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Mechanical properties, such as elasticity modulus, tensile strength, elongation, hardness, density, creep,
toughness, brittleness, durability, stiffness, creep rupture, corrosion and wear, a low coefficient of thermal
expansion, and fatigue limit, are some of the most important features of a biomaterial in tissue engineering
applications. Furthermore, the scaffolds used in tissue engineering must exhibit mechanical and biological
behaviour close to the target tissue. Thus, a variety of materials has been studied for enhancing the
mechanical performance of composites. Carbon-based nanostructures, such as graphene oxide (GO),
reduced graphene oxide (rGO), carbon nanotubes (CNTSs), fibrous carbon nanostructures, and nanodiamonds
(NDs), have shown great potential for this purpose. This is owing to their biocompatibility, high chemical and
physical stability, ease of functionalization, and numerous surface functional groups with the capability to

form covalent bonds and electrostatic interactions with other components in the composite, thus
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Accepted 3rd December 2023 significantly enhancing their mechanical properties. Considering the outstanding capabilities of carbon

nanostructures in enhancing the mechanical properties of biocomposites and increasing their applicability in
DO 10.1039/d3na00554b tissue engineering and the lack of comprehensive studies on their biosafety and role in increasing the

rsc.li/nanoscale-advances mechanical behaviour of scaffolds, a comprehensive review on carbon nanostructures is provided in this study.
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1. Introduction

Various types of composites have different features, including
physical, chemical, mechanical, thermal, electrical, magnetic,
acoustic, and optical. Among them, one of the most important
features is their mechanical properties. For example, materials
used in tissue engineering must exhibit similar mechanical
behaviour to the target tissue." The three general factors that
determine the attributes of composite materials are as follows:
(1) the constituent materials; (2) the geometric shapes of their
constituent components, especially the reinforcing phase,
together with the resulting structure of the materials; and (3)
the interaction among the phases.>

Mechanical effects are physical properties that a material
exhibits upon the application of a force. Examples of
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mechanical properties are elasticity modulus, tensile strength,
elongation, hardness, density, creep, creep rupture, corrosion
and wear, a low coefficient of thermal expansion (CTE), and
fatigue limit. The mechanical properties of composite materials
usually depend on their structure.®* Composites are fabricated
using various synthetic and natural materials, such as poly-
mers,* hydrogels,” and nanomaterials (e.g:, nanocarbons).®
Therefore, these properties usually depend on the shape of the
inhomogeneities, the volume fraction occupied by the inho-
mogeneities, and the interfaces between the components.® In
the new era of research, carbon nanostructures are one of the
most important components for the preparation of composites,
which is owing to their amazing mechanical characteristics.”
There are many different types of carbon nanostructures,
such as graphene, graphene oxide (GO), reduced graphene
oxide (rGO), carbon nanotubes (CNTs), carbon dots (CDs),
carbon quantum dots (CQDs), nanodiamonds (NDs), carbon
black, fullerenes, and carbon fibers (CFs).*® These unique
structures have been extensively studied in different biomedical
applications, such as hyperthermia,' gene and drug delivery,"
cancer therapy,' wound healing,"*** and tissue engineering.'>**
The mechanical attributes of carbon nanostructures can origi-
nate from their physical properties or interactions with the
other components in the composite.””® These mechanical
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features usually affect the performance of the composite or its
development (applications as absorbers, aerospace, marine,
automotive, medical, construction infrastructure, and sports
goods).>® For example, the combination of GO with other
components makes it a strong adsorbent for the absorption and
desorption of n-hexane vapor, which is due to both to the
enhanced specific surface area and micropore volume of the
composite.* In the aerospace industry, CNTs have been used as
a mechanical performance modifier due to their high specific
surface area, mechanical strength, and inherent hardness.*

One of the most important applications of carbon structures
is to the improve mechanical properties of materials in tissue
engineering. In tissue engineering, despite the significant
success achieved to date, tissue engineers face challenges in
repairing or replacing tissues that principally have biome-
chanical functions. In tissue engineering, implanted cells,
scaffolds, DNA, proteins, and/or protein fragments are used to
repair, replace, and restore diseased or damaged tissue.>*** In
this case, the ideal scaffold should not only have the same
mechanical traits as the host tissue, but should also be able to
degrade properly over time, preferably with a controlled rate of
resorption, which ultimately creates a suitable space for new
tissue growth.” Carbon nanomaterials have a large specific
surface area, which makes them suitable for biomedical appli-
cations such as tissue engineering. Also, they show high drug
loading and tissue loading capacities, together with good
biocompatibility and long duration of action.?*

Abundant evidence has shown that mechanical stress,
together with other physical factors, may remarkably augment
the biosynthetic activity of cells in biosynthetic matrices.?”*
Although strength and work at failure both define the
mechanical reliability of biomaterials, the elastic modulus is
remarkably related to cellular material interactions. For
example, the increase in Young's modulus can be calculated
from the linear part of the stress-strain curve, which was used
to analyze the stiffness of a cryogel after it was blended with
CNTs in a compression test for skeletal card tissue engineering.
This illustrated that the hardness of the cryogel significantly
indicated the in vivo similarity of its mechanical properties at
a hardness of 12 kPa.” Therefore, in general, it can be
concluded that carbon structures increase the porosity,
decrease the diameter, and accordingly cause increase the
stability, Young's modulus, tensile strength, tensile modulus,
tensile strength, compressive strength, compressive modulus,
etc.>>* These properties of nanocarbons increase the resistance
of scaffolds until complete regeneration of the tissue, and also
create a space similar to the host tissue for the differentiation of
the desired tissue.’**

2. Biosafety of carbon nanomaterials:
crucial for biomedical applications

The biosafety of nanocarbons is an important consideration for
their biomedical applications. Although nanocarbons offer

promising benefits, it is crucial to evaluate their potential risks
and ensure appropriate safety measures are in place. Several
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aspects need to be considered regarding the biosafety of
nanocarbons. For example, the potential toxicity of nano-
carbons is a crucial aspect to address for their safe use in
biomedical applications.** Their toxicity can vary depending on
several factors, including the specific type of nanocarbon (e.g.,
carbon nanotubes and graphene), dimensions (e.g:, length and
diameter), surface characteristics (e.g., functionalization and
charge), and the biological system that they interact with.**

Some studies have indicated that certain forms of nano-
carbon, particularly long and rigid carbon nanotubes, may
induce inflammation or cellular damage under certain condi-
tions.*® However, it is important to note that extensive research
has also demonstrated the biocompatibility and low toxicity of
many nanocarbons when used at appropriate concentrations
and properly functionalized.?”*® Thorough toxicity assessments,
including in vitro and in vivo studies, are necessary to under-
stand the potential risks associated with specific nanocarbons
and guide their safe application. Further, understanding the
biodistribution and clearance pathways of nanocarbons is
crucial for assessing their biosafety. Nanocarbons can be
exposed to various routes in the body, such as systemic circu-
lation, lymphatic drainage, and direct administration to specific
sites. Thus, if nanocarbons persist in the body for extended
periods or accumulate in specific organs, they can cause issues.
Research has shown that the size, surface functionalization,
and administration route can influence the biodistribution and
clearance of nanocarbons.*

Nanocarbons, such as fullerenes, carbon nanotubes, gra-
phene, and nanodiamonds, exhibit a remarkable array of
attributes that distinguish them from conventional materials
and make them highly attractive for a wide range of biomedical
applications. One of the most intriguing aspects of nanocarbon
materials is their unique structure and composition, which
contribute to their exceptional virtues. For example, fullerenes
are spherical carbon molecules with a hollow cage-like struc-
ture, while carbon nanotubes are cylindrical carbon structures.
Graphene consists of a single layer of carbon atoms arranged in
a two-dimensional honeycomb lattice, while nanodiamonds are
diamond particles with nanoscale dimensions.*®

These distinctive structures result in a plethora of desirable
attributes, including high surface area, excellent mechanical
strength, exceptional thermal and electrical conductivity, and
outstanding optical properties, making nanocarbon materials
powerful tools in various biomedical applications. For instance,
their high surface area and unique electronic properties make
them excellent candidates for sensing applications.*

The biological activity of carbon nanostructures highly
depends on their type or functionalization. For instance, it was
demonstrated that hydrophobic graphene shows a significantly
higher cell proliferation rate than nanocrystalline diamonds.*
Functionalized fullerenes have been reported to act as antioxi-
dants in a variety of important biological applications. For
example, polyhydroxylated fullerene, Cgo(OH), could prevent
neuronal cell damage and death from radicals.*® In a study by
Zhang et al, the observed that graphene at concentrations
above 10 pg mL™" shows a time- and concentration-dependent
decrease in metabolic activity.** In addition, the effect of GO

© 2024 The Author(s). Published by the Royal Society of Chemistry
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on human red blood cells has been studied. It was indicated
that individual and small sheets of GO show greater hemolytic
activity compared to its aggregated sheets. Interestingly, by
improving the dispersion of GO with the aid of chitosan, its
hemolytic activity was minimized and almost eliminated.** The
cytotoxicity of CNTs limits their biomedical applications.
However, their incorporation in hydrogel matrices, different
functionalization, and size and dose alterations can severely
alter their biocompatibility and solubility.*® Functionalizing the
hydrophobic surface of the CNTs, usually with carboxylic acid
groups, improves their hydrophilicity and biocompatibility and
endows them the ability to achieve targeted delivery.*” In a study
to determine the importance of the functionalization of CNTs
on their cytotoxicity, phenyl-SO;H and phenyl-SO; Na-
functionalized SWCNTs exhibited no crucial mutilation on
human dermal fibroblast cells even at high concentrations
(>2 mg mL™"), while SWCNTs functionalized with phenyl-
(COOH), manifested toxicity at low concentrations (80 pg
mL ™), which indicates the importance of functionalization on
the toxicity of these materials. Also, by increasing the degree of
sidewall functionalization, the SWCNT samples showed less
cytotoxicity.”® More examples of the different functionalization
effects on carbon-based nanomaterials are provided throughout
this manuscript.

Nanocarbon-based biosensors can detect specific molecules
or biomarkers with high sensitivity, enabling the early diagnosis
and monitoring of diseases. Additionally, their ability to
interact with light at different wavelengths allows their use in
advanced imaging techniques, such as fluorescence imaging
and Raman spectroscopy, enabling the enhanced visualization
of cells, tissues, and organs.*” Nanocarbons also show great
promise in the field of drug delivery. Their large surface area
and unique chemical properties enable efficient loading and
controlled release of therapeutic molecules, including drugs
and genes. By functionalizing the surface of nanocarbons with
targeting ligands, these nanomaterials can be specifically
delivered to diseased cells or tissues, enhancing the treatment
efficacy, while minimizing side effects. For instance, nano-
diamonds have been extensively used in reinforcing biopoly-
mers, resulting in the formation of biocomposites that can be
applied in bone tissue engineering, chemotherapeutic drug
delivery, and wound healing.*® Besides, nanocarbon materials
have shown great potential as photothermal agents for cancer
therapy. Due to their exceptional light absorption and heat
conversion activities, nanocarbons can be selectively heated
upon exposure to near-infrared light. This localized heating
effect can be harnessed for the targeted destruction of cancer
cells, while minimizing damage to healthy tissues.>

In a study performed by Schrand and colleagues, it was re-
ported that the biosafety of carbon-based nanomaterials is
highly dependent on their type and concentration. In this study,
different concentrations of NDs, CNTs, and carbon black (CB)
were incubated with two different cell lines. The biocompati-
bility on both neuronal and lung cell lines followed the order of
ND > CB > MWCNT > SWCNT. Apparently, NDs neither
disturbed the macrophage mitochondrial membrane nor
generated reactive oxygen species (ROS). In contrast, CNTs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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generated ROS and caused membrane leakage. Moreover,
neuroblastoma cells lost their neurotic extension after being
incubated with high concentrations of carbon nanomaterials.>?
In summary, the advantage of nanocarbon materials is their
biocompatibility, biodegradability, non-toxicity, and nonhemo-
Iytic nature, which are crucial for safe and effective biomedical
applications. These properties reduce the risk of adverse reactions
and allow their integration in biological systems without causing
harm. Also, versatile functionalization of nanocarbon materials
further expands their potential applications in biomedicine.

3. The role of mechanical properties
of carbon-based nanomaterials in
tissue engineering

The unique traits and applications of compounds are depen-
dent on their physicochemical properties; therefore, the
expression and measurement of these properties are consider-
able points in materials science. One of the most important
physical features of compounds is their mechanical attributes,
which define the behaviour of materials under the action of
external forces.*

The mechanical properties of materials determine their
strength, hardness, toughness, brittleness, durability, stiffness,
and elasticity. The strength of a material refers to the amount of
load that it can bear before fracturing or deforming, which is
divided into several subcategories including tensile, compres-
sive, shear, yield, and fatigue strength. Generally, the stress-
strain curve is used to determine the strength and stiffness of
materials.> The slope of the curve is called the Young's
modulus and its value is typically large.>® Many synthetic and
natural compounds have significant mechanical features. Also,
composites of these compounds possess high mechanical
properties.

Composites are produced using two or more constituent
materials, which have special activities compared to their
components. To date, various composites have been synthe-
sized, and due to their unprecedented mechanical and physical
features, they have been widely used in different fields. Carbon
composites are one of the principal types of composites and
many studies have focused on their physicochemical properties
and biological applications.>*®” Carbon composites have high
mechanical aspects due to the special structure of carbon-based
nanomaterials and sp® hybridization carbon atoms. Mainly,
carbon nanomaterials can increase the mechanical character-
istic of composites due to the following reasons: (1) easy
chemical functionalization,” (2) interaction of functional
groups such as hydroxyl, carboxyl, ketone, and epoxy in various
types of carbon nanomaterials with other functional groups in
composite components,* (3) formation of strong -7 interac-
tion between carbon sheets and other composite components,®
and (4) formation of hydrogen bonding between the carboxyl
and carbonyl groups of carbon nanomaterials and hydroxyl
groups of other components in composites.*

According to the information provided in the literature,
carbon nanostructures and the aforementioned interactions

Nanoscale Adv, 2024, 6, 337-366 | 339
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Fig.1 Mechanical properties of carbon-based nanomaterials in tissue engineering. Created with ChemDraw and https://www.BioRender.com.

enhance the mechanical properties including compressive
strength,®” tensile strength,* toughness,* Young's modulus,*
and elastic modulus® of composites. The effective mechanical
properties of carbon nanomaterials in the composites facilitate
their use in several biomedical applications, especially tissue
engineering.®” Carbon-based nanomaterials such as GO, CNTs,
fullerenes, CDs, carbon diamond, CFs, and their derivatives
improve the mechanical stability of scaffolds,"® which play an
important role in bone,’ skin,* cartilage,* neural,”” dental,”
articular’? and cardiac”™ tissue engineering. The scaffolds
employed in tissue engineering must have appropriate porosity
compared to the size of desired cells for promoting cell infil-
tration. Most compounds are utilized to increase the strength of
composites, reduce the porosity, and ultimately decrease cell
proliferation in tissue engineering. Alternatively, the advan-
tages of carbon-based nanomaterials are that they do not limit
the pore sizes of scaffolds in cell growth, while simultaneously
enhancing their strength (Fig. 1).”*”

3.1. Graphene oxide and reduced graphene oxide

Go and rGO are members of the graphene family of carbon-
based nanomaterials, which are synthesized using various
methods. GO is the oxidized form of graphene, possessing
hydroxyl, carboxylic, and epoxy functional groups, while rGO is
a form of GO that has fewer oxygen molecules.””” The partic-
ular physicochemical properties of GO and rGO such as
mechanical strength,”® large surface,” abundant functional

340 | Nanoscale Adv, 2024, 6, 337-366

groups,® and excellent hydrophilicity®* make them suitable for
application in the biomedical field such as drug delivery,*
biosensing,* bioimaging,®* cancer therapy,® tissue engi-
neering,*® and wound healing.*”

Also, GO and rGO promote the biomechanical properties of
composites by forming covalent, non-covalent, and electrostatic
interactions in the composite structure. Therefore, numerous
studies have been performed on the mechanical properties of
GO and rGO and their effects on scaffolds employed in various
types of tissue engineering. For instance, Fu et al. reported the
synthesis of a polydopamine-assisted gold nanoparticle-poly(-
lactide-co-glycolide)/t-lysine functionalized graphene oxide
composite with mechanical strength, hydrophilicity, and anti-
bacterial properties.®® This scaffold could significantly promote
new bone formation, which was based on r-lysine-
functionalized GO and polydopamine-assisted gold nano-
particle coating PLGA scaffold material. The in vivo bone
regeneration assessment exhibited the repair of a defect in the
radius of rabbits after 12 weeks of treatment, while PLGA alone
had a lower repair effect score. The GO in the scaffold improved
the hydrophilicity, cell adhesion, compressive strength (2.68 +
0.21 MPa), and elastic modulus (7.2 + 1.47 MPa) of the
composite. The synergistic effect of these properties makes it
a good candidate for bone defect repair.

Studies have indicated the importance of considering the
concentration of GO in biomedical applications.*” For instance,
in a study by Umar Aslam Khan and coworkers, by optimizing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the concentration of GO, the cell adhesion and proliferation
were enhanced, while cytotoxicity was avoided.’® Moreover, it
was demonstrated that in the concentration range of 0.1-10 mg
mL ", sulfonated GO is non-toxic and biosafe.* A recent study
showed that 1.5 wt% of GO is the safest concentration for most
cells, given that 3 wt% and 6 wt% exhibited significantly
increased cytotoxicity on human bone marrow mesenchymal
stem cells.”” The swelling ratio of the hydrogels also varied after
the addition of GO nanoparticles in their structure. It was
demonstrated that by the addition of GO nanoparticles to
a poly(acrylic acid) hydrogel, its deswelling ratio decreased,
while the neat hydrogel swelled faster. These ratios were also
found to be relevant to the content of GO.** The GO membrane
and bulk GO swelling pressures were calculated in water and
ethanol. It was demonstrated that under confinement condi-
tions, the produced pressure could reach up to ~226 bar in
water and 194 bar in ethanol. This significant swelling pressure
is a key factor in applications that require GO membrane
confinement or encapsulation.*

Another scaffold that is widely used in tissue engineering is
polymeric scaffolds. However, a disadvantage of polymeric
scaffolds is their low mechanical strength for tissue regenera-
tion, and thus the use of other compounds such as GO is
essential to upgrade their mechanical features.”> Recently,
Kadhim et al. reinforced polycaprolactone (PCL)-gelatin nano-
fiber scaffolds using bone morphogenetic protein (BMP)-
modified GO.”® In this case, although gelatin has favorable
biological properties, it does not possess good mechanical
stability, and therefore it was combined with PCL and GO to
achieve the desired mechanical properties. Comparing the
mechanical properties of gel/PCL and gel/PCL-GO-BMP
(2.5 wt% GO) proved that the ultimate tensile strength
increased from 8.5 + 0.3 MPa to 17.2 + 0.3 MPa, but the strain

View Article Online
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at break was reduced from 116% =+ 6.2% to 90% =+ 2.9% due to
its high stiffness. Moreover, the swelling ratio increased
significantly from 150% for gel/PCL to 218% for gel/PCL-GO-
PAA*BMP. The interactions formed between the composite
components determined the unique mechanical properties and
applications of the scaffold in different tissue engineering. For
instance, Shuai and colleagues fabricated HAp nanorods on
a GO nanosheet via a in situ strategy for reinforcement of poly-r-
lactic acid (PLLA).”” The influence of the composite on cell
growth and MG63 cell proliferation enabled its use in bone
tissue engineering. The presence of abundant oxygen-
containing groups in GO, which act as chelating sites, allowed
HAp to be decorated on the GO in the form of nanorods. The
special layer structure of HAp on the GO nanosheets induced
the formation of chemical bonds between the composite and
damaged bone. Specifically, 12% of GO-HAp increased the
strength and modulus of the composite to 21.52 MPa and
4.99 GPa, respectively, through the formation of strong surface
interactions with PLLA. One of the easy and appropriate strat-
egies used in bone repairing is endogenous tissue engineering.
In this method, hard cell culture is prevented and endogenous
new stem cells are employed by implanting scaffolds. Therefore,
Zhao et al. developed a bioinspired GO/chitosan/nHAP
composite via a facile one-step in situ method for bone tissue
engineering.”® The in vivo cranium bone repair indicated that
the defects were recovered to new tissue after 2-3 months of
implantation. The electrostatic interaction between the amine
groups of chitosan and carboxyl radical of GO enhances the
mechanical features of the composite, and thus 0.99% of GO
induced the highest compressive strength (0.124 + 0.022 MPa)
and elastic modulus (0.413 £ 0.213 MPa) in the scaffold. Also,
the strong - interaction between the GO layers prevented the
fracture of the composite by distributing the external stress
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between the GO sheets and the chitosan/nHAP matrix, and
therefore it is efficient in engineering hard tissues. In addition,
due to the higher hydrophilicity of GO/CS/nHAP, it was able to
absorb more water than CS/nHAP, and therefore had a higher
swelling ratio (Fig. 2).®

The main point in tissue engineering is that scaffolds should
be similar to the extracellular matrix (ECM) of the target tissue
in terms of physicochemical properties. Thus, Bahrami et al.
synthesized collagen and rGO-coated collagen composite (rGO-
Col) via chemical cross-linking and freeze-drying methods.* In
this study, the regeneration of rabbit cranial defects after 12
weeks of implantation showed that rGO-Col can be used in
implanting bone injuries. The addition of GO to the scaffold not
only increased the proliferation of human bone marrow-derived
mesenchymal stem cells (hBMSCs) but also compensated for
the weak mechanical properties of collagen for bone structural
support. According to the stress—strain curves from compres-
sion testing on Col-rGO and collagen, their elastic modulus was
determined to be 325 + 18 kPa and 115 + 16 kPa, respectively,
and thus the coated collagen with GO exhibited a 2.8-times
increase in mechanical properties. Another challenge in tissue
engineering, is articular cartilage regeneration. Accordingly, to
repair this tissue, Gong and coworkers employed a natural
acellular cartilage extracellular matrix (ACM) and cross-linked
GO to ACM as a scaffold.’ The function of GO is to improve
the biomechanical strength of the composite and the ACM
retains the ECM components such as type II collagen and glu-
cosaminoglycan. In vivo implantation in a mouse knee joint
exhibited that the defect area was completely repaired after 12
weeks of GO-modified 3D ACM implantation with traditional
seed cells. Increasing the concentration of GO enhanced the
elastic modulus (0.1518 + 0.0067 MPa) and reduced the
porosity of the composite, and thus the best scaffold contained
2 mg mL™' of GO, which promoted cell adhesion and
proliferation.

Another composite that has attracted significant attention in
cartilage tissue engineering due to its structural similarity to
GAGs found in the cartilage extracellular matrix is chitosan-
based scaffolds. In 2019, Shamekhi et al. developed a chito-
san-based composite that was reinforced with different
concentrations of GO nanoparticles.' Increasing the mechan-
ical properties of the scaffold by the addition of various
amounts of GO prevented the scaffold from shrinking against
the chondrocyte contraction and caused it to be completely
placed on the defect side. The human articular chondrocyte
culture on the scaffolds with different concentrations of GO
exhibited that the enhancement in stiffness and modulus
stimulated the proliferation of human articular chondrocytes.
The stress-strain curves in this study demonstrated that an
increase in the concentration of GO to 0.2% improved the
Young's modulus, and therefore the use of compounds with
high mechanical features such as GO is essential in cartilage
tissue engineering.

One of the important mechanical characteristics deter-
mining the use of scaffolds in cartilage tissue engineering is
their compressive strength. Cartilage tissue must have high
compressive strength because it bears the weight of the body. In
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this regard, Nazar et al. reported the preparation of a gelatin
hydrogel cross-linked with genipin and reinforced by GO-
grafted chitosan.'” The composite containing 0.06% w/w CS-
g-GO possessed appropriate mechanical features such as
Young's modulus (134.18 Pa), toughness (0.1235 ] m™?), and
compressive stress (65 kPa). Also, the 90.2% viability of human
chondrocyte cells, significant compressive stress, and high
porosity (83.1 £ 2.6%) make this composite a favourable choice
for cartilage repair. Interestingly, by increasing the CS-g-GO
content, the swelling degree increased significantly from 800%
to 1200%.

According to the ECM composition, density, and chon-
drocyte activity, cartilage is divided into different types, and
thus repairing both superficial and deep parts of articular
cartilage is noteworthy. In this case, Trucco and colleagues
synthesized a bilayered hydrogel made of GO-doped gellan
gum-poly(ethylene glycol) diacrylate with mechanical and
lubrication features.'® This hydrogel could be injected into
chondral defects as a surgically implantable substitute and
sequentially cross-linked by UV light and ionic cross-linking
method. Doping GO in the hydrogel not only improved its
lubrication properties and chondrogenic differentiation but
also significantly enhanced the average fracture stress and
toughness values from 194 + 27 to 246 + 34 kPaand 36 + 3 to 41
+ 9 kPa, respectively. Due to energy distribution by the GO
nanosheets, the increase in toughness indicated that the GO-
doped hydrogel had better mechanical properties as artificial
cartilage than the bare hydrogel. However, with the addition of
the GO nanofillers, the swelling ratio of this composite slightly
decreased with no statistical significance.

Another tissue that has attracted significant attention in
tissue engineering owning to its low regenerative capacity is
cardiac tissue. Many injectable hydrogels can be used in heart
tissue engineering, but the noteworthy point is that the desired
hydrogel should have sufficient resistance to the surrounding
applied forces after injection at the infarct site. In this regard,
Mousavi and colleagues developed oxidized alginate/
myocardial ECM injectable hydrogels with electromechanical
properties for cardiac tissue engineering. The addition of 3-(2-
aminoethyl  amino)  propyltrimethoxysilane = (APTMS)-
functionalized rGO to the hydrogel improved its electrome-
chanical properties.’® The simultaneous increase in oxidized
alginate from 3 to 4% w/v and 25 pg per mL rGO enhanced the
Young's modulus from 22.1 kPa to 38.8 kPa. The Young's
modulus of the native myocardium and cell viability of human
umbilical vein endothelial cells indicate that this sample with
an optimal concentration of rGO and oxidized alginate is
a desirable hydrogel for cardiac tissue engineering.

One of the significant mechanical factors in heart pumping
is the elastic property of the scaffold, which depends on the
modulation of its failure. Thus, to investigate this mechanical
feature, Nazari et al. incorporated two-dimensional nano-
materials, i.e., MoS, and rGO nanosheets, in silk fibroin nano-
fibers via the electrospinning method for cardiac tissue
engineering.'” The in vitro assessment showed that the ¢-TnT
and a-MHC levels as cardiac mature markers of TBX18-hiPSC
cells increased by the SF/MoS, and SF/rGO composites. The
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addition of rGO increased the mechanical properties of SF
including Young's modulus (561 + 8 kPa), yield strength (1.27 +
0.04 MPa), ultimate strength (3.65 £+ 0.05 MPa), and fracture
modulation (103 =+ 5). Therefore, it can be concluded that the
elasticity feature of the desired composite should be similar to
heart tissue. Another mechanical property of a scaffold that
affects the contraction and expansion of the heart is the elon-
gation at break. Recently, Azizi and colleagues developed
polyurethane/rGO composite nanofibrous scaffolds with

View Article Online
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different microstructures for cardiac tissue engineering.'* The
rGO in the aligned scaffold increased the Young's modulus
(496.4 kPa) and ultimate tensile strength (496.4 MPa) but
decreased the elongation at break (52.07%) due to the small
diameter of the fibers. The levels of troponin I as a cardiac gene
indicated that the aligned composite enhanced the differenti-
ation of satellite cells into cardiac prognostic cells. Conse-
quently, to improve the efficiency of engineered tissue, all the
mechanical properties of the tissue should be examined and
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a similar scaffold should be designed. Another serious muscle
defect that affects movements is skeletal muscle defects.
Recently, Zhao and coworkers designed a nanocomposite cry-
ogel via the cryopolymerization of gelatin with poly(tannic acid)-
reduced graphene oxide (rGO-PTA) for skeletal muscle tissue
engineering. The 3D macroporous cryogel improved myogenic
differentiation and C2C12 myoblast cells and also repaired
volumetric muscle loss by integrating hemostasis. rGO/PTA as
a cross-linked nanofiller in the composite network increased
the compression modulus from 32 kPa to 75 kPa under 80%
strain. In addition, the prepared cryogel could recover to its
initial state after three compression-strain cycles due to its high
elasticity and water adsorption. Thus, the presence of these
excellent mechanical properties in the nanocomposite prevents
the mechanical failure of the network (Fig. 3).*

Various occurrences such as accidents, bone fractures,
trauma, and surgical complications lead to peripheral nerve
damage, which may become long-term neurological disabilities,
and thus artificial nerve guide conduits can be appropriate
candidates for nerve regeneration. Recently, Abzan et al
developed a 3D polyvinylidene fluoride (PVDF)/GO scaffold via
a non-solvent-induced phase separation method for nerve
repairing.*®® The employed GO improved the piezoelectricity of
the composite and enhanced its hydrophilicity and mechanical
properties such as toughness (2.27 times) and strength (1.3
times) by the formation of strong interaction between fluorine
groups and carbonyl groups (C=0) of GO nanosheets. These
particular properties endowed to PVDF by 0.5 wt% GO led to the
promoted attachment, spreading, and proliferation of PC12
cells, and also enabled it to act as a nerve conduit with 4 internal
longitudinally aligned channels. Moreover, to have appropriate
mechanical properties, the scaffolds used in nerve repair must
also have high porosity and surface area to provide neurite
length growth. In this regard, Jaswal and colleagues investi-
gated an electrospun scaffold based on rGO-enfolded AuNPs
integrated with PCL.'” Due to the increased proliferation and
differentiation of PC12 and S42 cells, this composite can be
used for peripheral nerve regeneration. The integration of nano-
sized rGO converted the composite into an excellent neural
conduit with unique electrical and mechanical properties,
which had a large surface area. The mechanical tests indicated
that the ultimate tensile strength of rGO-AuNPs-PCL is 5.8 MPa,
while pure PCL had a low tensile strength (3.7 MPa). Conse-
quently, the used rGO not only provides suitable mechanical
properties for nerve tissue engineering but also increases the
porosity of the composite for cell growth and transmission of
electrical stimuli.

Nowadays, tissue engineering as an effective solution also
plays a key role in cutaneous wound healing and burn treat-
ment. For instance, You and coworkers designed a poly(lactic-
co-glycolic acid) (PLGA) copolymer incorporating GO for skin
tissue engineering.'® According to the in vivo evaluations, the
composite could enhance the skin wound healing rate in rats
via exogenous electrical stimulation. The function of GO is to
enhance the mechanical, electrical, and biological properties of
the scaffold. The additional optimal concentration of GO (2%)
increased the tensile strength (about 25 MPa) and surface
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roughness of the composite, improving the adhesion and
proliferation of cells. In summary, the scaffolds based on GO
and rGO nanomaterials play an important role in tissue engi-
neering. The unparalleled mechanical strength, large specific
surface area, abundant functional groups, and porosity of GO
and rGO enable the use of different composites in various types
of tissue regeneration. The mechanical properties of scaffolds
are evaluated by different mechanical tests and these remark-
able features provide appropriate conditions for cell growth,
proliferation, adherence, and differentiation in various tissue
repair including bone, cartilage, heart, nerve, and skin.

Table 1 summarizes the main characteristics and mechan-
ical properties of GO and rGO composites proposed in the
literature for tissue engineering.

3.2. Carbon nanotubes

CNTs are thin and long tubes consisting of a rolled-up graphene
sheet having a diameter of about 100 nm. Carbon nanotubes
can be mainly divided into 3 categories, ie., single-walled
carbon nanotubes (SWNCTs), double-walled carbon nano-
tubes (DWNCTs), and multi-walled carbon nanotubes
(MWNCTs). CNTs have attracted attention due to their
phenomenal mechanical, thermal, and electrical properties.®
Accordingly, CNTs and their related composites have been
widely studied for tissue engineering applications.’® The
mechanical properties of carbon-based nanostructures have
been of interest to scientists for a long time to strengthen the
mechanical specification of composites or directly use these
mechanical properties for their desired work. The mechanical
effects of CNTs have been greatly noticed and used in applica-
tions such as medical,'**'®* pharmaceutical,'*® wound dress-
ings,'** various industries (namely aerospace, nano, and
optics'®> %) strengthening of electrical devices,'*”* and tissue
engineering.”” In tissue engineering, the appearance of the
materials used, which originate from their mechanical traits,
plays an important role.

Based on previous studies, oriented CNTs exist in the form of
sheets and yarns, which act as suitable substrates for the growth
of various types of cells. For instance, the roughness and large
exposed surface of CNTs may play an important role in their
ability to favor neuronal adhesion.”*"”? In this regard, Li and
coworkers designed and developed a nerve guidance conduit
(including CNTs/sericin) with electrical conductivity, suitable
mechanical features, and desirable swelling capacity for sciatic
nerve repair. CNTs were added to strengthen the mechanical
virtues of the composite nerve guidance conduit. The mechan-
ical properties including tensile modulus (kPa), compressive
modulus (kPa), tensile strength (kPa), compressive strength
(kPa), and electrical conductivity (S cm ™) with the addition of
CNTs increased to 76.43 +11.01, 7.69 £ 0.59, 67.56 + 2.47, 5.46
+0.88, (3.90 + 0.26) x 10~*, respectively. The porosity was also
85% with 0.5 mg per mL CNT, which is proportional to the
optimal porosity for nerve regeneration (80%). The addition of
these physical traits and improvement of mechanical properties
by CNTs created an interconnected porous microstructure
guiding channel for the axon longitudinal outgrowth exit and

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00554b

View Article Online

Nanoscale Advances

Review

BAN LV'C F
8S°ZT ‘YIduans [eInxad
BJN 80'T F+ 8C°0T

BJN TS°86 F TT°L6€

junoure wnwndo

87T o1a uy V'N (a/m) %5°0 %L0°T F €2T°9S duans uorssardwo) :sninpour s,3unox auog OD/unePd/ve
edIN edIN
LTT oqa uy %7T F %9°88 %IM S V'N £6°T :y13ua1s JISUIL, 89T :sn[npow s 3unox un[s VAd/SOND
oaa AEmbm c\oowv T°6 F 6991 e T'TT +
9¢T u1/0.4910 Uy V'N %IM O°T 00°€ F 80°ZL :ssans uoissaiduio) P67 :Snnpow dnse[d auog 0D-VH-VS
BdIN €7°0 BdIN €570 F
STl ouna uf %I'E F %h¥6 3o %LV F PL°6 YISUDIIS J[ISUIL, ¥€°¢ :snnpowt s,8unox suog 09/dVH-2S/1S-10d
ed LL'T F
44" oa1a uy (sAep £ 19138) 9%0L~ %IM € %IT F 1S V'N 81°0T :snnpows s, 3unox up[s 05/1Ld
BdIN TE'€T edIN 18°00€ %OLL
[a o4a ur 0S8~ Sw ¢ %FT'C F CEFP apduans uorssardwo) :sninpour s,3unox auog /AdVHU/0D/oVV-DD
oaa BdN S°0 BN 9°'T +
(44" up/oaq1a up ‘V'N %IM T %L'T F %188 F 9°TT :y33Ua1s J[ISU3L ¥z, snnpow s 3unox Juog DSDd
(s&ep £ 1933%) BJIN TSO'0 F S°0 BJIN #80°0 F 06'T
121 oag1a ur 1 IN0Oqe :anfea o %M 0T WIV'T F %IL 1pduamns uorssardwo) :snnpowr aarssardwo) suog 0D/4S
edD
0cT oqa uy V'N %IM €°0 %0¢ BdIN 6€ 33Ua13S J[ISUST, 9°Z snnpow s 3unox uog 09H/V1d
BdIN 99°TT edIN
61T oana ug 0S8 UeY) IO Sw ¢0 %6.°8F 1pduamns aarssardwo) 002~ :sninpouu s,SUNox suog (09/70%24)-8-Dd
BdIN 7°€0T edIN
8TT o4a ur %08 UeY) IO %I T %06~ 1pduamns aarssardwo) 96°7¢ :snnpou s,3unox suog LININ/OD/[93-SD
AN edIN 0D
LTT ona uf %G8 UBY) IO %M ST V'N £8°0Z *YISUDI3S JISUSL, 08°6C :SN[NPOW J[ISUSL, suog Papeol-AS/Nd-10d
910 + 8'T dIN 0V'C F+
91T oana ug %06 UeY) IO 1M T %PTT F %L'68 1pduamns aarssardwo) £/°T/ :Snnpout s,SUNox suog 09-ILH
edIN
G6°0 F L1°S :t.mﬁubm BdIN 89°0 +
SIT oaa uy %00T Uel 210N %IM G0 %6L°L8 9[Isua} yewn N 11°0¢ :sninpouu 5,3Unox auog 0ODY/1Dd
edIN
0T°€ F ¥6°2 ‘qaduans BN 08°€ F CTT'9€T VAd
[ans oa31a ur %86 3w €0 %0T°€ F %SL' 67 aarssardwod sewnyn :sninpour s,3unox auog /SAN-dVHU/0D/XIV
200 T £7°0 yaduans
armoerj/ed i T'T edIN 80°0 F
€I o4pa uf %S F T'86 3100 %S T F %568  F S8 :Suans o[isusl,  TT¢°0 :Snnpow s,3unox suog VId-0D/°01Z/dVH
BdIN S9°0 + TT'S
:snnpowr dAISSa1duIod
BdIN 07T [edIA 90°0
([4An8 oda uy %S6'V F €876 T 3w 170 Xe]W %7T6'8 F %6768 F 79'F :q38ua1s S[ISUSL, F 61°C :snnpow 3unox un[s dN3V/0D-D9-3-0D
¥6°CT + ¥0°'11C
£0°0 F 0S°8T yaduans :snnpowr aa1ssaxduiod
[eINX3[/edIN 6T'T F [edIN 6T°C F
111 ouna uf %E6~ %M T %S'T F %8G8 Gz eT (duams A[ISUSL  §¢°96 :snnpowt s,Sunox suog dvH/09-nd
PEN| (s)opon (%) Lpiqera 12D 0DI1/0D Jo (%) Ai1so1od p3uans SNNpon anssn jo ad4[, asodwo)

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

Busauibua anssiy Ul sa3sodwod OHJ pue O Jo salladoud jediueyds|y T dlqel

"9G:GT ST 9202 '20°9T U0 P3Ie0|uMod €202 dHAUIBIP gz Uo paus!idnd 901l Ss300Y uado

Nanoscale Adv, 2024, 6, 337-366 | 345

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00554b

View Article Online

Review

Nanoscale Advances

junoure wnwndo

BdIN €0°0 + [0]3)
0ST omaur  (sAep G 193J) %0TT~ %M S0 V'N S0°6T 33UaIIS J[ISUAL V'N auog /LLD/VH-OURU/VAd
AN T°0 + BdIN T°€ +
6vl oaa uy V'N %IM G T 'V'N 60 ﬁfwcubw MEv_muum £7CCT :snnpowx s,3unox OAION 095/4Sd
BdY 6€°0€ + 68°0€S e CCT'T F+ €L°L
8P oap1a ug V'N uonnos |_Tuw 3w g “V'N 1pduamns aarssardwo) isnnpow aarssardwo) [eINaN Add-OD-4S
(shep s 1013e) B TT F
Yaan o431 uf T INoqe :danea do vad yim Sw V'N V'N 9°¢g :snnpows s, 3unox JeIpIR) 0DI-VAd-VIN[?D
(shep 17 193e) Bd €7°0
91T oap1a uy ¥'0 :°°ao-¢*ao %M 0'T V'N F 86° ‘a3Ua1s IISURL, V'N up[s ODYH/VAd
oaa edIN
SYT ufoana uf %06 UBY) IO %M 0 V'N 0T°0T ‘y38uans o[ISUdL, V'N unys SD-S1D-0D
oala BdY €F
[4an uz/o431a uy %IM $0°0 V'N V'N :sninpowr 2a1ssarduwio) auog OD/HINS
ed>
15748 oaia uy 'V'N %IM ¢ ‘V'N L£°0LE “ﬁm:mbm I[ISU3 ], 'V'N up[s OD/VAd/ (IV-VVuvd
oaa edIN BN LSV F
wr ui/o4q1a uy ‘V'N ?\\,& 9%ST°0 ‘V'N G~ nﬁmcwbm QISU9 ], ¥£°€8 :sninpoux s.Sunox [eunsajug _ow.OO.\/
BdIN TT°0 + 90°C BdIN €6°€ + 80°78
54! oap1a ug V'N %IM ¢ V'N 1pSuamns uorssardwo) isnnpow aarssardwo) auog 09/10d
BAIN LL°T
~ isnnpow s,3unox
(shep £ 1013e) /ed
ovT o4q1a uy %98 Uel} aIoN %IM €1°0 V'N V'N 8T ~ :sn[npow 33e103§ un[s 0951/4S9
BAN 79:0 F+
6¢€T o310 uf V'N (m/m) %2 V'N 69 6 13ULNS J[ISUL V'N auog 09/VO'1d-T1d
(shep £ 1013e) T°T BdY 98°¢8 edy
8¢€T odjia uy uey) a10wW :anjea dO %IM G°Q %T'T F S06 uﬂu.wﬂm.bm EOmmmOHQEOU €/°6/,7 Snnpouwx d1Sseryd uog OU\QEC\EW
(shep £ 10y%) T BdIN BdIN ST8°0
/€T o4a ur Uuey[} 210U :onfeA 4O 1M T V'N 02T :Y33ua1s S[ISud L, ~ SN[NPOW J[ISUI, suog d-aad/0o/dvH-du
(shep £ 1013e) BdN €T F BdN 92°8LLT
9¢T o4q1a uy 6°0 Inoqe 2nfeA O %IM 0T V'N €69°TT :YI3U213S IISUI, ISNNPOW J[ISUI, suog 03N/OD/unePn
oaua edY T0°0 F
GeT uzfona uf V'N 18w T %920 F 7.8 'V'N  2O'IT :snjnpoui 5,3unox auog Vandd/DIND-0D
BdIN BdN 9°9L1S
TET o314 uf V'N %I0A 0T V'N £6°80T YI3U213S IISUI, :snnpour s,3unox un[s 0D1-0dd/[23/VAH
(shep £ 1013e) edIN €££°0
€eT oa1a uy %EV'0T F %80T (a/m) 058°T V'N F 80°C :y33Ua1IS J[ISUSL V'N ade[nied 09-dd
(skep ¢ BJIN T'06 F 86°S8T 09
T€T ograuy  I19Je) 9T°0 9N[eA O %IM S0 %T°L F 8°0F V'N :snnpou s, 3uUnox auog PapPeO[-AA/VH-[9D
(shep £ 103R) BN $90°0 F 208°0
1€T og1a uf %00T UBY) 210N 3w o1 ¥0'C F SP°08 ‘pduans uoissardwo) VN auog dDI-4/09/1dS/dS
edIN
0€T oq1a uy hmzﬁu L HBWE %00T %IM T V'N ¥¢¢ 1yaduams J[IsuaL, V'N un[s 0DH/0uz/SSvd
BdIN T'T-6°0
(Y4* oqa uy V'N %IM T-G°0 %€6-06 :t.w:ubm :o_mmuhmEoU V'N uog 09/dvH/D/X
PEN| (s)1opon (%) Kpiqera 12D 0D1/0D Jo (%) Aiso1od p3uans SnNpon anssn jo adA, arsodwo)

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

"9G:GT ST 9202 '20°9T U0 P3Ie0|uMod €202 dHAUIBIP gz Uo paus!idnd 901l Ss300Y uado

(‘Pu0cD) T o1qeL

© 2024 The Author(s). Published by the Royal Society of Chemistry

346 | Nanoscale Adv., 2024, 6, 337-366


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00554b

View Article Online

Nanoscale Advances

Review

junoure wnwndo

BJN C'T BJIN 8T°0 F+
6ST odjra ur %6°€ F %8€°L6 3¢0 V'N F 78'8 :yI3Ua1IS JISUIL L€°0 snnpowr s, 3unox un{s YD-05/0uzZ
BdIN
T°0 F 8°£1 'qaduans (d0a)«vvd
8T o4n1a uf VN V'N V'N S[ISU2) 2JBWNN V'N suog -05-10d/1°D
(4 96 1o1eE) edy 0T F
LST on1a uf £'0~ :an[ea 4O L_Tw 3 o0¥ V'N V'N 0¥¢ :snnpow s,3unox JBIpIED 0DI1-[0D
BdY €4
1p3uaInIs JAISAYPR/EdY
9¢T og1a uy (skep £ 19138) %199 %3IM T°0 V'N €S 133UdIIS JISUDL V'N up[s OD/HD
(skep g€ 103%) ed 60 F §/T
GST o1 uf %06 UBY) 210N (a/8) %¢g°0 V'N V'N :snnpour aarssardwo) JBIpIED 09I-INDIP
BAIN L6°€ F BdD CT°0 F
vST1 o4ia uy ‘V'N %M T VN 6V°6L TYISUIIIS I[ISUSL, CY'C SNNpou I[Isu” L, up[s DHd-0D/SD/VAd
oqa BN S0 F €F
€qT utfopia uy V'N %IM S°0 %9°C F 0°9¢ :snnpow daissardwo) V'N Juod T0D/d1V/0D
BdY 6C°0
F TH’L :SNNPOW dNISE[d
[ed] €°0 F ¥9°€
:snnpour dA1ssaxdwod
/e 90°0 F
TST ouna uf %00T~ ,_Tw 3w 0p'T V'N V'N 19°T :sninpow 33e101§ [eINON OD/VIN[?D
edIN edIN YodeD
15T ommaur  (sep G 1913€) 00T T~ %M T V'N £8°C *YASUD1IS JISUSL, 12°CS *SN[Npow dNSe[q suog -AHd/0D-10d
PEN| (s)1opon (%) Kpiqera 12D 0D1/0D Jo (%) Aiso1od p3uans SnNpon anssn jo adA, arsodwo)

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

"9G:GT ST 9202 '20°9T U0 P3Ie0|uMod €202 dHAUIBIP gz Uo paus!idnd 901l Ss300Y uado

(‘Pu0cD) T o1qeL

Nanoscale Adv., 2024, 6, 337-366 | 347

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00554b

Open Access Article. Published on 22 decembrie 2023. Downloaded on 16.02.2026 15:15:56.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

facilitated the exchange of nutrients and needed.’”® Nano-
fibrous nerve conduits manufactured with diverse synthetic and
natural materials have enormous potential for back nerve
regeneration as a bridge between adjoining ends. Interestingly,
Wang and coworkers developed PLGA-MWCNT aligned nano-
fibers coated with poly-i-lysine for nerve tissue engineering.
After the addition of MWCNTSs, the scaffold possessed the
improved mechanical properties of L-PC_A— and L-PC_A+,
including ultimate tensile strength (MPa), elongation at break
(%), and Young's modulus (MPa) of up to 2.92 + 0.12, 127.81 +
2.92 and 6.82, 58.03 £ 2.94 and 22.47 £ 1.36, 31.96 £ 8.65,
485.05 + 49.55, respectively. Consequently, the scaffold could
guide PC12 cells and grow DRG neurons along the fiber direc-
tion, which is beneficial for neurite outgrowth, making it
a potential candidate for nerve regeneration in tissue
engineering.'”*

Biocompatible scaffolds in tissue engineering offer an
appropriate micro-environment for the regeneration of injured
tissue and the attachment and growth of cells. CNTs, as
promising materials, can create a similar micro environment
for bone repair in osteonecrosis and the natural function of
bone and cartilage such as mechanical strength.”® In another
study, Shuai et al., after bonding 3D hybrid montmorillonite
(MMT)/CNT (MMT-CNT) with an optimal weight ratio of MMT :
CNT 1:0.1, and embedding it in PLLA by the SLS method,
prepared a self-assembly scaffold. The addition of CNTs,
besides reducing the accumulation of MMT by being sand-
wiched between its middle layer, increased the mechanical
effects of the scaffold due to the tolerance of the stress trans-
ferred from the matrix, which was high due to their high
strength and modulus and large specific surface area. Adequate
mechanical traits are essential during the induction of bone
scaffolds. The results of the mechanical tests (tensile strength
and modulus 113.04% and 111.46% and compressive strength
and modulus 58.20% and 63.27%, respectively) showed that the
addition of CNTs to the scaffold structure in this bone tissue
engineering further facilitated the transfer of nutrients due to
the uniform distribution of pores on the scaffold and its rapid
degradation created space for the growth of bone tissue.'”®
Because of their special mechanical properties, CNTs can act as
an interface for strong interfacial bonding and increased
adhesion. In this respect, hydroxyapatite-carbon nanotube-
wood derived carbon (HA-CNTs-WDC) composites have been
developed as scaffolds for bone engineering by electrochemical
deposition and chemical vapor deposition methods. The CNTs
present in the structure, in addition to promoting HA/WDC
interfacial adhesion, with their porous structure, increased
the HA nucleation points and uniformity, and consequently
increased the mechanical attributes of the scaffold. The
improvement in mechanical properties with the addition of
CNTs was proven by the increase in the values of compressive
strength (10.54 MPa) and compressive stress (almost 12 MPa).*””

The biocompatibility of the composites based on CNTs is
highly dependent on the concentration of these nanoparticles
in the composite. Sang et al. proved that by increasing the
MWCNT concentration in a composite from 1% to 5%, its
cytotoxicity increased. Also, by increasing the MWCNT
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concentration, the swelling ratio decreased.”® Other studies
also indicated the biocompatibility of the CNTs at low and
controlled concentrations.'”® Besides concentration, the size
and shape of CNTs play a decisive in the biocompatibility of the
composite and are related to cell damage and cell destruction.*>

The incorporation of CNTs in the hydrogel matrix can
effectively increase its swelling capacity. In the study by Tong
and coworkers, it was indicated that by adding CNTs to a poly-
vinyl alcohol (PVA) hydrogel matrix, the swelling properties
were enhanced as well as the tensile modulus, tensile strength,
and strain at break. The final swelling ratios increased by 35.7%
and 44.9% at room temperature and 310 K, respectively.'®*® As
another important aspect of materials used in tissue engi-
neering, the biodegradation of CNTs has been studied. For
example, Zhang and coworkers investigated the relationship
between the physicochemical properties of CNTs and biodeg-
radation. It is believed that the key oxidizer of CNTs in macro-
phages is sodium hypochlorite. Therefore, it was used for
investigating the biodegradation of CNTs. It was indicated that
the biodegradation of CNTs is generally related to their diam-
eter and degradation followed the order of SWCNT = carbon
nanohorns > thinner MWCNT = thicker MWCNTs."**

In terms of structural-chemical, biological, and mechanical
properties, MWCNTs simulate the ECM and participate in bone
regeneration as a composite reinforcing material. In the designed
and developed scaffold of dendrimer-MWCNT reinforced SrHAP
composite, the presence of MWCNTs resulted in: (1) 30-fold
increase in curcumin loading, (2) 1.7-fold delay in its burst release,
(3) creation of porosity of 89.63% =+ 2.4% in the composite, which
is comparable to human cortical bone, (4) creating mechanical
strength of 0.415 £+ 0.04 GPa, (5) guiding bone repair due to
homology and 3D structure similar to spiral collagen, and (6)
a pattern for apatite nucleation due to anionic chemical properties
in nanotubes. Thus, due to all these reasons, especially in creating
the appropriate mechanical features, the differentiation of MG-63
human bone-like cells improved and increased.'®

In the report by Kaur et al., the addition of COOH-SWCNTS to
the CS-Coll/COOH-SWCNTs composite changed the structural
morphology of the hydrogel into a parallel network with
a porosity of 88% =+ 3%. In addition, it has caused a 63%
increase in mechanical properties (storage modulus (almost
110 Pa), loss modulus (around 5 Pa), and Young's modulus
(around 106-107 Pa)), which increased the mechanical strength
of the hydrogel from kPa to MPa, making it closer to the
mechanical strength of bone. Thus, the composite was proven
to be suitable as an injectable scaffold capable of cell differen-
tiation and proliferation. The swelling ratio and degradation
rate were found to be dependent on the composition with the
optimal PBS absorbance through Fickian diffusion and stability
in a liquid environment.” In another study, they prepared
a scaffold that included PCL membranes, B-glycerol phosphate
(B-GP), and functionalized multiwall carbon nanotubes (f-
MWCNTs), which provided a potential alternative for bone
tissue regeneration with viability and proliferation of HDPSCs
in vitro. The addition of f-MWCNTs increased the Young's
modulus and the maximum tensile strength to 405.9 MPa and
25, respectively, which greatly contributed to the production of

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00554b

Open Access Article. Published on 22 decembrie 2023. Downloaded on 16.02.2026 15:15:56.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(a) .~ Cancellous bone

Lamella

View Article Online

Nanoscale Advances

Collagen fiber

Cortical bone

N\,
Osteon N ¥

Collagen fibril

Macro-scale Micro-scale

Well-distributed
porous microstructure

( ) Hierarchical bone scaffold

Randomly
distributed

HA particles \

CNT
networks \

I’ . i
,~*" | Hydroxyapatite crystals Collagen molecule
4 q ’
‘“ ! o ¢ )
M
\ T o )
i ! N )
N
\, [; | [; | [: |
N
N,
\ ! ¢ ¢ ,
J a N
Nano-scale
I'""""'f'""': reTersaaaanenne
i Before printing 1 i After printir
| S i ——— | S ———

Aligned HA particles

Randomly distributed 2 Distangled
Tangled polymer chains N/ ’\, N polymer chains
K T
[ —
el

Aligned
CNTs

e

Fig.4 Schematic of the hierarchical scaffold system with uniform geometry at the microscale and highly aligned structures at the nanoscale that
mimics the bone structure from the macroscale to the nanoscale (a and b). Reprinted with permission from ref. 184 Elsevier, copyright 2020.

a highly efficient bone biomaterial with the ability to release
bioactive factors and stimulate bone formation.

The purpose of tissue engineering is to repair, replace, and
restore unhealthy or damaged tissues, where the mechanical
properties of scaffolds, especially the ability to mimic natural
tissue, are significant. In bone tissue engineering, the ECM
consists of collagen and inorganic bone minerals, which are
hierarchically organized on multiple-length scales. In this
direction, in an investigation, a highly biomimetic 3D printed
porous scaffold comprised of MWCNTs with the same dimen-
sions as collagen fibers, which were mainly aligned along the
printing direction, was coupled with nHA and blended with
a PCL matrix to produce scaffolds using a production system
based on extrusion with the help of screws. Also, besides
increasing the storage modulus, the elastic modulus of the
filament (compressive modulus was almost 90 MPa) and the
yield strength (almost 3 MPa) of the scaffold, the surface
roughness increased, which promoted bone differentiation,
helped to adjust the path of the hard surface transfer mecha-
nism and enabled high protein absorption (Fig. 4).'**

Tissue engineering is a promising method to regenerate
damaged tissue by inducing the ability of natural tissue to heal
using a cell scaffold that is transplanted into the host tissue. For
example, Miyanji et al. designed and synthesized chitosan-
gelatin/single-walled carbon nanotube electrospun composite
scaffolds for cartilage tissue engineering, which is a connective
tissue with a slow healing rate. CNTs functionalized with COOH

© 2024 The Author(s). Published by the Royal Society of Chemistry

provide interaction between themselves and biopolymers,
which leads to better interface bonding and improved
mechanical specs. Thus, their addition as a polymer matrix
reinforcement due to their special properties, including high
inherent mechanical properties, reduced the fiber diameter,
contact angle, and elongation at break (3.26% =+ 0.02%), and
also increased the tensile strength (3.26 + 0.02 MPa), Young's
modulus (187.56 & 9.31 MPa) and hydrophilicity of the scaffold,
which enhanced the stability, cell viability, and cell behaviour to
repair cartilage tissue to absorb growth factor. Their tubular
structure allows them to transfer the external load from the
matrix (the outermost layer) to the inner layers as a bridge in the
polymer matrix. In addition, they create a porosity of over 80%
(necessary for tissue engineering) in the scaffold, which plays an
important role in the penetration of oxygen, humidity, and the
transfer of nutrients to the cells and the removal of waste
materials from them.*®*

Synthetic materials that are used for bone grafting in frac-
ture must be attached to the porous bone, and thus the
synthesized scaffold, besides biodegradability, must have
sufficient compressive strength that is more than 2 MPa. For
example, Akbari-Aghdam and coworkers fabricated a scaffold of
polymer nanoceramic materials with controlled porosity that is
similar to cancellous bone tissue and includes components
such as resin polymer, SWCNT, and hydroxyapatite (HA) made
by the digital light processing method. SWCNT having a suit-
able porosity of nearly 55% made the scaffold similar to the
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porosity of human bone, with acceptable strength. It also
increased the mechanical properties of the sample up to 36 MPa
and increased protein conversion and absorption in human
bone.'®®

In skeletal muscle tissue engineering, the engineered scaf-
fold must have the ability to endure periodic contractions and
rest in daily life, which, in addition to having the same structure
as the original tissue, requires excellent mechanical features to
withstand continuous movements. Skeletal muscle tissue has
compressive properties and a regular structure that is sensitive
to electrical signals. Alternatively, platforms using biomimetic
3D aligned conductive tubular cryogel scaffolds consisting of
gelatin and polydopamine-coated carbon nanotubes (PCNTs) by
unidirectional casting technology by anisotropic compression
as a framework, with a parallel structure were developed for 3D
cell alignment and differentiation of C2C12 myoblasts and
skeletal muscle regeneration in vivo in a rat tibialis anterior
muscle defect model. The combined CNTs not only increased
the conductivity, but also enhanced the mechanical attributes
of the cryogel, including the compressive modulus in the
longitudinal section to 66.3 £ 9.42 kPa, enabling the cryogel
able to withstand repeated contraction behaviour and dynamic
contraction similar to native skeletal muscle (Fig. 5)."*” In
a report on the design of scaffolds for use in heart and nerve
tissue engineering, a CNT/PCL/gelatin composite was prepared
by “sandwich” (SCNT) and dual deposition (DD CNT) methods.

(a)
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Compression

4 |
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According to the report, the presence of CNTs, in addition to
increasing the fiber diameter, pore size, and hydrophobicity of
the scaffold, electrical conductivity up to 5.22 £ 0.49 kS, 80%
increase in Young's modulus and 28% in tensile strength, and
decrease in the rate of degradation, the scaffold also showed
antimicrobial activity. Consequently, cell migration into the
scaffold was promoted, making it a potential scaffold for the
differentiation of heart and nerve cells (spinal cord and neural
growth substrate).'®

Cardiovascular tissue is exposed to continuous pulsating
flow and mechanical stress, and blood vessels always faces
pulsating shear stress of blood flow. Therefore, in cardiovas-
cular tissue engineering, Tondnevis et al. prepared a scaffold
consisting of gelatin, SWCNT, and polyurethane fiber. The
addition of SWCNT increased the Young's modulus and ulti-
mate strength of the scaffolds up to 16.47 = 0.5 and 23.73 £
0.5 MPa, respectively, reduced the average diameter to 140 nm,
increasing the porosity to 89% =+ 5% and hydrophilicity, and
improved and increased the mechanical properties of the
scaffold for it to withstand the above-mentioned physiological
conditions. Studies indicated that the incorporation of
CWCNTs in the composite structure reduced the degradation
rate of the samples. The Young's modulus and ultimate stress
were comparable to native myocardium tissue due to the
strengthening effect of SWCNTs."™ In another study, a three-
layer hybrid nanobiocomposite based on ultrahigh-molecular-
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(a) Properties of skeletal muscle tissue. (b) Schematic of the process of using a gelatin cryogel scaffold based on a PCNT in desired skeletal

muscle tissue engineering. Reprinted with permission from ref. 187 Elsevier, copyright 2022.
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weight-polyethylene (UHMWPE), MWCNTs, and nanosized
hydroxyapatite (nHA) was developed for biomedical applica-
tions in tissue engineering of bone/blood cells. According to the
mechanical tests, the addition of MWCNT had effects such as
increasing the yield strength, work of fracture, and porosity up
to ~16.9 &+ 0.6 MPa, 4.7 + 0.2 J, and 8.6%, respectively. These
properties strengthened the composite to enable it to resist the
physiological environment and support the growth of stem
cells, osteoblasts for the articulation of the femoral head, and
the expression of rouleaux formation of RBCs.**®

Conductive scaffolds are a suitable option for cardiovascular
tissue engineering due to their similarity to the ECM of native
tissue. For example, Mombini et al. fabricated chitosan-poly-
vinyl alcohol (PVA)-CNT nanofiber scaffolds with different
percentages of CNTs with an optimal diameter of 255 £ 3.5 nm
for cardiomyocyte differentiation. The presence of CNTs, in
addition to increasing the conductivity, caused a significant
increase in porosity (70% to 80% on average) and an increase in
elastic modulus and tensile strength to 130 + 3.605 and 4.9 +
1.961, respectively. This led to the creation of a 3D platform for
the proliferation and growth of cells and increased the adhesion
of MSCs to the scaffold.”* The sufficient strength of biomate-
rials is essential in the field of tissue engineering because high
strength damages soft tissues and tissue regeneration, while
low strength causes rapid collapse, and thus the mechanical
properties of the scaffold are vital. Finally, it can be said that
CNTs, as biologically active molecules, have unique potential
for different types of tissue engineering because by introducing
their inherent mechanical properties in the scaffold, they can
promote ECM expression and improve the substrate to stimu-
late cell growth and repair.’>**

Table 2 presents some reports concerning the mechanical
features of CNT-based composites used in tissue engineering.

3.3. Fibrous carbon nanostructures

Fibrous carbon nanostructures are considered one of the most
important structures in enhancing physical attributes including
mechanical properties due to their exceptional morphology.>**
The most common way to produce fibrous structures is elec-
trospinning.*** CFs are also known for their good electrical and
thermal conductivity.”*® Together with CFs, other types of
fibrous carbon nanostructures, such as CNTs, multi-wall CNTs
(MWCNT), and GO, are also investigated in this section.?*7>*
CFs exhibit excellent mechanical, thermal, and electrical
properties, and therefore have great potential for a variety of
biomedical applications, including tissue engineering. Carbon
nanofibers (CNFs), as a category of CFs, have a higher length-to-
diameter ratio than CNTs. They also show significant mechan-
ical properties and can act as reinforcements to increase the
tensile and compressive strain limits of materials.**® In addi-
tion, nanofibrous structures can serve as an efficient framework
for cell adhesion, proliferation, and differentiation, which
differentiates them from other forms of nanomaterials.**®
Improved mechanical property is an important factor in
many materials used in biological applications, such as dental
and orthopedic implants. In this regard, Han et al. combined
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the mechanical properties of polyether-ether-ketone (PEEK)
with CFs using fused deposition modeling (FDM) printing
technology and prepared CF-reinforced PEEK (CFR-PEEK)
composites. The mechanical tensile, bending, and compres-
sive strength improved from 95.21 MPa, 140.83 MPa, and
138.63 MPa to 101.41 MPa, 159.25 MPa, and 137.11 MPa
respectively, which indicates that compared to pure PEEK, CFR-
PEEK has much higher mechanical strength and can be used as
a great candidate for dental and orthopedic implants in bone
grafting and tissue engineering applications. Moreover, bio-
logical tests exhibited good biocompatibility for biological
applications.>*°

Generally, PEEK is considered a suitable polymer for soft and
hard tissue engineering due to its physical and chemical
properties such as stability and radiolucency. However, it has
a lower elastic modulus in the range of 3.7-4 GPa compared to
that of human cortical bone of 7-30 GPa.>*! In this case, CFs can
be used to increase the stiffness of PEEK and enhance its
utilization. For instance, Uddin and coworkers designed highly
porous PEEK foams with CFs, carbon nanotubes, and
hydroxyapatite (HA) particles through cast melting and salt
porogen leaching techniques and used them as bone scaffold
materials. The results showed that with the incorporation of
these nanoparticles in the composites, the modulus and yield
strength significantly increased, making them good candidates
for biological applications, including bone regeneration and
scaffolding.”®® For instance, Naskar et al fabricated bio-
nanocomposites based on silk protein fibroin and reinforced
them with CFs. These composites where further used for bone-
tissue engineering applications. The addition of CF increased
the compressive modulus by about 4.3-times compared to the
control fibroin sponges. Besides having good mechanical
properties, these composites were shown to be biocompatible
and non-hemolytic.>*® Using the electrospinning technique,
other types of carbon nano-structures can be incorporated in
fibrous systems. Mahmoodi and coworkers designed a PCL/
keratin (Kr)/CNT scaffold using electrospinning to study the
effect of CNTs-COOH on the fibrous scaffold in hard tissue
engineering applications. The incorporation of nano carbon led
to a decrease in the fiber diameter from 123 to 55 nm and an
increase in porosity and mechanical tensile strength from
3 MPa for PCL/Kr to 8 MPa for PCL/Kr/CNT. The CNT-
containing scaffolds showed more cell adhesion and growth
due to their higher special surface area and hydrophilicity
compared to the untreated PCL/Kr scaffolds.>

Generally, PCL is considered a frequently used polymer in
biological applications.*** Tohidlou and coworkers embedded
an amine-functionalized single-walled carbon nano-tube
(aSWCNT) in PCL scaffolds for bone tissue engineering appli-
cations. By adding 0.2% of aSWCNT to PCL, the tensile strength
increased from 1.6 MPa for pure PCL to 9.3 MPa for aSWCNT/
PCL, which is very considerable. Also, the incorporation of
aSWCNT led to an increase in cell proliferation, adhesion, and
stem cell differentiation, together with the bioactivity and
biodegradation rate of the biomaterial.** In a different study,
Abdal-hay and colleagues used air jet spinning to fabricate PCL
nanofibers incorporated with MWCNTs. The tensile strength
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increased from 0.382 =+ 0.1 for pure PCL to 0.483 =+ 0.12 for PCL/
1% MWCNT. Also, the tensile elastic modulus increased from
17 + 3.5 for PCL alone to 110 + 41.8 for PCL/0.5% MWCNT and
650 £ 74.5 for PCL/1% MWCNT nanofibers.**

Mechanical strength is an important factor in cardiac tissue
engineering as well as hard tissue engineering. The implanted
scaffolds used in this specific application must be able to
recapitulate the environment of the heart.** To achieve an
effective scaffold for cardiac tissue engineering, Abedi and
coworkers fabricated electro-conductive scaffolds based on
chitosan (CS), PVA, and MNCNTs using electrospinning.
Further, USSC stem cells were cultured on these scaffolds and
were pushed into desired differentiation path using small
molecules and electrical stimulation. The addition of 2% of
MWOCNT to this fibrous structure caused a decrease in the fiber
dimeter by 115 nm and an improvement in tensile strength and
their conductivity from 8 x 10 >Sm ' to 9 x 10 > Sm ™, which
are considered crucial factors for this application (Fig. 6).*

In cardiac tissue engineering, the scaffold must mimic the
native environment of the body with factors such as similar
conductivity and mechanical behaviour.**” Therefore, incorpo-
rating conductive materials in scaffold structures can be bene-
ficial to their behaviour. Considering their conductivity and
appropriate mechanical properties, CNTs have shown inter-
esting potential for these applications. To overcome limitations
with the incorporation of these particles, Jiang and coworkers
electrospun PCL/gelatin into a CNT bath and fabricated textile-
based scaffolds using the resulting yarns. The test results

Fig. 6

(1-3) The preparation of electrospun scaffolds based on CS,
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showed that the incorporation of CNTs influenced the thermal
and mechanical properties of the scaffolds. The yarns where
also biocompatible and could guide cell elongation and align-
ment. The textile fabric resulting from these yarns was tested as
a vascular scaffold, showing mechanical properties similar to
native vessels.*

Another carbon nano-structure that can be incorporated in
a fibrous structure is GO. GO is known for its hydrophilicity and
conductivity and once combined with the appropriate material,
it shows potential for different types of tissue engineering. For
instance, Oztatli et al. designed a PLLA/GO scaffold using
electrospinning and tested its potential for nerve regeneration
applications. PLLA is biocompatible and easy to shape but it
also is hydrophobic and lacks proper binding sites. Accordingly,
the addition of GO improved the physical, chemical, and
mechanical properties of the scaffold including tensile and
water contact angle, making it appropriate for nerve tissue
engineering. By adding 10% of GO to the composite, the tensile
strength increased up to 12.93 MPa, which was significantly
higher than that of the neat PLLA nanofibers with a tensile
strength of 2.25 MPa.**®

Cartilage tissue, as a connecting tissue, plays an important
role in protecting joints and bones. However, its injury is very
common and it does not possess high regeneration capability.
Therefore, it is necessary to develop new technologies and
methods for the treatment of this important tissue.*** In this
regard, Golshayan et al. used the electrospinning method to
prepare poly(3-hydroxybutyrate)-chitosan/functionalized

Preparing solutions

CS+PVA+MWCNTs 0 Q

o o o
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PVA, and MWCNTSs; (4) culturing USSC stem cells; (5) applying small

molecules and electrical stimulation; and (6) the preparation of cardiac patches by combining the above-mentioned factors. Reprinted with

permission from ref. 32 Elsevier, copyright 2021.
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MWCNT (PHB-CS/f-MWCNT) with glucosamine sulfate (GAS)
and tested its capabilities for cartilage tissue engineering. GAS
is considered an important factor in cartilage tissue extracel-
lular matrix and it improved the hydrophilicity of the fiber.
Furthermore, the addition of CS to PHP decreased the Young's
modulus from ~4.71 to ~4.20 MPa, while after the addition of
nanotubes, this number increased to ~7.24 MPa. The combi-
nation of the scaffolds with GAS decreased the tensile modulus
slightly but the composite still had sufficient strength for
cartilage tissue engineering application.**

Generally, one of the most important factors in designing
new composites for different types of tissue engineering is that
the designed composite must show similar mechanical prop-
erties with the target native tissue. For example, Deng and
coworkers designed a novel composite consisting of CF, HA,
and polyamide46 (PA46) and tested its mechanical properties
and biocompatibility for bone repair applications. The addition
of CF increased the bending strength from ~116 to 159-
223 MPa, tensile strength from ~95 to 127-199 MPa, and tensile
modulus from ~4.6 to 7.7-10.8 GPa. The incorporation of CF
also had positive effects on the biocompatibility of MG63 cells,
indicating the potential of this composite for bone tissue
engineering application.” Using the electrospinning tech-
nique, Zhang and coworkers prepared CS/PVA/astaxanthin
(ASTA) nanofibers and evaluated their morphological and
mechanical properties together with biocompatibility and
cytotoxicity. The addition of GO led to a decrease in the diam-
eter of the nanofibers and mechanical tensile strength from
2.57 MPa to 2.24 MPa, which was further elevated up to 3.39 by
adding ASTA to the fibrous structure. Bacteriostatic and cyto-
toxicity tests also showed Escherichia coli growth inhibition and
good cell compatibility.**

Interestingly, the size differentiation appears to be non-
decisive in the biocompatibility rate of fibrous carbons. For
instance, Grabinski et al. prepared CFs and carbon nanofibers
with different sizes and diameters (10 pm to 100 nm), which
showed no significant cytotoxicity in a cell viability test.>*

In conclusion, CFs can be beneficial in increasing the
mechanical properties of composites used in different types of
tissue engineering.”** They can be added to different materials
to overcome their mechanical limitations.”®® Moreover, by
incorporating different types of carbon nanostructures in
fibrous systems, their mechanical properties can be altered as
desired for specific tissue engineering applications.>****

3.4. Nanodiamonds

NDs, which are carbon-based nanomaterials with a tetrahedral
structure and sp® hybridization, are gaining traction in the
biomedical field due to their high biocompatibility, simple
surface functionalization, bright fluorescence, antimicrobial
activity, chemical inertness, and superior mechanical proper-
ties including hardness, Young's modulus, high-pressure
resistance, and great fracture toughness.””*?** ND composites
include polymer components and types of NDs. The use of NDs
increased the mechanical strength, thermal stability, elastic
modulus, and tensile strength of biodegradable polymers.***
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The fabrication of an appropriate biocompatible and biode-
gradable scaffold with mechanical strength similar to human
bone is the primary challenge in bone tissue engineering.
Recently, among the common bone implant materials (tita-
nium), the ability of coatings containing diamond to increase
the bone integrity, reinforce the mechanical properties of
implants, ease the surface chemistry, and provide antimicrobial
properties has been studied in the field of orthopedic
implants.>*®

Furthermore, recent studies have revealed the effect of
various designing methods of diamond lattice on penetrability,
successful cell culture, proper elastic modulus, etc.?** Following
this investigation, Timercan et al. prepared lattice systems of
gyroid and diamond that were mechanically flexible and pene-
trable to liquids, thus encouraging osseointegration and
decreasing complexity risks, for instance, a lack of fixation,
device migration, and subsidence in current intervertebral
fusion devices. These structures were manufactured using Ti-
6Al-4V and laser powder bed fusion. The Sy/E of the lattice
structures (25-33 x 10 °) was considerably better than that of
the bulk metals (~10 x 10~° for Ti-6Al-4V). Compared to Ti-
6Al-4V, the modulus of elasticity and mechanical resistance
were 1.9-4.8 GPa and 52-160 MPa (i.e., a 24-60-fold decline in
Young's modulus, E, and 7-21-fold decline in yield stress),
respectively.”®

Besides, the surface of ND has an influential function in the
design of utility and biocompatibility in the biological field. A
combination of covalently functionalized UNCD surface,
biocompatibility, and superior mechanical properties led to the
use of UNCD as a hermetic coating for implantable artificial
retina devices and as a guide to improve neural stem cell
transplantation and neural tissue regeneration”* In an
important study, Liskova et al. revealed that O-terminated NCD
films with high mechanical hardness and chemical resistance
increased osteogenic cell differentiation and cell adhesion and
growth.”®® Element doping is the primary method for solving
insufficient adhesion and bioinertness in carbon films, partic-
ularly DLC and a-C films. The design of a multifunctional Cu/a-
C:H thin coating deposited on the Ti-6Al-4V alloy (TC4) via
magnetron sputtering in the presence of Ar and CH, for appli-
cations in bone implants was reported by Milan and coworkers.
The results of the test revealed that with an increase in the
copper concentration in a-C:H coatings, the ratio of sp*/sp® also
increased, and the interior stress intensity of the Cu/a-C:H bio-
films decreased. Furthermore, with an increase in Cu concen-
tration (from 30 wt% to 37 wt%), the Young's modulus
decreased significantly from 88 GPa to 25 GPa; however, the
hardness increased considerably from 7.8 GPa to 10 GPa. In Cu/
a-C:H films with an increasing Cu content, arteries develop on
the titanium alloy surface, which increases the likelihood of
implants succeeding.”*

Investigations on the shear modulus variations as a function
of the volume of ND in hybrid substances indicated that the
shear modulus of new nanocomposites comprised of pHEMA
and NDs at concentrations 2% to 5% volume as a biomimetic
biomaterial was comparable to that of the cortical bone (10-20
GPa). In the case of nano silica hybrids, similar results were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Mechanical properties of ND-based composites in tissue engineering

Composite Optimum Cell

Structure Type of tissue Modulus Strength Porosity, %  amount of NDs viability, % Model(s) Ref.
ND-OAD/PLLA Bone marrow Young's modulus: N.A. N.A. 10 wt% N.A. In vitro 260

7.9 GPa

n-DP-PLA/poly Bone 112.1 MPa N.A. 92.2% 10 wt% N.A. In vitro 261
(LLA-co-CL)

Nb-C film Bone mouse Young's modulus: N.A. N.A. 52.1 wt% N.A. In vitro 270

calvaria 191.7 GPa
PVDF/BG scaffold Bone N.A. Tensile strength: N.A. 1 wt% N.A. In vitro 271

59.61 MPa

obtained in higher concentrations of about 15% to 30% volume.
Therefore, it is expected that hybrid nanocomposites possess-
ing higher mechanical strength, biomimetic, osteoconductivity,
and osteoinductivity properties, while overcoming the main
weakness of hydrogels (i.e., poor mechanical characteristics) are
suitable candidates for applications in cartilage cell tissue
engineering.>¢”>¢

Nanocellulose/nanocarbon composites are another type of
new hybrid materials proposed for biomedical applications,
particularly for wound dressing. A CS/BC composite was
prepared using chitosan-based biopolymers containing 33 wt%
bacterial cellulose and 1 to 3 wt% MND. The mechanical
properties of mats significantly increased by adding 1 wt%
MND particles. Also, the ductility loss, elastic modulus (458
MPa), and yield strength (25.3 MPa) of the fibers increased and
were close to that of natural skin. The results of the MTT assay
demonstrated on L929 fibroblasts cultured on electrospun
composite nanofibrous mats that the cell viability after a one-
day incubation was higher than 90% compared with the
control.>***%°

A summary of the reports on ND-based composites and their
mechanical properties in tissue engineering is shown in
Table 3.

3.5. Other carbon-based nanocomposites

Other nanocarbon materials that can reinforce and modify the
mechanical properties of nanocomposites include fullerenes,
carbon black, active carbon (also called activated charcoal),
CDs, and CQDs. Recently, a considerable number of studies
focused on the use of nanocomposites based on these nano-
carbons, which is ascribed to their extraordinary structural,
electronic properties and high mechanical stability. Due to their
features such as unique porosity with a large surface area/
volume ratio, higher tensile strength and electrical conduc-
tivity, excellent solubility in water, high cell penetration ability,
and acceptable biocompatibility, nanocarbon materials have
been widely used in nanocomposites operated for a variety of
biomedical purposes including drug delivery, wound dressing,
bioimaging, and tissue engineering. Among these materials,
one of the most attractive is fullerenes. Fullerenes are allotropic
forms of carbon and exist in various forms, depending on the
number of carbon atoms present in the molecule such as Cg,
C;0, Cgo, and multi-layer fullerenes, which are described as

© 2024 The Author(s). Published by the Royal Society of Chemistry

carbon nano-onions (CNOs). The biological application of
fullerene nanomaterials expands new scientific frontiers in
tissue engineering. The biodegradable CS/PVA/ox-CNO scaf-
folds with potent biomedical applications were developed by
Tovar et al. In this study, they used five different formulations of
CS/PVA/ox-CNOs and evaluated their properties to achieve
a targeted scaffold for tissue engineering. Studying the degra-
dation of samples in an SBF showed that the samples without
0x-CNOs lost 75% and 85% of their weight after 15 days, while
the in vivo tests showed that after 90 days of subcutaneous
implantation of films containing ox-CNOs in the tissue of
Wistar rats, only partial degradation occurred without any
immune responses and allergic reactions. All the results illus-
trated the biocompatibility of CS/PVA/ox-CNOs and strongly
assured that the presence of ox-CNOs not only stabilized the
films through chemical interactions with the CS/PVA chains,
but also delayed the degradation. Alternatively, mechanical
tests were performed for five different as-fabricated formulas,
which showed an ascending trend in Young's modulus and
tensile strength of the CS/PVA/0ox-CNOs samples compared to
CS/PVA composites. The hydrogen bond between the chitosan
amino groups and carboxyl groups on the ox-CNO surface
increased the tensile strength of the nanocomposite. Conse-
quently, ox-CNO acts as an absorber of part of the mechanical
stress imposed on the nanocomposite and amends the tensile
strength. Incorporating low amounts of ox-CNOs (0.25, 0.50,
and 0.75 wt%) in the CS/PVA composite created disorder and
resulted in the loss of crystallinity and decreased Young's
modulus. Besides, increasing the content of ox-CNO, caused an
adequate and uniform dispersion of ox-CNO, stress harmo-
nious distribution, modification of crystallinity (confirmed by
XRD analysis), and finally an increase in Young's modulus.
Thus, based on the results, the CS/PVA/ox-CNOs nanocomposite
can be considered a conducive scaffold for skin tissue engi-
neering.””” Following this investigation, Vedhanayagam and
coworkers functionalized CBNs (including GO, rGR, fullerene
Ceo, and CNT) with TES-PAMAM-G;, and then cross-linked
collagen in them. These scaffolds were investigated as candi-
dates for wound healing and tissue engineering in soft- and
high-load bearing application. Compared to pure collagen, the
CBN-TES-PAMAM-G; cross-linked collagen showed a higher
Young's modulus (close to natural bone tissue) and tensile
strength, biocompatibility, controlled swelling, and enhanced
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degradability.””® In addition to fullerenes, other carbon nano-
particles utilized in biomedical applications include CB and AC.
CB is a type of paracrystalline carbon that has a large surface-to-
volume ratio, although this ratio is lower than AC. Activated
carbon is a graphite-like and processed form of carbon with
high porosity.>***”* Besides mechanical properties, conductive
scaffolds based on CBNs have received significant attention due
to the transmission of the electrical signal necessary to regulate
cell behaviour in the engineering of tissues such as nerves,
bone, and heart, which are electrically active. For example, Kai
and coworkers developed a porous, hybrid memory-shape
scaffold using PDMS and PCL blended with various amounts
of CB. The results indicated that the addition of CB to the
poly(PCL/PDMS urethane) nanofibers slowly increased the
tensile strength (i.e., from 4.22 MPa for neat polymer to
4.81 MPa for CB-based nanofiber), while considerably
decreasing the elongation and Young's modulus. Furthermore,
the good biocompatibility, low degradation rate, intact
morphology, increased electrical conductivity with an increase
in CB content in the fibers and biostability make this a prom-
ising scaffold for nerve tissue engineering.””* In a recent study,
the fabrication of the PAN/nCB/HA nanocomposite via electro-
spinning was presented by Haider et al. as a bioactive platform
in bone tissue engineering. A substantial improvement in
Young's modulus and tensile strength was observed in PAN/HA
by incorporating 1 wt% nCB. This is because the polymer chains
and CB nanoparticles interact strongly. Although there was
a downward trend in Young's modulus and tensile strength
with a change in the content of HA (from 5 wt% to 15 wt%),
these values were still higher for PAN/nCB/HA than that without
nCB. With the addition of nCB and HA to the PAN membrane,
the swelling ratio increased, which can be related to the higher
porosity of the scaffold, and also more hydroxyl groups on the
surface. Overall, scaffolds based on nCB/HA can be successful in
the regeneration of bone and other hard tissue.>”**”” The in vitro
biological assay of porous PVA-AC nanocomposites in osteo-
blast MG 63 cells showed that the PVA-AC scaffold facilitated
osteoblast differentiation, cell proliferation, and cell growth
without the addition of any extra growth factor. The findings of
this research revealed that the modification of the polymer
matrix with AC reinforcing agent improves the mechanical
properties without disrupting the scaffold porosity as well as
biological properties. Interestingly, the prepared scaffold has
advantages in terms of morphology and porosity, which are
essential for handling cell migration and transport of nutrients
to the cells by allowing osteoblast growth inside the scaffold
without cytotoxic effects. According to the mechanical behav-
iour assay, the presence of 2.5 wt% AC in the polymer matrix
resulted in more than a 207% enhancement in tensile strength
and 349% in Young's modulus, which was related to the
homogeneous dispersion of AC with an increase in its concen-
tration (from 0.5 wt% to 2.5 wt%) and effective stress transfer in
the polymer matrix. Consequently, the obtained innovative
nanocomposite demonstrated the applicable role of AC in bone
tissue engineering.>”® C-dots have emerged as a new class of
fluorescent nano-sized carbon-based materials (<10 nm in size).
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These zero-dimensional carbon nanoparticles consist of carbon
atoms with sp” and sp® hybridization in a quasi-spherical
shape.””*?* Recently, the applications of C-dots as highly
potential bone tissue engineering scaffolds and in diagnosis
and therapies of bone-related diseases have been widely exam-
ined.*®" Accordingly, the fabrication of a CD-decorated HAp/PU
nanocomposite using waste and bio-based resources was
designed as a tremendous potential bone regenerating scaffold
by Gogoi et al. The CD-decorated HAp resulted in increased cell
proliferation and deep cell adhesion and had no negative effect
on osteoblast cells according to the cytotoxicity evaluations. The
uniform dispersion of CD-HAp and strong interactions between
the surface substitutions of the CDs and PVA chains through
hydrogen bonding without any agglomeration in the matrix led
to an increase in tensile strength, scratch hardness, and
toughness, as calculated using the stress-strain curve of the
CD-HAp/PU nanocomposites. Also, the layered structure of CD
added to the polymer matrix improved the elongation at break
of CD-HAp/PUs, followed by good flexibility, which is one of the
requirements of bone implant materials.”®** Numerous
researchers have incorporated CBNs in hydrogels to enhance
their biological, mechanical properties, and electrical conduc-
tivity, making them targeted nanoplatforms in biomedical
applications.”®® For example, the mechanical properties of as-
prepared CD/HA/PVA double-network (DN) hydrogels were
investigated based on the changes in three factors, including
CD to PVA mass ratio (at 0.0, 1.5, 3.0, 4.5 and 6.0 wt% from
CDs), HA to PVA (at 0.0, 0.2, 0.4, 0.6 and 0.8 wt% from HA) and
the number of freezing/thawing cycles (from 0 to 9 cycles).
Generally, after achieving the optimal conditions based on the
above-mentioned parameters, the CDs;/HAg¢/PVA DNy
hydrogel exhibited excellent compression mechanical proper-
ties, i.e., compression strength of 3.462 MPa (about 477%
increase) at a strain of 80%, and a notable enhancement of
429% in Young's modulus (4.5 kPa), introducing it as an
outstanding potential cartilage/bone replacement in the field of
biomedical engineering.”® Considering the presence of -OH
groups in the structure of CDs, they highly influence the
hydrophilicity and swelling ratio of the gel. Therefore, the CD/
HA/PVA DN hydrogels with more freezing/thawing cycles
exhibited a higher crosslinking density, and therefore
decreased crosslinking ratio. In an interesting study, Ghanbari
et al. developed chemically cross-linked OA/GEL/CNQD hydro-
gels based on OA, GEL, and CNQDs (with 0.06% CNQDs) as
conducive scaffolds for injection in the regeneration of
damaged cartilage tissue due to their cell viability (>97%),
enhanced cell adhesion on MG 63 cells, and mechanical dura-
bility.”®* Another study by Rastegar and coworkers described
a notable improvement in tensile strength (5 MPa), Young's
modulus (11 MPa), and elongation at break (10 mm) of
a multifunctional PGS/PCL/CQD scaffold with the optimized
weight ratio (2:1:0.5) compared to PGS/PCL. Thus, the
enhancement in mechanical and biological properties and
electrical conductivity mainly created by the addition of CQDs
make the PGS/PCL/CQD nanocomposite an immensely prom-
ising material for cardiac tissue engineering.**®
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4. Advantages and disadvantages of
carbon-based nanocomposites
regarding mechanical properties in
tissue engineering applications

The proliferation and migration of cells are dependent on the
physicochemical interplay between cells and the surrounding
extracellular matrix.*®* Consequently, the mechanical properties
of carbon-based nanomaterials used in tissue engineering play
a vital role in affecting cellular behaviour. It was observed that
cells cultured on substrates possessing greater stiffness exhibited
a greater modulus, as well as a more elongated and well-
structured actin cytoskeleton,*®® and therefore the carbon-based
nanocomposites utilized in the engineering of this tissue must
exhibit sufficient mechanical strength to facilitate cellular
growth and proliferation. In addition to possessing good
mechanical properties, the scaffold used in tissue engineering
must also provide sufficient porosity for cell growth. In this case,
besides excellent mechanical strength, carbon-based nano-
materials exhibit notable porosity, which can accommodate cells
and facilitate cellular infiltration.?®® Furthermore, carbon-based
nanoscale scaffolds possess a high surface-to-volume ratio,
thereby revealing a heightened probability of molecular interac-
tions with cells.”* Furthermore, the electrical property of carbon-
based nanomaterials is an added advantage in tissue engi-
neering, especially neural and cardiac regeneration. Electrical
stimulation has the potential to activate numerous intracellular
signaling pathways, thereby interfacing with the intracellular
microenvironment, and subsequently affecting cellular
processes such as migration, proliferation, and differentiation.”
However, the presence of impurities, non-uniform morphology
and structure, hydrophobicity, and insolubility of carbon-based
nanomaterials represent impediments that pose significant
challenges for tissue engineering and biomedical applications.”**

In the field of biomedicine, the importance of water solu-
bility and dispersibility cannot be overstated. Henceforth, it
becomes indispensable to augment the hydrophilicity of
carbon-based nanomaterials via diverse functionalization
techniques, including the induction of covalent and non-
covalent interactions.”>** Another disadvantage of carbon-
based nanomaterials is the production of reactive oxygen
species and oxidative stress, which increases their toxicity to
living systems. There are various methods to decrease the
toxicity of nanomaterials, and one of them is surface func-
tionalization. This technique involves altering the surface of
nanomaterials to minimize their interaction with biological
systems.*** Another method is encapsulation, which involves
coating nanomaterials with a biocompatible substance to
prevent them from interacting with biological systems. Addi-
tionally, managing the size and shape of nanomaterials can also
minimize their toxicity.” Thus, considering the advantages
and disadvantages of using carbon-based nanomaterials in
tissue engineering, it can be concluded that carbon nano-
materials can be utilized as novel compounds in biomedical
applications.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5. Conclusions

Carbon-based nanocomposites appear well-suited as biomate-
rials and may become useful tools in tissue engineering to
combine with the host body. They can be utilized in applica-
tions such as cellular imaging, biological and chemical sensing,
bioactive agent delivery, and matrix engineering. However,
although the novel uses of carbon-based nanocomposites for
biomedical applications are being expanded, there are concerns
about their cytotoxicity, which can be mitigated by chemical
functionalization. Engineered scaffolds made of carbon-based
nanocomposites have effectively overcome many limitations of
existing treatments owing to their useful attributes including
biocompatibility, biodegradability, porosity, NIR optical
features, and mechanical and electrical properties. Mechanical
properties including elasticity modulus, tensile strength, elon-
gation, hardness, density, creep, toughness, brittleness, dura-
bility, stiffness, creep rupture, corrosion and wear, low CTE, and
fatigue limit, are considered one of the key issues in tissue
engineering. Because engineered scaffolds made of carbon-
based nanocomposites should accommodate long-term tissue
regeneration and ensure the stability of local physiological
structures via controlled biodegradability and the maintenance
of appropriate mechanical performance during degradation,
surgery is no longer required to remove them. The porosity of
these carbon-based nanocomposites also creates a suitable
microenvironment for cell adhesion and proliferation, which is
vital for tissue regeneration.

Besides, these characteristics have shown a mutually
restrictive relationship in in vivo and in vitro research. For
instance, excessive porosity in carbon-based scaffolds may
reduce mechanical strength. Conversely, too fast or too slow
degradation may affect the repair. Therefore, the use of the
appropriate dosage of carbon nanomaterials in composites and
choosing the optimal production technique can lead to the
preparation of scaffolds containing carbon nanomaterials that
are more favorable for application in tissue engineering. Over-
all, carbon-based nanocomposites can be used as an important
and unique component to impart the best mechanical proper-
ties to biomaterial to guide cell growth in combination with
other biomaterials to potentially achieve tissue engineering
goals.
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