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Electrically conductive polymers and carbon-based materials are emerging as promising biomaterials for
applications in bone tissue engineering solutions. Carbon-based conductive materials may be more suitable
alternatives due to their ability to adsorb proteins, act as load-bearing materials, and accelerate bone
regeneration and maturation through exogenous electrical stimulation. Furthermore, incorporating carbon-
based conductive materials into bone tissue engineering scaffolds better mimics the natural structural and
electrically conductive properties of the native bone. This review discusses the in vitro and in vivo
performances of one-dimensional and two-dimensional carbon-based conductive materials and their
Received 5th January 2022, applications as three-dimensional scaffolds for bone tissue engineering. Cellular processing mechanisms of
Accepted 10th May 2022 carbon-based conductive materials are summarized to understand better the cellular uptake, degradation,
DOI: 10.1039/d2ma00001f and excretion of these conductive materials if they were to be delivered to the human body to treat bone
defects. Both in vitro and in vivo models are discussed to provide insight into the role played by the carbon-
rsc.li/materials-advances based electrically conductive bone scaffold, which may lead to clinical translation.
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Canada, the healthcare system already faces an overall yearly cost
of $2.3 billion for the treatment of osteoporosis and osteoporosis-
related fractures,™ and as the aging segment of the population
increases, an ever-increasing financial burden will be imposed on
the healthcare system. Repair of bone fractures and reconstruc-
tion of critical-size bone defects that exceed the natural healing
ability of the human body thus represent a significant challenge.*

Bone defects are caused by either external factors or defor-
mation of existing bone, resulting in structural deterioration.”
Current intervention strategies to treat bone defects involve the
replacement of the damaged region with donor bone either
from autograft, allograft, or xenogeneic sources. However, the
use of donor bone sources possesses significant risks, includ-
ing donor-site morbidity, hemorrhaging, and an elevated risk of
disease transmission.® Of greater concern is their limited
availability, with autografts already in short supply and there-
fore unable to meet the increasing demand for our aging
population. For these reasons, synthetic bone graft substitutes
have received significant attention.

Synthetic materials were first prepared as bone graft sub-
stitutes with the design purpose to match the physical proper-
ties present in natural bone, with a minimal adverse response
to the host.” Sustained research in this field developed bioma-
terials that could create a favorable interface between the
implanted material and the host tissue, promoting positive
responses in the surrounding tissues within the body.® One of
the most studied bone biomaterials is bioactive glass (BG),
originally 45S5 BG invented by Hench,’ which has gained great
attention due to its ability to bond to bone through the
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formation of hydroxyapatite layers on its surface within a physio-
logical environment. However, the processing of synthetic bone
graft substitutes into porous complex scaffolds for load-bearing
implantation sites can become challenging due to their brittle and
stiff nature. In addition, patients treated with scaffolds made
entirely of BG displayed limited anatomical and functional recov-
ery demonstrating the requirement for an alternative intervention
solution.'® The new solution would integrate natural or synthetic
polymers to create a hybrid tissue-engineered bone that would
ideally degrade at a similar rate to the formation of new tissue to
maintain the integrity of the repaired region of bone which can
physiologically and mechanically adapt to the natural environ-
ment and local load within the body."*

Although several materials such as organic polymers, inor-
ganic phosphates, and organic-inorganic hybrids have been
extensively studied for bone repair and regeneration,>™
generation biomaterials that provide additional functionality for
bone scaffolds such as conductivity,"*™® fluorescence property,
and drug delivery'® are active areas of research being applied for
bone tissue engineering solutions. The native bone possesses
endogenous conductive properties’>*" and the incorporation of
a conductive element into a bone biomaterial could better mimic
the bone’s natural electrical conductivity providing significant
advantages at a physiological level.** Carbon-based conductive
materials have specifically been incorporated into polymer-based
bone biomaterials as a reinforcement element and also as a
component that can deliver electrical cues through the applica-
tion of electrical stimulation for the maturation of osteoblasts and
promotion of the repair and regeneration of bone defects (Fig. 1).
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Fig. 1 Application of carbon-based conductive materials for bone repair and regeneration. Electrically conductive bone scaffolds are developed
through the incorporation of carbon-based conductive materials into natural/synthetic polymers, creating a tissue-engineered bone that can be
implanted into regions of bone defects. The aim of the implanted electrically conductive tissue-engineered bone is to degrade at a similar rate to the
formation of new tissue to maintain the integrity of the repaired region while acting as a load-bearing element until the scaffold is completely remodeled
and matches the original tissue’s mechanical strength. Electrical stimulation can be delivered to the implanted conductive bone scaffold to promote cell

proliferation, migration, and maturation of bone.
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The incorporation of electrically conductive materials that
enhance tissue restoration is a promising field within bioengi-
neering and can be applied across various contexts. This is
demonstrated by the recent articles that have reviewed the use
of electrically conductive materials, including conductive
polymers™ to regenerate cardiac,” muscle,”® and nerve.>
However, a focused review of electrically conductive materials
that can influence bone formation and their potential in
clinical translation is lacking. Therefore, this review will dis-
cuss the importance of incorporating carbon-based conductive
materials into bone scaffolds. The preparation strategies of
different types of carbon-based conductive materials, including
zero-dimensional buckminsterfullerene (Cg), one-dimensional
carbon nanotubes (CNTs), and two-dimensional graphene-
based sheets, will be presented. More specifically, we discuss
the different applications of CNTs and graphene-based materi-
als as they continue to be investigated for bone repair and
regeneration. Lastly, the physiological responses of CNTs and
graphene-based materials will be discussed for their potential
as bone substitutes. Overall, this review aims to provide a better
understanding of how carbon-based conductive materials, spe-
cifically one- and two-dimensional carbon-based materials,
could potentially become promising candidates for bone tissue
engineering solutions.

2. Electrical conductivity of native
bone

The electrical conductivity of bone was discovered in the
1950s when Fukada and Yasuda observed that by applying
mechanical stress to the bone in different directions, electrical
signals were generated within the bone and they produced an
endogenous electric field that supported osteogenic cell
proliferation.?®>"?” Since then, it has been suggested that
stress on the crystalline components of bone produces current
to flow and triggers healing and that electrical signals similar to
those generated by mechanical stress can enhance fracture-
healing.”®*°

The endogenous electric field is generated by an applied
mechanical load on the bone which creates strain gradients,
and these strain gradients produce pressure gradients which in
turn allow interstitial fluid to flow through small channels
known as caniculae within the bone structure. Fluid flows from
areas of compression to areas of tension within the stressed
bone, and as a result, electrical potentials are generated
(Fig. 2).*° Electronegative potentials are developed upon com-
pression, producing bone formation, whereas electropositive
potentials are produced when a bone is under tension, causing
bone resorption.**' Therefore, administration of exogenous
electrical stimulation at the site of a bone defect can be applied
as a way to mimic the normal formation of electrical potentials
generated on bone upon application of mechanical loads.

Since the discovery of electrically conductive properties of
bone, various methods have been investigated clinically to
deliver electrical stimulation in an attempt to aid bone healing
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Fig. 2 Generation of electrical potentials through mechanotransduction
in bone. Endogenous electrical potentials are generated in bone through
the application of mechanical strain, during which interstitial fluid flows
through the caniculae canals from areas of compression, generating
electronegative potentials, to areas of tension, producing electropositive
potentials. Bone formation is induced upon compression. Adapted from
Duncan and Turner®° (used with permission).

ranging from treatment of non-union,*** bone fractures,**>°

delayed unions,’”° osteotomies,®*" bone grafts with electri-
cal stimulation, and aiding of osteonecrosis.*>"*® Exogen-
ous stimulation of bone healing can be delivered electrically
through three main methods. The first approach is an invasive
direct electrical current technique to stimulate bone whereby
one or multiple cathodes are implanted onto the site of injury
and an anode is implanted on soft tissue to permit current
flow.>>*”*® However, this technique carries a significant risk of
infection and tissue reaction due to a lack of biocompatibility
from the electrodes. Therefore, the two other alternative non-
invasive techniques, namely, capacitive coupling and inductive
coupling, have received significantly more attention in promot-
ing bone healing. Capacitive coupling uses two electrodes that
are placed onto the skin between the bone defects. The electro-
des generate an alternating electric field which is delivered to
the damaged site."””° However, the need for a high voltage
power source in this method is a major limitation since the
energy dissipated from the electric field decreases quickly. In
the alternative, inductive coupling uses non-invasive electro-
magnetic field stimulation.>™® In this method, one or two
current-carrying coils are placed onto the skin, through which
pulsed or sinusoidal electromagnetic fields are delivered that
subsequently induce an electrical field in the damaged area.>*
Amongst these three techniques, inductive coupling best
mimics the natural strain-generated potentials found in bone
for its repair.”>*® However, the principle behind all three
techniques has made possible the development of medical
devices that have received FDA approval®’~® to stimulate bone
electrically for its healing.>**°

Although electrical activity on bone defects promotes accel-
erated healing, there are some drawbacks, as mentioned above,
related to the use of electrodes or the amount of energy

42-44
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required to promote bone regeneration. However, incorporat-
ing a conductive material directly onto a polymer scaffold could
potentially eliminate the requirement for electrodes and could
allow the effects of electrical stimulation on bone regeneration
to be explored. Electrically conductive materials are thus emer-
ging for bone tissue engineering due to the natural conductive
properties of bone. Although conducting polymers, such as
polyaniline (PANI), polypyrrole (PPY), and polythiophene and
their derivatives have also been used for bone tissue engineer-
ing applications,'®®" carbon nanotubes (CNTs), graphene, and
reduced graphene oxide (rGO) have received the greatest atten-
tion for application in bone tissue engineering solutions as they
possess different geometrical and morphological structures
that can alter their physiological responses and thus enhance
their potential to function and treat bone defects.

3. Types of carbon-based conductive
materials and their preparation
strategies

Carbon-based conductive materials are divided into zero-
dimensional buckminsterfullerene (Cs), one-dimensional car-
bon nanotubes (CNTs), and two-dimensional graphene sheets.
Buckminsterfullerene (Csp), also known as fullerene or bucky-
ball, are hollow spheres typically composed of 60 carbon atoms
formed through a layer of stacked sp” hybridized carbon sheets
arranged in hexagonal rings.®” Buckyballs can exist in other
forms and structures, such as ellipsoids or buckytubes, which
are also known as carbon nanotubes (CNTs). CNTs are made
from single atoms of sp” hybridized hexagonal carbon. A single
atomic layer of a graphitic sheet can be rolled up into a single
hollow cylinder creating a structure commonly referred to as
single-walled CNTs (SWCNTs) with typical diameters ranging
between 0.5 and 1.5 nm.®® Alternatively, between 2 and 50
graphitic sheets can be rolled up into a coaxial tube with an
outer diameter ranging between 2 and 100 nm forming multi-
walled CNTs (MWCNTSs).®* A major feature of CNTs is that they
possess unique mechanical, chemical, and electrical properties
that resulted from their tubular shape and sp* hybridized C-C
bonds.®* Lastly, two-dimensional graphene is composed of a
two-dimensional monolayer sheet of carbon in which the
carbon atoms are sp” hybridized, containing ¢ bonds that
create a lattice structure and conjugated m orbitals that form
a delocalized electron network providing excellent conductive
properties.®>°¢

Carbon-based conductive materials can be produced predo-
minantly based on a technique in which gaseous carbon feed-
stock reacts in the presence of catalysts to form different shapes
of carbon allotropes.®*®” An example of this is buckyballs,
which were first produced through laser ablation®® and the
process is later adapted for the synthesis of MWCNTs and
SWCNTs in the presence of metal catalyst particles.®®”! How-
ever, MWCNTs were first produced using arc discharge full-
erene reactors,”””> and were later applied for the synthesis of
SWCNTs.”* Currently, the most affordable and scalable
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technique to produce CNTs is using chemical vapor deposition
(CVD), during which a gaseous carbon precursor is thermally
decomposed in the presence of metal catalysts and subse-
quently deposited inside a nanostructured tubing.”>’® The
scalability of this approach ensures the use of carbon-based
materials and remains an attractive avenue in clinical-scale
production. However, it is not the only method through which
CNTs can be produced. CNTs and graphene can also be synthe-
sized either using bottom-up or top-down approaches.”” Bottom-
up techniques include epitaxial growth,”® pyrolysis,”**® and
CVD®' and operate based on the principle of depositing gaseous
precursors, typically graphite, onto a substrate. Top-down
approaches, however, involve breaking down graphitic layers until
obtaining graphene and common techniques use exfoliation and
reduction processes.””%>%?

Another set of popular graphene-based materials includes
graphene oxide (GO) and its reduced form, reduced graphene
oxide (rGO). GO is synthesized using Hummers’ method, in
which pristine graphene is first oxidized and then exfoliated to
obtain graphene oxide (GO).**®® The resulting GO has many
oxygen-containing functional groups bound to sp® carbons,
thus containing both sp® and sp® hybridizations.®” The change
in hybridization reduces the electrical conductivity of GO via
disrupting the conjugated structure, in turn blocking conduc-
tive connecting pathways between the sp> domains.®” GO can
be subsequently reduced to rGO via many different processes,
including thermal annealing, electrochemical reduction, or
chemical reduction. The reduction process removes oxygen-
containing functional groups resulting in a higher conductivity
than GO but lower conductivity than pristine graphene due to
the remaining oxygen groups.®®

The different preparation strategies of zero-dimensional
fullerene, one-dimensional CNTs, and two-dimensional gra-
phene sheets allowed the development of various carbon-
based conductive materials that can be incorporated into
different biomaterial systems to fabricate bone tissue engineer-
ing scaffolds. Their applications in bone repair and regenera-
tion bring significant advantages, leading to the design of novel
biomaterials that overcome some of the drawbacks of current
bone repair materials (Table 1).

4. Relevant properties of carbon-
based conductive materials for
bone tissue engineering

4.1. Physicochemical properties of carbon-based conductive
materials

An interesting feature of carbon-based conductive materials is
their ability to strongly adsorb most organic compounds.'*?
Incorporating carbon-based conductive materials into poly-
mers or ceramics is thus beneficial in bone tissue engineering
as carbon-based biomaterials have highly delocalized n-bonds
on their surfaces and can adsorb proteins.'** The addition of
carbon-based conductive materials is an important factor in
fabricating a tissue-engineered bone since the grafted scaffold

Mater. Adv,, 2022, 3, 5186-5206 | 5189
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Table 1 Types of carbon-based conductive materials and their role in bone tissue engineering

Type of carbon-
based conductive
material

Biomaterial system

Role in bone tissue engineering

Fullerene

CNTs
SWCNTs

MWCNTSs

Graphene

GO

rGO

5190 |
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Polyhydroxylated fullerene (fullerol)®’

Polyethylene glycol (PEG)-functionalized Cg, fullerene
derivative®®

Aligned fullerene Ceq nanowhiskers®?

GelMA-fullerol microspheres and bone marrow-derived
mesenchymal stem cell (BMSC)-laden GelMA-fullerol
microspheres®

CNT-hydroxyapatite (HA) based nanocomposites®*
Functionalization of 3D-printed poly(propylene fumarate)
(PPF) scaffolds with single-stranded deoxyribonucleic acid
(ssDNA) bound CNTs**

SWCNT gel scaffolds with nanofibrous architecture via the
pairing of heparin functionalized nucleobases’®

MWCNT compacts®®
MWCNT-COOH reinforced borosilicate BG scaffolds®”

Chitosan-hydroxyapatite MWCNT nanocomposite films®®

Polycaprolactone (PCL)/MWCNT scaffolds®

MWOCNT reinforced polyvin(?/l alcohol/Biphasic calcium phos-
phate (PVA/BCP) scaffolds"®°
Bionic mineralized MWCNT scaffolds'®!

Hyaluronic acid-chitosan with simvastatin'®®

rGO coated collagen scaffolds'®®

Graphene hydrogel membrane'®*

Gelatin methacrylate, acryloyl-p-cyclodextrin, and
B-cyclodextrin-functionalized rGO nanocomposite
hydrogel patch'®®

Vascularized GO-collagen chamber model**®

GO-modified silk fibroin/nanohydroxyapatite scaffold loaded
with urine-derived stem cells (SCs)'"”

Polylactic acid (PLA)/GO nanocomposite 3D scaffolds'®®
Graphene/hgfdroxyapatite nanoparticle composite
hydrogels®

Collagen-rGO coated scaffolds'*®

rGO-coated titanium substrates'**

3D-printed B-tricalcium phosphate (TCP)-based scaffolds fil-
led with a freeze-dried gelatin/rGO-magnesium-arginine
matrix'"?

Antioxidative capacity promotes osteogenic differentiation and
mineralization®’
Good biocompatibility and enhanced osteoblast proliferation®

Good osteoblast adherence, aligned oriented cell growth, and
low toxicity”!

Antioxidant activity is able to quench intra- and extracellular
reactive oxygen species (ROS), promotion of osteogenic stem
cell differentiation in vitro and bone healing in rat calvarial
defects via modulating the ROS microenvironment®

Good biocompatibility”

Improved cell adhesion, proliferation, and differentiation of
preosteoblast cells enabling modulation of cell behavior
through electrical stimulation®*

Targeted drug delivery, increased mechanical properties, and
improved osteogenic ;)roperties through the application of
electrical stimulation®”

Induction of osteogenic gene expression, increased protein
adsorption and mineralization, and the influence of ectopic
bone formation®®

Enhanced mechanical properties, bioactive behavior promoting
hydroxyapatite formation, good cell viability, and osteogenic
initiation®”

Biocompatible, electrically conductive, and good mechanical
properties®®

Promotion of thick bone tissue formation in vivo, increased
angiogenesis and mineralization of bone through electrical
stimulation in vivo, and activation of osteoclastogenesis through
electrical stimulation for bone remodeling®

Increased mechanical properties, high interconnectivity, and
good biocompatibility'®

Improved mechanical properties, enhanced cell growth in vitro
and in vivo, increased osteogenic differentiation and promotion
of bone defect repair in vivo'**

Biocompatible and bioactive 3D scaffold with improved osteo-
genic properties'®®

Enhanced mechanical properties, good biocompatibility, and
proliferation of human bone marrow-derived mesenchymal
stem cells (hBMSCs), and increased bone formation after
implantation into cranial bone defects in an animal mode
Guided bone tissue regeneration in a rat calvarial model, dif-
fusion of proteins and nutrients, and promotion of early
osteogenesis and mineralization to induce mature bone for-
mation in vivo'**

Improved mechanical strength, increased conductivity, good
biocompatibility, promotion of cell proliferation and osteogenic
differentiation, and enhanced in vivo bone defect repair in a rat
skull model'*

Improved bone regeneration in vivo, osteoinductive properties
and anti-fibrosis effects in an animal model, and improved
angiogenic, mineralization and osteogenic differentiation of
BMSCs'*

Immunomodulation and promotion of bone regeneration

in vivo, and enhanced mechanical properties*®”

Enhanced mechanical properties, good biocompatibility and
promotion of cell proliferation and mineralization'®®
Mechanically strong, electrically conductive, and
biocompatible'®®

Improved mechanical properties and enhanced osteogenic
capability™°

Promotion of the osteogenic differentiation of hMSCs and
increased calcium phosphate deposition and osteogenic
potential'**

Enhanced mechanical properties, improved cell proliferation
and osteogenic differentiation*?

ll 03
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can interact with the host tissue through the protein absorption
properties of the materials permitting osteogenic progenitor
cells to adhere, implant, and begin to lay down their extra-
cellular matrix (ECM).® The establishment of a new ECM is the
critical first step in scaffold remodeling and bone tissue regen-
eration. Adsorption of proteins onto CNTs and graphene sur-
faces is mediated by several different variables, including the
geometry of carbon-based conductive materials and the for-
mation of non-covalent interactions."'*''> The non-covalent
interactions or physical adsorption of proteins with carbon-
based conductive materials involves the presence of different
binding selectivity which is governed by the formation of
hydrophobic interactions, n-n stacking interactions (van der
Waals forces and dispersion forces), electrostatic interactions,
and H-n bonds."**1¢117

Hydrophobic interactions occur due to the great affinity of
the hydrophobic regions of cell-binding proteins with the
hydrophobic carbon lattices present in the conductive
material.'*® Protein adsorption on CNTs and graphene surfaces
strongly depends on the electron density and geometry of
protein molecules."'® In the case of n—r stacking interactions,
binding interactions occur when the aromatic side chains of
amino acids are oriented parallel with the plane of carbon-
based conductive materials at different charge states.''>'°
Peptides possess different aromatic side chains resulting in
different polarizability properties, which, in turn, influence the
strength of binding with carbon-based conductive materials. In
general, the higher the polarizability of the protein aromatic
side chains, the greater the binding strength. Polarizability of
aromatic protein side chains is in the increasing order of His <
Phe < Tyr < Tryp."*'**

Another non-covalent interaction is electrostatic binding,
which forms in the presence of different charges between
cellular proteins and carbon-based conductive materials. Sur-
face charges vary in carbon-based conductive materials due to
the type of product synthesized and the variation in the
preparation procedures. As an example, GO is a material with
a surface rich in negatively charged oxygenated functional
groups. The strong negative charge generated by these groups
facilitates GO binding with proteins that have either negatively
or positively charged surfaces resulting in electrostatic interac-
tions with various degrees of stability.''* The importance of
material surface structure and functionalization was demon-
strated in a study by Chong et al.,"** in which the strength of
protein interactions with various carbon-based conductive
materials was assessed.'?* The study revealed that GO and
rGO have increased ability to adsorb proteins compared to
SWCNTs because it is easier for proteins to bind onto the
planar surfaces of graphene compared to the curved surfaces of
CNTs.'?*

Incorporation of a carbon-based conductive material into a
bone tissue engineering scaffold could be beneficial for bone
defect treatments since their ability to adsorb proteins allows
osteoblasts to attach to the bone scaffold. This step appeared to
be crucial for the remodeling and regeneration of bone tissue
and as demonstrated in the following studies. Taale et al.*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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developed Dbioactive carbon-based hybrid 3D scaffolds
composed of either CNT-bioactive glass nanoparticles (BGN)
or CNT-hydroxyapatite (HA) nanoparticles to assess their pro-
tein adsorption capacity using bovine serum albumin (BSA) as a
model protein.'?® This study revealed that CNT-BGN had higher
protein adsorption ability than CNT-HA scaffolds due to a
plausible electrostatic interaction between the high polarity of
BSA and the BGN surface etching/sintering process to remove a
sacrificial ZnO template.'® Similarly, Fu et al.**® incorporated
GO into poly(r-lactic-co-glycolic acid) (PLGA)/HA nanofiber scaf-
folds and observed that the addition of carbon-based conduc-
tive materials significantly increased the protein adsorption
(Fig. 3A).">° PLGA/GO/HA nanofibrous matrices obtained the
highest protein adsorption rate of nearly 1.46 and 1.25 times
that of PLGA/HA and PLGA/GO nanofibrous matrices, respec-
tively, since the addition of GO and HA improved the surface
properties, resulting in higher specific surface areas.'*® Using
materials that increase protein adsorption can therefore pro-
mote cell adhesion and proliferation of preosteoblasts, enhan-
cing bone maturation and mineral deposition."*® Du et al.’®”
compared the osteogenic ability of MWCNTSs and nanohydroxy-
apatite (nHA), the main inorganic component of bone, and
showed that MWCNTs are more effective materials for the
promotion of bone formation.'®” The results showed that
MWCNT compacts possessed higher ability to adsorb fetal
bovine serum (FBS) proteins than nHA (Fig. 3B). High protein
adsorption ability had a positive effect in further in vitro studies
revealing that human adipose-derived mesenchymal stem cells
cultured on MWCNT compacts possessed a higher cell attach-
ment strength and proliferation than nHA specimens.’?” In
addition, MWCNTs could induce osteogenic differentiation
better than nHA since an increased protein concentration
modulates the conformation of the adsorbed proteins driving
the differentiation of cells toward an osteoblastic lineage by the
activation of Notch signaling pathways.'”” Translation of
in vitro results was further investigated in a rabbit model,
where both MWCNTs and nHA compacts were implanted in
dorsal musculatures. The results showed that MWCNT com-
pacts were able to induce ectopic bone formation while nHA
did not (Fig. 3C) as a result of the increased ability of MWCNT
compacts to adsorb proteins and drive the formation of new
bone tissue."’

4.2. Electrical properties of carbon-based conductive
materials

Human cortical and cancellous bone have electrical conductiv-
ities of 0.02 S m™* and 0.07 S m™*, respectively."*® CNTs
and graphene are two of the most attractive materials that are
being used in scaffolds for bone repair and regeneration
applications®” 9910310310711 a5 they possess very high electri-
cal conductivities of 10°-10” S m™' for pure CNTs and
10® S m™* for pure graphene.'*® Therefore, hybrid bone scaf-
folds containing a low amount of CNTs or graphene can result
in a conductivity that recapitulates endogenous bone. The
high conductivity of carbon-based conductive materials is a
result of their basic microstructural element in which a 2D
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permission).

single-layered graphene sheet is arranged in a honeycomb grid
of carbon atoms possessing four electrons in the outer shell,
three of them are used for covalent bonds while the remaining
electron is highly mobile promoting electrical conduction."°
Therefore, the electrical conductivity of bone scaffold compo-
sites is more appropriately explained in terms of the percola-
tion threshold.

The percolation threshold is related to the addition of a
critical volume fraction of conductive filler within a hybrid
material that results in the transition from an insulating state
to a significant change in the overall electrical conductivity
caused by the formation of a continuous network of conductive
particles within the insulating matrix."*" The percolation
threshold is described by an empirical model known as scaling
law, expressed as o(®) = 6o(® — P.)’ where &, is the percolation
threshold concentration and ¢ is the critical exponent.'*> Below
the critical volume fraction of the percolation threshold, the
conductivity of the composite remains electrically insulating
since the conductive particles are dispersed into small clusters.
Above the critical volume fraction, however, the material no
longer behaves as an insulator, and its conductivity increases
by many orders of magnitude."®* The aspect ratio of the
conductive fillers determines the percolation threshold value.
Graphene and CNTs have a length-to-diameter aspect ratio of
0.01 and 100, respectively, which differs due to their different
geometrical structures.'® Therefore, hybrid bone biomaterials
containing a low amount of carbon-based conductive materials
can significantly increase the overall electrical conductivity,

5192 | Mater. Adv, 2022, 3, 5186-5206

27 (used with

thus requiring a small amount of filler to achieve the percola-
tion threshold."*

The advantages of incorporating a carbon-based conductive
material directly onto a polymer bone scaffold could, in prin-
ciple, eliminate the requirement for electrodes that are nor-
mally used for the treatment of bone defects since they possess
electrically conductive properties (Fig. 4). Cells are responsive
to exogenous electric fields and have been shown to promote
key signaling pathways that accelerate osteogenesis and angio-
genesis, the main processes for bone regeneration and remo-
deling, upon application of different field strengths and current
densities.**'*® In vitro studies have shown that the application
of electrical stimulation through direct, capacitive and induc-
tive coupling induces key molecular pathways at different
cellular locations involved in osteogenesis, specifically through
the calcium/calmodulin pathway, resulting in minor alternative
cellular responses (Fig. 5A).**"'** Direct and capacitive coupled
stimulation exerts their effects on the cell membrane,
increasing the intracellular Ca®>* concentration and prostaglan-
din E2 synthesis through calcium translocation via voltage-
gated calcium channels."®® Moreover, inductively coupled sti-
mulation through electromagnetic fields achieves its effects
in the cytoplasm where intracellular calcium accumulation is
released from reservoirs, such as the endoplasmic reticulum."*®
Application of these exogenous stimulations results in
cellular responses that increase calcium concentration, thus
promoting activated calmodulin levels to drive osteoblast cell
proliferation, as well as an increased expression of vascular

© 2022 The Author(s). Published by the Royal Society of Chemistry
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endothelial growth factor (VEGF) and transforming growth
factor (TGF)-p1.134137138

The addition of carbon-based conductive materials into bone
tissue engineering scaffolds improves the effects of the bone
regeneration rate through electrical stimulation.®>'°®13%14 Inject-
able conductive hydrogels have gained significant attention in
bone tissue engineering since they can be delivered into irregular
bone tissue defects while guiding new bone formation."**™** As
demonstrated in a study by Liu et al.,*** an injectable conductive
hydrogel, BP-CNTpega-gel, composed of CNT-poly(ethylene gly-
col)-acrylate (CNTpega) with black phosphorous (BP) was devel-
oped to support bone regeneration."** The inclusion of CNT as
the conductive component in the hydrogel allowed BP-CNTpega-
gel to possess electrically conductive properties. The highest
conductivity value reported was 0.008 S m ' at a CNTpega
concentration of 16 mg ml~* and a BP nanosheet concentration
of 0.8 mg ml~"."** Furthermore, in vitro studies showed that
hydrogels with CNTpega effectively respond to exogenous elec-
trical stimulation resulting in increased cell proliferation and ALP
activity, as well as an upregulation of osteogenic genes and bone
mineralization markers (Fig. 5B-E)."** In another study, 3D con-
ductive scaffolds composed of polycaprolactone (PCL) and
MWCNTSs (0.75 wt% and 3 wt%) were developed by e Silva et al.*®
to treat large calvarial bone defects in rats.” Conductive scaffolds
were produced through extrusion-based additive manufacturing
and cut to fit the bone defect in animal skull models (Fig. 5F).%°
The authors applied non-invasive electrical stimulation to the
grafted region for 5 min at 10 pA intensity twice a week for a 60 or
120 day period. Prolonged stimulation at this frequency was
considered appropriate for future clinical trials in potential
long-term treatment patients.”® Histomorphometry results from
the study showed that thicker tissue formation was observed in
treatment groups that contained scaffolds than in the untreated
groups. Furthermore, the groups treated with PCL scaffolds

© 2022 The Author(s). Published by the Royal Society of Chemistry

containing 3 wt% MWCNTs and additionally underwent electrical
stimulation showed elevated connective and denser bone tissue
formation (Fig. 5G).”° Therefore, incorporating MWCNTSs into PCL
scaffolds and applying electrical stimulation significantly pro-
moted angiogenesis and mineralized bone tissue formation.”
Similar findings have also been reported in 3D printed PCL/
graphene scaffolds in a rat calvarial bone defect model."*> New
bone tissue formation was most effective with scaffolds contain-
ing graphene and electrical stimulation in vivo, leading to orga-
nized tissue deposition and bone remodeling.’** Collectively,
these studies demonstrate the translational potential for clinical
approaches combining conductive materials into bone scaffolds
and electrical stimulation for accelerated repair and regeneration
of bone defects.

4.3. Mechanical properties of carbon-based conductive
materials

The mechanical properties of carbon-based conductive
materials can greatly influence their application and function
in different types of biomaterials. CNTs and pristine graphene
have different mechanical properties (Table 2) due to
their varied morphological and geometrical structures but
possess excellent mechanical strength of approximately
100 times greater than that of steel, but with an extremely
low density (1.3-2.0 g cm™*) compared to metals or ceramics
(>2.0 g cm *)."*® The high mechanical and tensile strength of
CNTs set them apart from other carbon-based materials. In
comparison to GO and rGO, both CNTs and graphene possess
mechanical strengths greater than that of GO and rGO. GO
and rGO monolayers possess a Young’s Modulus of 207.6 +
23.4 GPa and 250 + 150 GPa, respectively."*”'*® The lower
strength of GO and rGO is predominantly due to the chemical
processes used in their production which decrease their stabi-
lity originating from the sp> bond that forms the hexagonal
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Fig. 5 Incorporation of carbon-based conductive materials into bone tissue engineering scaffolds promotes osteogenesis and in vivo bone formation. (A) Cellular
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staining images on MC3T3-E1 preosteoblasts show a cellular response upon the application of electrical stimulation after 7 days post-seeding. Cells were largely
elongated and stretched in cell shape.*** (C) Cell proliferation under electrical stimulation was evaluated using hydrogels at 1, 4, 7, and 14 days post-seeding. On days
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CNTpega-gels possessed the highest ALP activity.** After treatment by electrical stimulation, ALP activities increased for all hydrogels; however, the highest increase
in ALP activity was shown in cells grown on BP-CNTpega-gels.*** (E) Determination of the osteocalcin (OCN) content in cell culture media after 21 days of culture
with and without electrical stimulation. OCN was significantly higher in cells grown on BP-CNTpega-gels in the presence of exogenous stimulation, indicating
potential mineralization enhancement.*** (F) Image of the bone defects in a calvarial animal model as well as the implanted PCL/MWCNT scaffold. Subsequent bone
tissue formation with and without the scaffold was obtained on day 60 post-implantation.®® (G) The cross-sections of bone tissue regeneration at the bone defects
for untreated, PCL and PCL/MWCNT (0.75 wt% and 3 wt%) groups after 60 days and 120 days post-operation.”® PCL/MWCNT 3 wt% subjected to electrical
stimulation formed the highest connective and bone tissues on days 60 and 120%° (used with permission).
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Mechanical strength is considered one of the most
crucial properties in the preparation of a scaffold for bone
tissue engineering applications. It is imperative that an
implanted scaffold is strong enough to initially withstand the
load that the bone tissue would have carried, but it gradually
decreases as it is being remodeled by new tissue that eventually
takes over the load. Therefore, it is important to know the
mechanical properties of different types of bone (Table 2) in
order to establish what concentration of the carbon-based
conductive material is necessary to design a bone substitute
that can support the natural mechanical strength of the defec-
tive bone region prior to its regeneration.

Carbon-based conductive materials can be used by them-
selves, but given their overall higher mechanical properties,
stress shielding will likely cause bone resorption. Instead,
they are incorporated into polymers as secondary structural
reinforcing agents to increase the mechanical properties of two-
and three-dimensional polymeric bone scaffolds. The unique
structures and properties of carbon-based conductive materials
provide an ideal solution for creating a bone scaffold that
better matches the mechanical properties of natural bone
tissue compared to previously explored polymeric-based
scaffolds.'®* "

In a study by Lu et al.,'®* a multilayered graphene hydrogel
(MGH) membrane was developed to investigate whether the
biomaterial possessed the ability to guide bone tissue regen-
eration in a rat calvarial model.'® Within the regenerating
region, diffusion of proteins and nutrients took place through
the selective permeability of the MGH membranes promoting
early osteogenesis and mineralization which resulted in the
formation of a mature bone structure surrounded by external
and internal cortical bone after eight weeks of implantation.'**
Although MGH membranes are very flexible, they maintain
mechanical strength similar to that of a rat braincase with a
tensile modulus of 69 + 5 Mpa."*

The mechanical strength of a biomaterial can be modulated
by altering the proportion of carbon-based material in the final
composition. This principle was demonstrated in a study by
Belaid et al'®® which investigated biocompatible polylactic
acid (PLA)-based scaffolds produced by 3D printing and the
effect of incorporating different concentrations of GO (0.1, 0.2,
and 0.3 wt%) as a reinforcement element for bone healing

View Article Online

Materials Advances
applications.'® Pure PLA scaffolds presented a Young’s mod-
ulus of 2 GPa, but this was significantly increased to 2.6 GPa
upon the addition of 0.3 wt% GO (Fig. 6A).'°® In addition,
materials containing 0.3 wt% GO presented the highest
tensile strength with a value of 39 MPa, whereas pure PLA
presented the lowest tensile strength of 34 MPa (Fig. 6B)."*®
However, GO concentrations of 0.1 and 0.2 wt% showed a
decreased tensile strength compared to 0.3 wt% GO since a
lower filler concentration induced flaws at a local scale result-
ing in a weaker material.'%® Therefore, at higher GO concentra-
tions, the filler is intrinsically stronger than PLA, resulting in a
stronger material.'®®

Qian et al.®® developed a CNT gel scaffold that contained
functionalized nucleobase pairing for targeted drug delivery
and in vitro osteogenesis.”> The conductive gel scaffold was
prepared by functionalizing heparin (HP) with adenine (HP-A)
and thymine (HP-T) which were subsequently grafted to ami-
nated CNTs forming CNT-HP-A and CNT-HP-T precursors.”
The mixture of these precursors resulted in a nucleobase paired
CNT gel network. Dynamic time sweep rheological tests were
performed in order to investigate the gel network evolution
during the gelation process at 37 °C. The results showed that
the CNT-HP-A/CNT-HP-T mixture formed a dynamic network
within less than 5 min which was shown by the crossover of
storage modulus (G') and loss modulus (G”) (Fig. 6C).”> In
addition, after 14 min a structurally stable network was formed
for both CNT and control (HP-A/HP-T) gels, reaching a G’ value
of around 100 Pa which could translate to the successful
development of gels capable of maintaining their 3D shape
for therapeutic drug loading purposes.®® The structural integ-
rity of the scaffold gels was also evaluated through compressive
tests, and results were compared before and after loading with
bone morphogenetic protein 2 (BMP-2) as a potential osteo-
genic drug loading model.”® The compressive modulus of
scaffold gels containing CNTs was significantly higher (256 kPa)
than that of HP-A/HP-T gels (83 kPa).”” Loading of gels with
50 ng ml~" BMP-2 did not affect the overall compressive
strength of the gels, but CNT-containing scaffolds presented a
final modulus value of 264 kPa (Fig. 6D).°> Furthermore,
Bahrami et al.'®® prepared rGO coated collagen (Col-rGO)
scaffolds by chemical crosslinking and freeze-drying methods
to assess their mechanical strength for implantation into rabbit

Table 2 Comparison between the mechanical properties of carbon nanotubes, pristine graphene monolayer, and cortical and cancellous bone

Carbon nanotubes

Pristine graphene monolayer

Cortical bone

Cancellous bone

© 2022 The Author(s). Published by the Royal Society of Chemistry

Tensile strength
Compressive strength
Young’s modulus
Surface area

Tensile strength
Compressive strength
Young’s modulus
Surface area

Tensile strength
Compressive strength
Young’s modulus
Tensile strength
Compressive strength
Young’s modulus

10-200 GPa'>0152
~1 GPa'™>
0.27-1.47 TPa'®>1%*
50-1315 m> g~ ' '*¢
130.5 GPa'>®

~416 MPa'**®

1 TPa'’

2391-2630 m* g~ ' **8
50-150 MPa'>®
100-230 MPa'*®
7-30 GPa'™®

10-20 MPa**®

2-12 MPa®**
0.5-0.05 GPa'*®
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Fig. 6 Carbon-based conductive materials enhance the mechanical strength of bone tissue engineering scaffolds. (A) Young's modulus and (B) tensile
strength at break of pure PLA scaffolds and PLA scaffolds containing 0.1, 0.2, and 0.3 wt% concentrations of GO as a reinforcement filler.2°® Higher
concentrations of GO increased the mechanical properties of the PLA-based scaffolds.’°® (C) Dynamic time sweep rheological tests were performed on
HP-A/HP-T control and CNT-HP-A/CNT-HP-T to assess the gel network evolution at 37 °C.°%> A dynamic network was formed in the CNT-HP-A/CNT-
HP-T mixture within less than 5 min which was shown by the crossover of the storage modulus (G’: filled symbols) and loss modulus (G”: open
symbols).*® (D) Compressive modulus of HP-A/HP-T control and CNT-HP-A/CNT-HP-T with or without BMP-2 loading at 37 °C.°® The compressive

modulus of the scaffold gels containing CNTs was significantly higher than control gels, especially with BMP-2 loading®® (used with permission).

cranial bone defects.'®® Compressive tests were performed on
collagen and Col-rGO scaffolds to evaluate the elastic modulus
of the scaffolds.'® Col-tGO scaffolds showed an elastic mod-
ulus of 325 + 18 kPa, whereas pure collagen scaffolds presented
a modulus of 115 + 16 kPa, which is not sufficient for rabbit
cranial bone structural support.’®® The addition of coated rGO
on collagen scaffolds not only increased the mechanical
strength of the material but enhanced the cell viability and
proliferation which translated into increased in vivo bone
formation after 12 weeks of implantation into rabbit cranial
bone defects."*

5. Cellular processing mechanisms of
carbon-based conductive materials

Ideally, bone scaffolds should degrade at a similar rate to the
formation of new tissue to maintain the integrity of the
repaired region of bone, which can physiologically and
mechanically adapt to the natural environment and local load
within the body.®*" Although carbon-based conductive materi-
als can be degraded through enzymatic oxidation using horse-
radish peroxidase, or hydrolytically through lipases,'®*'® the
complete degradation and fate of CNTs and graphene-based
materials in the body are still relatively unknown. However,

5196 | Mater. Adv, 2022, 3, 5186-5206

in vitro and in vivo studies have shown that a variety of cell types
such as macrophages,'®®%® endothelial cells,’®® pulmonary
epithelia,"””®'”" intestinal epithelia'’> and neuronal cells'”®
can degrade and take up carbon-based conductive materials.
Therefore, understanding how carbon-based conductive mate-
rials in bone scaffolds are processed and degraded by the
specialized cell types they will interact with will be important
for establishing safety in clinical translation.

In vitro studies have shown that carbon-based conductive
materials can be internalized by cells; this movement is pro-
moted by the hydrophobic interaction between the material
and cell membrane imparted by the phospholipid
bilayer.'”*”® However, cellular internalization is still reliant
either on passive or active transport pathways present on the
cell membrane. Passive diffusion transport is a non-energy-
dependent process in which carbon-based conductive materials
land on the surface of cell membranes and penetrate the
phospholipid bilayer, resulting in subsequent transport into
the cytoplasm.'”®"”” On the other hand, the active pathways
are energy-dependent processes and mainly occur through
endocytic mechanisms that control the internalization of
foreign objects from the cell membrane into cytoplasmic
organelles called lysosomes, which can break down the extra-
cellular material.'”®'”® Although temperature and metabolic
inhibitors potentially influence endocytosis, no factors have

© 2022 The Author(s). Published by the Royal Society of Chemistry
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been identified to date that governs the method or rate at which
carbon-based conductive materials are internalized into
cells.’”®'”° Lacerda et al.**® investigated the uptake mechanism
of functionalized MWCNTs (f-MWCNTS) in the presence of cell
uptake inhibitors at different temperatures and concluded that
there was no single mechanism responsible for the transporta-
tion of CNTs into cells since 30-50% of f-MWCNTs were
internalized into the cells through an energy-independent
pathway, but the remaining f-MWCNTs entered the cells
through endocytosis.'®°

The diameter of the conductive nanomaterial appears to be
a critical factor in determining degradation post-inter-
nalization. Several studies have reported that small agglomer-
ates of carbon-based conductive materials are more easily
degraded in macrophages through lysosomal and endosomal
activity,'”>'81182 in contrast to larger agglomerates of carbon-
based conductive materials that are expelled from the cell
through exocytosis.’®*'®* Once internalized, materials on the
nanoscale can migrate to other subcellular organelles.'®>*8¢
This internalization of materials into cells and subsequently
through the subcellular compartments was first demonstrated
by exposure of human monocyte-derived macrophages to
SWCNTs ranging from 0.6-3.5 nm in diameter.'®>"'®® In these
studies, SWCNTs were observed to be localized solely within
lysosomes two days after exposure, however after four days,
they were observed to have crossed the nuclear membrane, as
nanoparticle sizes of less than 40 nm can enter the nuclear pore
complex.

In addition to the diameter, the configuration of carbon-
based materials can also influence how they are processed
cellularly. Work by Mu et al.'® showed that single MWCNT-
COOH and MWCNT-NH, (20-30 nm diameter and ~1000 nm
average length) were transported into human embryonic
kidney epithelial cells (HEK293) through direct passive diffu-
sion, whereas bundled MWCNTs entered cells through
endocytosis.'®” The bundled MWCNTSs were also subsequently
processed and could release single MWCNTs capable of endo-
somal escape and release into the cytoplasm. Furthermore,
those released single MWCNTs of shorter length were also
capable of achieving nuclear translocation.'®’

Internalization, degradation, and externalization of carbon-
based conductive materials need to be further investigated in
osteoblasts and in vivo bone defects in order to understand
their impact on bone tissue engineering applications and
targeted bone drug delivery. In addition, migration of carbon-
based conductive materials from bone scaffolds could occur as
the scaffold is being remodeled and it is imperative to investi-
gate whether their translocation causes any toxic or adverse
effects.

Processing techniques used to synthesize carbon-based con-
ductive materials influence the physicochemical properties of
the material, causing different potential toxicological
interactions.'®® Of key concern within the field is the potential
of a carbon-based conductive material to generate reactive
oxygen species (ROS), which can cause subcellular damage to
organelles and processes, ultimately resulting in cell toxicity."

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Catalytic metal impurities left over from the material proces-
sing are suggested to be one of the main reasons why ROS are
formed.’®® The metal catalysts used during synthesis can
remain attached to carbon-based conductive materials which
can subsequently influence intracellular calcium concentra-
tions, activate transcription factors, and modulate cytokine
production via the generation of free radicals creating ROS
and thus inducing acute toxicity.'”’ However, carbon-based
conductive materials can undergo various treatments to
achieve higher purification to reduce potential metal particles
that induce ROS formation. Treatments include chemical
selective oxidations and dissolution of metallic impurities or
physical purifications that involve the separation of impurities
through their physical sizes and aspect ratios.'**

In addition to impurities, the sizes of carbon-based conduc-
tive materials can influence the immunological effects in cells.
Yoon et al.**® showed that smaller graphene nanoflakes (30.9 +
5.4 nm) have higher uptake affecting the cell membrane func-
tion, thus inducing apoptosis compared to larger graphene
nanoflakes (80.9 &+ 5.5 nm) which were shown to be less toxic
given that they were mostly aggregated on the cell
membrane.'®® The effects of the length and diameter of CNTs
have also been shown to impact toxicity, where shorter CNTs
(sub-1 pm) can easily penetrate into cell membranes and
internalize, thereby accumulating in cell lysosomes,'** whereas
longer CNTs (>8 pm in length and <1.25 pm in diameter) are
not engulfed into cell membranes and degraded causing acute
inflammation increasing the production of ROS and cytokines
thus exerting more significant biological effects.'>> However,
Zhang et al.'®® showed that larger CNTs were taken up by
macrophages and that the rope-like structures of CNTs had
similar properties to spherical nanoparticles where cytotoxicity
increased upon a higher internalization concentration of CNTs
causing cell death with levels above 20 pg per cell."*® Another
factor that influences cytotoxicity is the dose of carbon-based
conductive materials to cells. The effects of pristine GO con-
centrations on the viability of bone mesenchymal stem cells
(BMSCs) were investigated, which showed that high concentra-
tions (10 pg ml~") of GO inhibited the proliferation of BMSCs,
while low concentrations (0.1 pg ml™') enhanced the cell
proliferation.'®” Similar behavior was observed in biphasic
calcium phosphate (BCP) coated with different concentrations
of rGO; osteoblast viability was maintained above 80% at
concentrations below 62.5 pg ml ™', but significantly decreased
at concentrations above 100 pg ml~*.**

Ultimately, the aim of designing tissue engineering scaffolds
containing carbon-based conductive materials is to utilize them
for clinical translation. Therefore, understanding the cellular
processing mechanisms that one- and two-dimensional carbon-
based conductive materials undergo and the factors that influ-
ence their performance is important. Preclinical studies have
shown that carbon-based conductive materials can be excreted
via the kidneys and urinary tract after intravenous injection
when graphene sheets are well dispersed and CNTs have a high
degree of disaggregation.'®®>°> These studies also provided
evidence that the excretion of carbon-based conductive
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materials from the body is dependent on size and shape.
Although CNTs of dimensions over 2000 nm length and over
30 nm diameter,?°* and GO sheets of over 5 nm thickness>**
accumulated in the liver and spleen, they showed very little
toxicity in vivo and eventually cleared from the body.”*">??
Since incorporating carbon-based conductive materials into
bone tissue engineering scaffolds is primarily for implants,
they are less likely to enter the bloodstream and translocate to
other organs.?**?** Usui et al.**® investigated the effects of pure
MWCNTs, with an average diameter of 80 nm and a length from
10 to 20 um, in mouse skull and tibial defects to assess their
compatibility and influence on bone healing.”®® The results
showed that MWCNTs caused a reduced local inflammatory
reaction, possessed high bone tissue compatibility and were
able to integrate into new bone tissue formation.?

Although in vitro and in vivo research have shown that developing
bone scaffolds with CNTs or graphene-based materials has positively
influenced cell proliferation, mineralization and bone regeneration
with minimal toxicological effects and inflammation,*®'0620%206
further investigations are still required to better understand their
impact on the human body and whether they can be degraded or
migrated for their excretion through the kidney and bile ducts for
their future use in clinical translation for bone tissue engineering
solutions.

6. Conclusions

This review highlights the advantages of incorporating carbon-
based conductive materials into a tissue engineering bone
scaffold to create a more suitable alternative. Incorporating a
carbon-based conductive material directly with an implantable
bone scaffold increases protein adsorption promoting bone
formation as it facilitates the delivery of electrical stimulation
to accelerate cell growth and osteogenic maturation, thus
allowing interaction with cell-binding proteins to obtain a fully
remodeled bone while conferring mechanical strength.
Although there are still concerns associated with the cellular
uptake and degradation of carbon-based conductive materials
in the human body, the benefits of using an electrically con-
ductive carbon-based component in a bone scaffold may outweigh
the disadvantages in most in vitro and in vivo studies. However,
further research associated with the toxicological effects, material
migration and excretion of carbon-based conductive materials in
bone cells and bone defects within the human body is required.
The development of an electrically conductive bone scaffold is
proposed as a promising biomaterial for bone tissue engineering
solutions capable of supporting cellular bioactivity, withstanding
load, and enhancing bone formation and maturation through the
application of electrical stimulation to overcome the limitations of
the current treatments of bone defects and extend their applica-
tions for clinical translation.
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