of
this technique is also apparent due to the CNTs agglomera-
tion. Although the screw motion, to some extent, de-bundles
the CNTs agglomerations and benefits the homogeneous dis-
persion, we are still able to observe the agglomerated CNTs
by the transmission microscopy (TEM) and the polarised
Raman microscopy. Moreover, with the increase of concen-
tration of CNTs (up to 3 wt%), a significant change of rheo-
logical behaviour of molten composite occurred and a strong
phase transition from liquid-like to solid-like state occurred,
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which seriously hinders the use of higher contents of CNTs
and the printing process.

Applications of carbon nanotubes in tissue
engineering

Neuronal tissue engineering

Nerve loss/damage may arise from external trauma, anoxia,
hypoglycaemia, diabetes and virus infection [13]. Although
nerve axons are able to regrowth, the damage size is lim-
ited to 5 mm and coaptation is always needed to surgically
join the damaged nerve ends. Therefore, a variety of nerve
therapies have been developed including coaptation, nerve
autograft, nerve allograft and nerve conduit [127]. Any strat-
egy which is used to repair the damaged central nervous
system (CNS) cannot avoid addressing the regeneration of
axons, the plastic remodelling of neuronal circuitry, and the
regeneration of neurons which are arisen from stem cells
[128-130]. However, this is a very complex issue. Axons
growth needs to overcome unfavourable and inhibited envi-
ronment, and requires proper axonal spatial organization,
target recognition and the rebuild of functional synapses.
Stem cells are required to be alive and able to differentiate
into a specific neuronal lineage [13]. Therefore, the design
of any treatment for damaged nerves has to take into account
all these steps. In this perspective, the synthetic material-
based implants such as artificial scaffolds are required to
provide biocompatible and bioactive environment, allowing
the attachment, maintenance, and differentiation of nerve
cells and eventually inducing the formation of functional
neuronal assembly [130-132]. Furthermore, the platform
provided for nerve regeneration needs to have appropriate
dimensions to avoid any nerve damage and compression and
to allow the release of neurotrophic factors and diffusion by
the proximal site of axon injury [133]. Flexibility is crucial
to allow in vivo manipulation, requiring appropriate ulti-
mate tensile strength and elastic modulus (1.4 and 0.58 MPa
respectively for decellularised nerve tissue) [134—136].
Eventually, Nanotopography is of great importance since
the interaction of neurons with their growing substitutes
occurs in nanoscale level such as neural cell adhesion mole-
cules-NCAM,N-cadherin and integrins which are extremely
sensitive to the nanoatmosphere of substrates [137, 138]. A
variety of researches has been reported in terms of directly
using CNTs as substrates for neuronal tissue engineering
and results showed that CNTs are able to support neurons
attachment, facilitate a generation of longer and more elabo-
rate neurite and also promote cell differentiation [139-141].
However, the potential toxicity of CNTs in biological system
and the difficulty of producing a regulated 2D/3D structures
strictly restricted the utilization of CNTs as a substrate for
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neural tissue engineering. Polymeric scaffolds, although
providing a biocompatible environment, are lack of electri-
cal conductivity and appropriate tensile strength, limiting
the applications of electrically propagating tissue. However,
the combination of CNTs with high electrical conductivity
and extraordinary mechanical properties might provide an
alternative pathway for these non-conductive materials in
the neuronal tissue engineering and meanwhile minimize
the toxicity effect of CNTs.

Due to the exceptional electrical conductivities, exten-
sive studies have investigated the combination of CNTs with
biocompatible polymers to develop 2D electrical conductive
meshes or membranes for neural tissue engineering. Vicen-
tini et al. [142] used three types of carbon nanostructures
containing factionalized graphene, MWCNTs and nanohorns
as fillers to develop a poly(; -lactic acid) composite material
with carbon loadings over a range between 0.1 wt% to 5 wt%
and used electrospinning to create a 2D film for neural tissue
engineering. The composite material containing MWCNT
showed overall higher Young’s modulus and elongation
break but lower electrical resistance. All these composite
scaffolds showed good biocompatibility and support the pro-
liferation of human neuronal precursor cell line SH-SYSY.
Shao et al. [143] reported a novel strategy to create a mem-
brane containing CNTs and poly(dimethyldiallylammonium
chloride) (PDDA) via layer-by-layer assembly. Interestingly,
results showed that positively charged PDDA and negatively
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charged CNTs could lead to more homogeneous dispersion
of CNTs in the polymer matrix. The developed substrates
provided a potent regulatory signal over neural stem cells in
terms of adhesion, proliferation, differentiation, outgrowth
and electrophysiological maturation of neural stem cells
derived neurons. Moreover, authors proposed a possible
mechanism that the integrin-mediated interactions between
the substrates and neural stem cells (NSCs) activated focal
adhesion kinases (FAK), leading to initiation of a series of
signalling events such as MAPK signalling pathway which
regulates NSCs differentiation, a Wnt signalling pathway
which regulates NSCs proliferation and a PI3K-AKT signal-
ling pathway to regulates the cell survival (Fig. 4).

Wu et al. [144] investigated the use of biocompatible
chitin/carbon nanotubes (Ch/CNT) composite hydrogels
produced by blending CNTs with chitin solution in sodium
hydroxide/urea solution with a ratio of 11wt%:4wt% and
regenerating in ethanol. Ch/CNT hydrogels showed higher
tensile strength than pristine chitin hydrogel (2.09 MPa
and 0.73 MPa respectively) and elongation at break while
the swelling ratio decreased. Moreover, cell studies with
Schwann cells showed that the ch/CNT substrate presented
no cytotoxicity and neurotoxicity. Results also showed an
increase of proliferation, adhesion and spreading body
with cells presenting large extension and elongation. This
trend was more evident with increasing the concentration of
CNTs and culture time. Similarly, Liu et al. [145] developed
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Fig.4 Schematic figure showing ECM proteins absorbed on CNT multilayers interacts with integrin, activate signaling transduction pathways

and thus regulates NSCs biological processes (Ref. [143])
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a composite hydrogel containing crosslinkable graphene
oxide acrylate (GOa) and carbon nanotube poly(ethylene
glycol) acrylate(CNTpega), also referred to rGOa-CNT-
pega-OPF hydrogel produced by in situ chemical reduction
in L-ascorbic acid solution. The incorporation of graphene
oxide and CNT increases the electrical conductivity and
PC 12 cell proliferation. Fluorescence microscopy images
showed robustly stimulation of neural cells on the composite
hydrogel.

Arslantunali et al. [136] designed a MWCNTY/ poly(2-
hydroxyethyl methacrylate) (pHEMA) composite conduit
to improve peripheral nerve regeneration. Results show that
the incorporation of MWCNT improved both the mechani-
cal properties (elastic modulus of 0.32 +0.06 MPa) and
electrical conductivity (8 x 1072Q~! cm™!). SHSYSY neu-
roblastoma cells were used to investigate the biocompat-
ibility of the composite conduit. No cytotoxicity effects were
observed. Salehi et al. [146] developed a conduit contain-
ing polylactic acid (PLA), MWCNT, and gelatin nanofibris
with coating the recombinant human erythroprotein-loaded
chitosan. The physical properties including a compressive
modulus of 2.66 +0.34 Mpa, the ultimate tensile strength of
5.51+0.13 Mpa and electrical conductivity of 0.32S x cm™!
with the porosity of 85.78 +0.7% were reported. Degrada-
tion tests showed 11 wt% losses after 60 days compared
to PLA conduits (8.6 +0.62 wt%). After two weeks of SCs
cell culture, no cytotoxicity was observed. In vivo tests
were conducted by implanting the conduits seeded with
1.5x 10* Schwann cells (SCs) into a 10 mm sciatic nerve

defect created in Wistar rats showing that the produced con-
duit had comparable potential to the autograph. Ahn et al.
[147] reported the in vivo study of CNT-interfaced glass
fiber scaffold used as a nerve conduits for the repair of tran-
sected rat sciatic nerve (Fig. 5a). Functionalized CNTs were
successfully covalently grafted onto the surface of aligned
phosphate glass microfibers (PGFs) and then the composites
containing CNTs and PGFs were placed into three dimen-
sional poly (L/D-lactic acid) (PLDLA) tubes, following
implanted into 10 mm gap of a transected rat sciatic nerve.
After sixteen weeks of in vivo test, the number of regener-
ating axons crossing the scaffolds, the cross-sectional area
of the re-innervated muscles and the electrophysiological
findings were significantly strengthened by the use of CNTs.
Recently, Xia et al. [148] reported the use of a multivalent
polyanion-dispersed CNT to construct electrospun fibrous
scaffold for nerve tissue regeneration (Fig. 5b). In the work,
CNTs are non-covalently functionalized by hyperbranched
polyglycerol sulfate, followed by coating onto electrospun
Polycarprolactone (PCL) nanofibers. Results showed that
the scaffolds not only served as a biocompatible platform
for pluripotent stem cells (IPS) to adhere and proliferate, but
also induce higher IPS differentiation. Moreover, the aligned
fibres can guide the orientation of generated neurites.

Instead of using 2D membranes or 1D conduit obtained
through labour-intensive methods, frequently requiring the
use of toxic organic solvent, the use of additive manufactur-
ing (3D printing) to create 3D constructs is becoming highly
relevant.

= PCL

PCL-CNT-hPGS
CNT-hPGS

ink coating

(e) 0 mV/mm

50 mV/mm 0 mV/mm

50 mV/mm

L-PC_A

L-PC_A(ES)

Fig.5 a 1D PLDLA/CNT conduits for nerve regeneration showing
fabrication process and representative results of in vivo test; b Fab-
rication process of 2D electrospun PCL-CNT-hPGS PLGA/MWCNT
mesh; ¢ Schematic diagram showing the fabrication process of 3D
porous MWCNT composite scaffold; d Alignment of MWCNT inside
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chitosan matrix and aligned cell distribution; e Neurite outgrowth
with/without SWCNT and with/without electrical stimulation; f Flu-
orescence images of PC12 cells cytoskeleton on different scaffolds
(ES: with electrical stimulation) (reproduced from Refs. [147, 148,
150, 152, 153]
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Serrano and co-workers [149] produced 3D porous scaf-
folds containing MWCNTs and chondroitin sulphate (CS), a
major regulatory component of the nerve tissue, via freeze-
casting. The developed scaffolds allowed the formation of
neural networks and displayed calcium transients and active
mitochondria, even without coating poly-D-lysine (PL).
According to the authors, this behaviour can be explained
by a synergistic neural-permissive signalling that arise from
both the scaffold structure and its MWCNTs and CS compo-
nents, suggesting that these scaffolds are suitable to implant
in the acute phase after injury as it is during this phase that
the most critical sequence of events took place to drive either
nerve regeneration or fibrogial scar formation.

Lee et al. [150] used a vat-photopolymerization system
to produce amine functionalized MWCNTs and PEGDA
composite scaffolds (Fig. 5c). Cell proliferation and dif-
ferentiation studies were performed using NSCs, with and
without electrical stimulation (500 pA). Results showed that
vat-polymerization allowed the fabrication of complex 3D
structures with controlled microarchitecture and porosity.
PEGDA/MWCNT scaffolds promoted neural stem cell pro-
liferation and early neural differentiation compared to scaf-
folds without MWCNTs. Electrical stimulation promoted
neural maturity assessed by protein expression analysis.
Results suggested that the PEGDA/MWCNT composite
scaffolds coupled with electrical stimulation might have a
synergistic effect on improving neural outgrowth in nerve
tissue engineering.

It has been also reported that the alignment of CNTs in
the polymeric matrix can improve the mechanical proper-
ties, electrical conductivities and the biological charac-
teristics of neural substrates. Gupta et al. [151] compared
aligned MWCNT/ chitosan scaffolds with randomly dis-
tributed MWCNT/chitosan composite scaffolds and found
that the elastic modulus, yield strength and ultimate tensile
strength for aligned scaffolds were increased 12.7%, 21.9%
and 11.2% respectively. Alignment of MWCNTs introduced
highly anisotropic electrical conductivity (100,000 times
higher) along its direction, as compared to the transverse
direction of the scaffold. Shrestha et al. [152] developed
a self-electrical stimulated double-layered nerve guidance
conduit (NGC) for nerve tissue engineering (Fig. 5d). The
produced NGC consists of chitosan grafted polyurethane
with functionalized MWCNTSs and a layer of coated polypyr-
role and its structure is formed by an aligned inward layer
and a randomly oriented outer layer. The results showed a
significant improvement in the adhesion, proliferation and
differentiation of both PC 12 cells and Schwann cells. More-
over, it was possible to observe better distribution of cells
along the aligned fibers.

Recently, numerous interests has been addressed in the
use of electrical stimulation applying to the conductive bio-
materials such as CNT enhanced scaffolds since it could

provide a stronger guidance and stimulation for the neural
cells ingrowth. Koppes and his co-workers [153] mixed
caboxylated SWCNTSs with hydrogels to produce compos-
ite scaffolds applied by direct current stimulation (Fig. 5e).
With increasing the loading of SWCNTs, the electrical con-
ductivity was significantly improved and the neurite out-
growth has been significantly improved compared to the
SWCNT-free controls. Furthermore, with applying elec-
trical stimulation, SWCNT-loaded materials presented a
7.0-fold increase in outgrowth relative to the unstimulated,
nanofiller-free controls. However, the mechanism of neurite
extension was still required further investigation of nano-
filler properties.

Similarly, Wang et al. [154] found that the use of elec-
trical stimulation enhances the neurite extension. They
produced poly (lactic-co-glycolic acid) (PLGA) compos-
ite scaffolds with a mixture of carboxylated MWCNTSs and
a coating of poly-L-lysine which was used for enhancing
hydrophilicity (Fig. 5f). Scaffolds with aligned fibers were
produced to guide PC12 cells and DRG neurons growing
along the fiber direction. Results showed that with an elec-
trical stimulation of 40 mV, PC12 cells and DRG neurons
showed longer neurite length. Differentiation of PC12 cells
also increases due to the electrical stimulation.

Cardiac tissue engineering

The treatment of myocardial damage represents a significant
health problem due to the increased number of population
suffering from cardiovascular diseases (CVDs) [155]. Com-
mon treatments involve surgical approaches, the use of left
ventricular assistance devices (LVAD), pharmacological
and gene therapies [156]. However, these treatments pre-
sent several limitations such as the lack of donated organs,
thrombosis, infection, bleeding, and low clinical efficiency
[155, 157-159]. Gene therapy is a relatively recent treat-
ment, based on the use of a vial virus carrying genes to the
targeted cells. However a high fraction of population might
be excluded from this therapy due to the presence of anti-
adeno-associated virus antibody [160]. However, none of
these treatments focus on tissue regeneration but on treating
the symptoms of cardiac diseases. Therefore, cardiac tissue
engineering provides an alternative pathway to overcome
these limitations. It is known that the loss of specialized
cardiac muscle cells, also known as cardiomyocytes, usu-
ally leads to a series of cardiac diseases [155]. Therefore,
cardiac cell therapy, the most commonly used cardiac tis-
sue engineering approach, involves the direct implantation
of specific cells such as cardiac progenitor cells, pluripo-
tent stem cells and cardiomyocytes derived from these cells
into a host heart [161]. Although cardiac cell therapy shows
unique advantages over traditional cardiac disease treat-
ments, drawbacks such as low cell seeding efficiency, poor
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survival rate, immunogenic response and lack of integra-
tion with host tissue limited the clinical outcome [155, 162].
Cell reprogramming represents a new approach aiming to
eliminate some of the problems of the cell therapy but fur-
ther research is still needed before its clinical applications
[162-164].

The use of synthetic materials with or without cells repre-
sents another implanted cardiac tissue engineering approach
aiming to mimic the myocardium tissue, considering its
composition, mechanical and electrical properties and even-
tually providing the appropriate physio-chemical environ-
ment for cardiomyocytes growth. The myocardial extracel-
lular matrix (including collagen, glycoprotein, proteoglycan
and glycosaminoglycan etc.) play a significant role in provid-
ing the sufficient mechanical strength and the anisotropic
organization of myocardium [165]. The connection of car-
diomyocytes is achieved by fascia adherences, desmosomes
and gap junctions. The fascia, desmosomes and ECM pro-
vides ~425 kPa elastic modulus of native heart tissue and the
electrical communication between cardiomyocytes occurs in
the gap junctions with longitudinally and transversely elec-
trical conductivity of ~0.16 S/cm and ~ 5 x 107>S/cm respec-
tively [166, 167]. Therefore, biomaterials for cardiac tissue
engineering must present sufficient mechanical strength
and remain conductive for the growth of myocardium tis-
sue regeneration. Polymeric materials can be biocompat-
ible, but are also usually inert which limits the intercellular
interaction and signal transfer and the mechanical properties
require further improvements [168—172].

In order to improve both mechanical and electrical con-
ductivity properties of biopolymers, a wide range of poly-
mer/CNTs composites have been investigated. Li et al. [173]
prepared poly(N-isopropylacrylamide) (PNIPAAm) hydro-
gel containing SWCNTs. The hydrogel was lyophilized in
order to create solid substrates. In vivo and in vitro tests
were conducted to assess the biocompatibility characteris-
tics. In vitro results with brown adipose-derived stem cells
(BASCs) showed that the presence of SWCNTSs improves
the biological performance of PNIPAAm substrates. In vivo
studies showed that the PNIPAAm/SWCNTs significantly
enhanced the engraftment of BASCs in infract myocardium.
Wickham et al. [174] fabricated PCL membranes by solvent
casting and meshes by electrospinning both incorporating
thiophene-conjugated CNTs (T-CNTs). Biological studies
using cardiac stem progenitor cells (CPC) showed that PCL
and PCL/T-CNTs membranes, contrary to the corresponding
meshes, were not able to support cell attachment and prolif-
eration. In the case of electrospinning meshes, it was pos-
sible to observe that the incorporation of T-CNTs increases
the mechanical strength and cell proliferation but no effects
were observed for cell differentiation. Similarly, Liu et al.
[175] produced electrospun poly(lactic-co-glycolic acid)/
MWCNTs. Different amounts of MWCNTS (1, 3, 5 and 7
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wt%) were considered. Results showed that both the young’s
modulus and electrical conductivity were significantly
higher in the meshes containing 3 wt% of MWCNTs. Neo-
natal rat cardiomyocytes seeded on the meshes maintained
their viability, induced cell elongation and enhanced sarco-
meric a-actin and troponin I production in cardiomyocytes.

Current cardiac tissue engineering approaches present
insufficient remodelling of the intercalated discs (IDs) con-
necting the cardiomyocytes. CNTs might contribute to over-
come this limitation. Sun et al. [176] developed a CNT/col-
lagen patch to enhance intercalated disc assembly in cardiac
myocytes (Fig. 6). In the myocardium, 1-integrin plays a
significant role as a mechanotransducer activating a host of
intracellular signalling pathway, including focal adhesion
kinase (FAK), integrin-linked kinase (ILK) and Src [177,
178]. Results not only showed that the composite substrate
enhances the cardiomyocyte adhesion and maturation but
also promotes ID-related protein expression, enhancing ID
formation and functionality. Composite substrates contain-
ing CNTs significantly accelerate gap junction formation
by activating the f1-integrin-mediated FAK/ERK/GATA4
pathway.

The major limitation of using polymeric materials for
the repair of heart defects is that the insulated walls hinder
the transfer of electrical signals between cardiomyocytes,
leading to arrhythmias when the biopolymeric materi-
als is implanted. Shin et al. [179] addressed this problem
producing patches for cardiac tissue engineering based
on gelatin methacrylate (GelMA) and CNTs (Fig. 7a).
GelMA were pre-coated onto CNT bundles and 50 pm
thick CNT-GelMA hybrid hydrogels was prepared by
photo-crosslinking. Porous substrates were prepared and
cultured with neonatal rat cardiomyocytes. Results showed
that CNT-GelIMA presented three times higher spontane-
ous beating rate, 85% lower excitation threshold, signifi-
cantly improving cell adhesion, organization and cell—cell
coupling. Mombini et al. [180] used polyvinyl alcohol
(PVA), chitosan (CS) and different concentration of CNTs
(1, 3, and 5 wt%) to produce electrospun cardiac conduc-
tive scaffolds. Results showed that nanofiber containing 1
wt% CNT had optimal physiochemical properties (elastic
modulus 130Mpa, electrical conductivity 3.4 x 107 S/cm).
Biological results showed that scaffold containing 1 wt%
CNT promoted the gene expression of cardiac marker by
applying electrical stimulation. Pok et al. [172] prepared a
gelatin chitosan hydrogel with SWCNTs that act as electri-
cal nanobridges for communication between cardiomyo-
cytes. Results showed that the composite hydrogels allow
to achieve excitation conduction velocities similar to the
native myocardial tissue (22 +9 cm/s), supporting the
cardiomyocytes function. Yu et al. [181] investigated col-
lagen type I and carbon nanotubes seeded with cardiomyo-
cytes (CMs). Results showed that CNT-collagen scaffolds
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Fig.6 Schematic representa-
tive illustrating the effect of
CNT composite substrate on the
enhance of the intercalated disc
assembly (Ref. [176])

increased rhythmic contraction area, indicating improved
CMs functions. Kharaziha et al. [105] used electrospinning
to develop a hybrid electrospun composite mesh contain-
ing carboxyl acid group functionalized with MWCNTs and
aligned poly(glycerisebacate)/gelatin (PG). Different lev-
els of MWCNTSs were investigated ranging from 0O to 1.5
wt%. As observed from the experimental work, electrical
and mechanical properties (toughness, tensile strength,
and elastic modulus) increased with the increased con-
centration of MWCNTs (Fig. 7b). Produced meshes were
also able to support cardiomyocytes ingrowth. Meshes
containing MWCNTs resulted in stronger spontaneous
and synchronous beating behaviour with 3.5-fold lower
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excitation threshold and 2.8-fold higher maximum capture
rate, compared to meshes without MWCNTs.

Besides 2D structures, CNTs, mixed with polymeric
materials, have been also used to produce 3D scaffolds. Ho
et al. [110] fabricated PCL/MWCNT composite scaffolds
using an extrusion-based additive manufacturing system
(Fig. 7¢). Scaffolds were produced with filament diameters
ranging from 300 to 450 um and pore size between 425 and
675 um. The incorporation of CNTs not only improved the
mechanical properties (e.g. elastic modulus and toughness),
but also modified PCL morphology enhancing crystallin-
ity. Biological tests with H9C2 cells showed no cytotoxicity
effects. Results also showed that the addition of MWCNTSs
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Fig.7 aCNT-GelMA hybrid hydrogel from synthesis to characteri-
zations including schematic diagram illustrating the isolated heart
conduction systems with purkinje fibers, fabrication process and char-
acterizations; b Beating frequency for different CNT composite scaf-
folds at different culture days; spontaneous contraction patterns for all
scaffolds at day 7; phase contrast images showing non-organized tis-

had an impact on the degradable kinetics, slowing down
the degradation process. Similarly, Izadifar et al. [182] used
a vat-photopolymerization system to produce methacrylate
collagen (MeCol) scaffolds with carboxyl functionalized
CNTs (Fig. 7c). Cell-laden constructs were produced using
human coronary artery endothelial cells (HCAECS) and the
irradiation condition (light density of 6.1Mw/cm? and irra-
diation time of 45 s) did not have a negative effect on cell
viability. The fabricated composite scaffolds also showed
improved electrical conductivity and mechanical properties.

Bone tissue engineering

Bone is a vascular and highly specialized form of connec-
tive tissue, which plays a significant role in maintaining the
shape of skeleton, protecting the soft tissues in cranial, tho-
racic and pelvic cavities, transmitting the forces of muscular
contraction during movement, maintaining ions and regulat-
ing the extracellular matrix (ECM), blood production and
blood pH [183]. Bone is able to heal and remodel itself in the
case of limited damage or fracture. However, in pathological
fractures, traumatic bone loss or primary tumor resection,
where the bone defects exceeds a critical size (5 mm), bone
is no longer able to heal itself [184]. In this case, a variety of

@ Springer

sue (red arrow) and aligned tissue on PG and CNT-PG scaffolds; con-
traction patterns of electrical stimulation for all scaffolds; excitation
threshold and maximum capture rate for all scaffolds; ¢ Degradation
of PCL/CNT scaffolds; Fluorescence images of H9¢2 myoblast cells;
top view of 3D printed CNT/MelCol scaffolds; immunohistochemis-
try analysis of HCAEC morphology (Refs. [105, 179] [110, 182])

therapies were reported including autografts, allografts and
xenografts. However, these methods present several limita-
tions including limited supply and donor site morbidity for
autografts, risk of rejection and transmission of diseases for
allografts, and risk of immunogenicity and poor clinical out-
come in the case of xenografts [185—187]. Therefore, the use
of tissue engineered synthetic bone scaffolds, 3D structures
that provide the necessary support for cell attachment, pro-
liferation, and differentiation, represents a novel and highly
relevant approach.

Bone is a tissue that exhibit piezoelectric properties,
meaning that when stresses are applied, the bone produce
a current. Piezoelectric materials also exhibit a reverse pie-
zoelectric effect, meaning that when a current is applied,
the material compresses. This is an important characteristic
that allows accelerating bone tissue regeneration by using
electro-active scaffolds and the application of electrical
stimulations.

Tanaka et al. [188] fabricated 3D block structure of CNTs
and investigated the efficiency as scaffold materials for bone
repair, comparing with PET-reinforced collagen. Mechanical
tests showed the fabricated structure showed no significant
differences with rat femoral bone with similar compressive
strength of 62.1 MPa and 61.86 Mpa respectively. Earlier
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cell adhesion occurred in CNT scaffolds than PET-rein-
forced collagen scaffolds. CNTs block showed higher ALP
activity with presence of recombinant human BMP-2, indi-
cating good osteogenesis behavior. Tanaka et al. [189] fur-
ther compared CNTs with hydroxyapatite (HA) in vitro and
in vivo. Results showed that CNTs presented better protein
absorption and release ability. In vivo tests showed that CNT
porous structures had higher cell proliferation, better osteo-
conduction and more bone generated with the incorporation
with recombinant human BMP-2. A variety of researches
has already reported the combination of bioceramics such
as hydroxyapatite and bioglass with CNTs for bone repair.
Oyefusi et al. [190] grafted HA onto CNTs and graphene
nanosheets and investigated these materials in terms of cell
proliferation and differentiation by using human fetal osteo-
blastic cell line. Osteocalcin, an indicator of differentiation
rate, was assessed by total protein assays and western blot
analysis. Results showed that both CNTs-HA and graphene-
HA materials supported cell growth and differentiation. Liu
et al. [191] used CNTs as reinforcement fillers to enhance
the mechanical properties of bioglass scaffolds including
compressive strength (maximum value of 37.32 MPa for
samples containing 3 wt% of CNTs) and fracture toughness
(maximum value of 1.58 MPa m'’? for samples containing
3wt% of CNTs). Scaffolds were produced using a powder-
bed fusion additive manufacturing system. Cell studies using
human osteosarcoma MG-63 cells showed the composite
had good cytocompatibility. Khalid et al. [192] investigated
MWCNT/HA scaffolds produced with different loadings
of CNTs (1wt%, 3wt% and 5 wt%). Results using human

SWCNT/PLAGA

Fig.8 a SEM images of SWCNT/PLAGA composite microspheres;
fluorescence images showing cell survive at day 21; b CNT/Col/HA
composite 2D membrane results including SEM images, micro-CT,
mRNA expression and BSP and OCN protein expression; ¢ SEM

osteoblast sarcoma cell lines showed that the cytotoxicity
of the composite scaffolds was dose-dependent and that cell
viability decreased with the increase in CNT content.

Due to the brittleness and lack of flexibility of ceramic
materials [193], CNTs have been combined with biocom-
patible and biodegradable polymers. Gupta et al. [194] fab-
ricated polylactic-co-glycolic acid (PLAGA) and SWCNT
composite microspheres for bone tissue engineering
(Fig. 8a). MC3T3-El cells were studied in terms of adhe-
sion, proliferation and gene expression. Results showed that
MC3T3-El1 cells adhered, grew/survived and exhibited nor-
mal, non-stressed morphology and the addition of SWCNT
strengthened cell proliferation rate and gene expression com-
pared to pure PLAGA scaffolds. The authors further inves-
tigated the materials in vivo [195] and implanted composite
materials into Sprague—Dawley rats for 2, 4,8 and 12 weeks
of implantation time. Results showed that no mortality and
clinical signs were observed. All groups were presenting
continuously weight gain and the rate of gain for each group
was similar. A slight toxicity was observed for PLAGA and
SWCNT/PLAGA groups. The results seemed to indicate
the in vivo biocompatibility of SWCNT/PLAGA compos-
ite. However, these results seemed no significant improve-
ments were found in the bone tissue repair compared to
the control group. This might be the absence of controlled
porous structures allowing better cell communications and
nutrients transform. Flores-Cedillo et al. [196] investigated
MWCNTSs/PCL composite films for bone tissue engineer-
ing. Three different scaffolds were fabricated including
MWCNT/PCL with randomly dispersion, MWCNT/PCL

images showing morphology of 3D PCL/HA/MWCNT scaffold;
TEM images illustrating interaction between HA and CNT (Refs. [99,
194, 195, 201, 202])
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with aligned MWCNTs and B-glycerol phosphate (BGP)
modified MWCNTs/PCL with aligned MWCNTSs. Results
showed that a comprehensive strengthen of physical proper-
ties including thermal, mechanical and electrical properties
for CNT involved scaffolds. Cell seeding of human dental
pulp stem cells (HDPSCs) showed that MWCNT and BGP
on PCL showed higher proliferation rate as well as min-
eral depositions confirmed by Von Kossa and Alizarin red
analysis. Similarly, Abdal-hay et al. [197] used air jet spin-
ning to produce PCL/MWCNTSs composite nanofibers with
0.5wt% and 1wt% loading of MWCNTSs. Results showed
1wt% PCL/MWCNTs presented a significant increase of
tensile elastic modulus (650 MPa) and electrical conduc-
tivity (83 pS-m_l). Cancian et al. [198] reported chitosan-
based thermosensitive hydrogel scaffolds containing CNTs
to improve poor mechanical and physiochemical properties,
calcium deposition and ability of releasing protein drugs.
Results showed that the addition of CNTs had a significant
effect on sol-gel transition time and significantly increased
compressive behaviour. In-vitro calcification studies showed
that CNT had a major effect on the spatial arrangements of
newly formed calcium deposits. Mesgar et al. [199] used
freeze-dry techniques to produced gelatin-chitosan scaffolds
loading different concentration of functionalized MWCNTs.
An 11- and 9.6-fold increase in modulus were observed by
adding MWCNTs but higher content of MWCNT led to a
loss of mechanical property due to agglomeration. Immer-
sion into stimulated body fluid showed the improved bone-
like apatite layer formation with incorporation of CNTs.
Shokri et al. [200] mixed bioglass, carbon nanotubes and
gelatin and used a combination of hot press, salt leaching
and cross-linked by Hexamethylenediisocyanate (HDI) to
produced Cs/BG/CNT nanocomposite scaffold for bone tis-
sue engineering. A variety of characterizations were taken
to study mechanical property, biodegradability, and release
of CNT after 30 days. Results showed that with addition
of 4 wt% of CNT, the compressive strength reached up to
5.95+0.5 MPa. The water absorption was increased by add-
ing CNTs and the amount of CNT released after 30 days was
measured within 6 x 10™ and 1 x 10~ mg/ml. Cell culture
study of MG63 osteoblast showed no toxicity for this com-
posite scaffolds.

Duan et al. [201] used a freeze drying method to create
poly(L-lactic-acid)(PLLA)/CNTs scaffolds and their perfor-
mance was investigated in vitro and in vivo. Scaffolds were
seeded with bone marrow mesenchymal stem cells (BMSCs)
and the in vitro results showed that the presence of CNTs
enhanced cell proliferation, promoting also osteogenic dif-
ferentiation. In vivo tests revealed that CNTs remarkably
promoted the expression of osteogenesis-related proteins as
well as the formation of collagen type I. Jing et al. [202]
combined MWCNTs and collagen/hydroxyapatite to cre-
ate MWCNT/Col/HA scaffolds using also a freeze-drying
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method. Results showed that MWCNT/Col/HA scaffold was
tenfold stiffer than Col/HA scaffolds. In vitro analysis using
BMSCs showed higher proliferation rate, mRNA and pro-
tein expressions of bone sialoprotein (BSP) and osteocalcin
(OCN) in scaffolds containing MWCNTs (Fig. 8b).

2D porous structure containing polymeric materials and
CNTs were intensively reported. However, 3D porous struc-
tures involving CNTs are limited investigated. Goncalves
et al. [99] reported 3D printed porous CNT scaffolds for
bone tissue engineering (Fig. 8c). In this study, a pressure-
assisted extrusion-based additive manufacturing system was
used to produce PCL-hydroxyapatite scaffolds filled with
MWCNTs. A slurry was prepared by dissolving PCL pellets
in dichloromethane. The MWCNT content varied between
0 wt% (i.e. 50 wt% of hydroxyapatite) and 10 wt% (i.e. 40
wt% of hydroxyapatite) in a 50 wt% PCL matrix. Fully inter-
connected porous scaffolds were successfully produced with
square pores in the range of 450-700 pm. Preliminary cell
proliferation testes (6 days) were conducted with MG63
osteoblast-like cells. Improved results were obtained with
scaffolds containing 10 wt% of MWCNTs. Recently, Wang
et al. [203] introduced a polymethyl methacrylate (PMMA)
bone cement incorporated with different loads of MWCNTs
(0.1, 0.25, 0.5 and 1 wt%) using the injection moulding for
the high-load joint replacement. The in-vitro results demon-
strated promoted rat bone marrow mesenchymal stem cell
(rBMSCs) adhesion and proliferation. The osteogenic dif-
ferentiation was also increased from both gene and protein
expression levels. In-vivo tests indicated that 1 wt% loading
of MWCNTs into PMMA bone cement significantly enhance
bone ingrowth with ingrowth ratio up to 42% after 12 weeks
post-surgery.

Swietek et al. [204] reported PCL based 3D composite
scaffolds incorporated with functionalized CNTs (fCNTs)
and iron oxide (ION) with two different mass ratios (1:1
and 1:4) using the solvent casting method for bone tissue
regeneration. The hydroxylated CNTs were firstly mixed
with IONs to prepare hybrid nanoparticles, then mixed with
PCL matrix and eventually fabricated into 3D composite
scaffolds by the solvent casting/porogen leaching. The
SAOS-2 human cell line was used to assess the cytotoxic-
ity. Results showed that the presence of f{CNTs up to 1 wt%
improved the cell attachment and a concentration of I[ONs
below 1wt% increased the cell metabolic activity, indicating
the composite scaffolds are potential candidate’s materials
for bone tissue regeneration.

Limitations and future prospective

Although CNTs are becoming attractive nanomaterials,
acting as reinforce fillers incorporating with biocompatible
polymeric materials and widely used in the nerve, cardiac
and bone tissue engineering, several major limitations still
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remain and further developments are still required to deeply
promote the translation of CNTs into tissue engineering
applications and secure the long-term clinical success.

The strategies to develop non-toxicity, safe and green
CNTs and their polymeric composite still remain a signifi-
cant challenge in the field of regenerative tissue engineering.
The toxicity of CNTs is still an open issue. Although the
physiochemical properties (such as mechanical strength and
electrical conductivity) and biological properties (such as
cell proliferation and differentiation) are promoted accord-
ingly by increasing the concentration of CNTSs in the poly-
meric composite, researchers usually tend to use smaller
amount of the CNTs in the polymeric composite (mostly
below 10 wt%) in order to minimize the potential toxicity
effects. However, the reduction of CNTs in the polymeric
composite might inhibit the mechanical, electrical and bio-
logical properties of CNTs composite. Therefore, this put
forwards higher requirements for the fabrication of safer and
greener CNTs in the future tissue engineering applications.
This can be achieved by optimizing and improving CNTs
fabrication process to acutely produce CNTs with proper
diameter, length and structure which will not induce toxicity
in cellular level. Safer, greener and more efficient catalysts
are also required to minimize the residual toxic effects due to
the oxidative stress and anti-oxidant depletion. Meanwhile,
the investigations of mechanisms how CNTs induce toxicity
are still required to further exploit the potential factors which
will cause the cytotoxicity and genotoxicity. Most research
studies focus on the in vitro early stages of cell culture, the
long-term in vivo studies must be considered, including the
degradation of polymeric materials, leading to the release of
CNTs. It will be a significant consideration for researchers
in future to develop well strategies to balance the toxicity
effects and varies characteristics when they design CNTs/
polymeric composites.

Another factor hindering the use of high content of
CNTs is the processing technology. Due to the unique
hydrophobic surface nature and strong Van de Waals
forces, CNTs are insoluble in water and most organic sol-
vents and easily agglomerated. This makes CNTs difficult
to homogenously disperse in the polymeric matrix, espe-
cially in the molten state polymer. High content of CNTs
further strengthen this agglomeration and have a signifi-
cant impact on the rheological behavior. High loading of
MWCNTs in the molten-state polymer matrix lead to the
phase transition shifting from “liquid-like” to “solid-like”
rheological behavior and high content of MWCNTs eas-
ily causes agglomeration, leading to the nozzle clogging
[125]. There is an unmet need to improve the CNTs pro-
cessing technology. The use of surfactant or the modifica-
tion of CNT surface might provide a promising approach
allowing more intimate interactions between CNT surfaces
and polymer chains. Jakus et al. [205] reported using the

mixture of dichloromethane (DCM), 2-butoxyethanol and
dibutyl phthalate in a ratio of 10:2:1 by mass to produce
high loading of graphene ink in the polylactide-co-gly-
colide (PLG) solution (up to 75 wt%) and successfully
using the extrusion 3D printing technique to fabricate
3D porous scaffolds for the human cadaver nerve model.
Xiong et al. [206] investigated a thiol grafting method in
functionalizing MWCNT surfaces to develop MWNT-
thiol-acrylate composite resin for two-photon polymeri-
zation (TPP) process and the composite resin had high
concentration MWCNTs up to 0.2 wt%, significantly
improving the electrical and mechanical properties of 3D
micro/nanostructures. In addition, optimizing the prepara-
tion process might be also helpful, such as the increase of
sonication time contributing to increasing the concentra-
tion of graphene in the solvent [207]. As mentioned in the
previous section, in situ polymerization is also a viable
option to produce homogeneous dispersion of CNTs in the
polymer matrix and might increase the content of CNTs.
However, it has to be specifically noted in terms of their
printability or the rheological change when applied high
content of CNTs. The use of branched CNTs might address
this issue by lowering the rheological threshold as men-
tioned in previous section.

Recently, there is a growing trend to utilize polymer
based composite containing CNTs to produce 3D scaffolds
for nerve, cardiac and bone tissue engineering. Comparing
to 2D membrane or meshes, 3D printed scaffolds are more
suitable to mimic the 3D environment of native tissues. The
unique fabrication processes allow more complex internal/
external structures of scaffolds, ranging from nano-scale to
marcro-scale levels. These characteristics are specifically
attractive to produce multiple scales human tissues from
marcro organs to nano vascular networks. However, how
to prepare polymer/CNTs solution or composite which are
able to print still remain a challenge to address for the future
CNTs usage in the tissue engineering domains. Moreover,
comparing to the 2D membrane/meshes which have more
compact structures, allowing more intimate polymers-CNTs
and cells-materials interactions, 3D printed scaffolds, due
to their smaller specific surface area, might suffer from
decreased characteristics such as electrical conductivities
and biological properties at the same concentrations of
CNTs in 2D membranes and meshes. Therefore, further
developments are expected in future to produce 3D scaffolds
with higher concentration of CNTs, more organized spa-
tial arrangements (alignments of CNTs), and more intimate
interactions between CNTs and polymer matrix. In future,
with the development of different additive manufacturing
systems, more hierarchical and multi-material scaffolds
closely replicating the natural environment for cell prolif-
eration and differentiation will be developed. Incorporat-
ing with electrical stimulation, CNTs and their polymeric

@ Springer



3 Page200f 26

Biomanufacturing Reviews (2020) 5:3

composite will greatly put forward the development of tissue
engineering.

Conclusions

CNTs, with exceptional physical properties including
mechanical, thermal, and electrical properties, have been
widely used in electronic applications, energy storage and
photovoltaics, and more recently for medical applications.
To improve the dispersity in aqueous media and minimise
the toxicity, CNTs are usually functionalized with different
functional groups (such as -OH and —-COOH) by the cova-
lent and non-covalent approaches. Nevertheless, the toxicity
of CNTs is still an open issue with several papers show-
ing opposite trends. However, as discussed in this review
paper, potential toxic effects of CNTs are mainly derived
from the cellular internalization of CNTs and oxidative
stresses, which might be resulted from a variety of aspects
including dimensions, shape, dose, synthesis process, and
surface characteristics and so on. The processing of poly-
meric composites containing CNTs are strongly depended
on the desired properties, chemical compositions, ease of
synthesis of composite and cost considerations and it has to
trade off some properties for a specific case. The rheological
behaviour of composite is a significant consideration for suc-
cessfully producing CNTs involved constructs. In the field
of tissue engineering, CNTs have been mainly used as a
reinforcement filler in the polymer-based scaffolds, improv-
ing mechanical and electrical properties and allowing the
fabrication of scaffolds for neural, cardiac and bone tissue
engineering. The addition of CNTs in the polymer matrix
can promote the conductivity of the nerve related scaffold
and enhance the nerve cell responses. It also promotes the
conductivity, elastic strength and biological responses of
the cardiac related scaffolds. For bone tissue engineering,
CNTs are used to reinforce the mechanical properties and
the biological properties. In the future, non-toxicity, safer
and greener CNTs and their polymeric composite are still
expected and the investigations of mechanisms how CNTs
induce toxicity are still required to further exploit the poten-
tial factors which will cause the cytotoxicity and genotoxic-
ity. Most research studies focus on the in vitro early stages
of cell culture, so long-term in vivo studies must be con-
sidered, including the degradation of polymeric materials,
leading to the release of CNTs. Current studies investigate
the low content of CNTs in the scaffolds due to the fabri-
cation limitations and toxicity while it trades off the scaf-
folds properties such as electrical, mechanical and biologi-
cal properties. Thus, higher concentrations of CNTs in the
polymer matrix are expected. In order to mimic the 3D envi-
ronment of biological tissues, additive manufacturing (e.g.
extrusion-based processes and vat-photopolymerization)
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has been used to create scaffolds with controlled archi-
tecture showing improved characteristics compared to 2D
membranes or electrospun meshes. In the future, different
additive manufacturing systems will be used to create hier-
archical and multi-material scaffolds closely replicating the
natural environment for cell proliferation and differentiation
and eventually translate CNTs involved polymer composite
scaffolds into the clinical success.
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