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Abstract—Carbon nanomaterials such as carbon nanotubes
and graphene have gained significant interest in the fields of
materials science, electronics and biomedicine due to their
interesting physiochemical properties. Typically these carbon
nanomaterials have been dispersed in polymeric matrices at
low concentrations to improve the functional properties of
nanocomposites employed as two-dimensional (2D) sub-
strates or three-dimensional (3D) porous scaffolds for tissue
engineering applications. There has been a growing interest in
the assembly of these nanomaterials into 2D and 3D architec-
tures without the use of polymeric matrices, surfactants or
binders. In this article, we review recent advances in the
development of 2D or 3D all-carbon assemblies using carbon
nanotubes or graphene as nanoscale building-block biomate-
rials for tissue engineering and regenerative medicine applica-
tions.
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INTRODUCTION

A central goal of the field of regenerative medicine is
to develop strategies that repair or replace organ or
tissue functionality lost due to trauma, disease, age or
congenital defects.53 Tissue engineering, considered to
be a sub-discipline of regenerative medicine, typically
involves any combination of relevant cell types, engi-
neered biomaterials and biochemical factors to (1)
promote cell growth to restore normal physiological
function, (2) stimulate regeneration of previously
irreparable organs or (3) grow organs or tissues ex vivo
for surgical implantation.24 Significant advances in the

areas of tissue engineering and regenerative medicine
hold the potential to address shortage of donor organs
and limitations associated with well-established tissue
grafting procedures.50

Nanotechnology-based approaches have been
explored towards the development of multifunctional
biomaterials for tissue engineering that, not only serve
as scaffolds for cells and/or growth factors, but also
allow monitoring the process of tissue regeneration,
controlled delivery of therapeutic (drugs, gene mate-
rials or biologics) agents, and/or control over biologi-
cal processes responsible for organogenesis.80 Carbon
nanomaterials such as carbon nanotubes and graphene
are one of the most widely researched nanomaterials,
and exhibit some remarkable physiochemical proper-
ties. A large number of investigations have harnessed
some of these properties and explored these nanoma-
terials for several biomedical imaging and therapeutic
applications.10,18,19,29,31,36,38,39,41,42,48,59,79 These stud-
ies have been summarized in number of excellent
reviews.2,14,31,65 Their potential for tissue engineering
and regenerative medicine have also been extensively
reviewed.22,26,34,72 These review articles have mainly
focused on studies wherein these nanoparticles have
been used as pristine or functionalized (covalent or
non-covalent functionalization) formulations or when
incorporated into polymeric matrices towards the
development of composites (porous or non-porous)
with enhanced functionalities (e.g. improvement in
mechanical properties, stimulus responsive, or allow
imaging).

There has been a growing interest in fabricating all-
carbon 2D and 3D assemblies employing carbon
nanomaterials as building blocks, but without the use
of surfactants, polymeric matrices or secondary binder
materials.40 Use of polymers or binder materials leads
to the encapsulation or coating of nanomaterials that
may diminish their interactions with cells or host tissue
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or change the topography of substrates leading to al-
tered physiochemical properties. Several studies have
explored the use of 2D and 3D all-carbon assemblies
for materials science or biomedical applica-
tions.40,46,58,78 This review summarizes recent advances
in the development of all-carbon 2D and 3D materials
for tissue engineering and regenerative medicine. We
first provide an overview of various methods used for
the fabrication of these all carbon structures and dis-
cuss the pros and cons of these methods for manu-
facturing biomedical substrates or implants. Next, we
discuss the in vitro and in vivo investigations of these
assemblies for potential tissue engineering applica-
tions. Finally, we outline the future perspectives of
these 2D and 3D all carbon assemblies as biomedical
substrates and implants for tissue engineering and
regenerative medicine.

FABRICATION METHODS

Chemical vapor deposition (CVD), vacuum filtra-
tion and dip and spray coating have all been explored
in the development of 2D all carbon assemblies as thin
films, coatings, and freestanding films for tissue engi-
neering applications.1,55,58,75 CVD is one of the most
commonly used techniques. The method involves one
or more gaseous carbon precursors that undergoes a
high temperature catalytic reaction and/or decompo-
sition to generate carbon nanotubes or graphene.5,30

Although typically grown on metal catalysts, once
synthesized these coatings can be transferred onto a
variety of substrates. However, to transfer the coating
onto other substrates, the substrate must be relatively
flat.69 In the case of graphene, this method can produce
extremely thin, large area coatings down to one-atom
layer thick structures.45 CVD has several limitations
such as the need for a thermally stable substrate cap-
able of withstanding high temperatures, presence of
metal catalysts that may act as impurities in the final
product, and high operational costs. Vacuum filtra-
tion, another commonly used method to fabricate
carbon nanomaterial coatings, involves filtering of a
nanomaterial suspension through a membrane filter
followed by air-drying. The film can then be made into
a freestanding film by dissolving away the membrane
in an organic solvent or peeling away the membrane
filter. Vacuum filtration has several advantages such
as: (1) the method is simpler than CVD and can create
macroscopic free-standing films, (2) the surface
roughness is self-correcting; as one region of the film
becomes dense, the solvent will follow the path of least
resistance and auto-corrects the thickness of the film,76

and (3) the method is flexible for creating films from
various carbon nanomaterials based on the desired

application.8,13,56 Disadvantages of vacuum filtration
include limitations towards building 3D freestanding
films due to a high-pressure drop across the filter
membrane as a function of increasing film thickness.
Additionally, use of organic solvents to degrade
methylcellulose ester filters may lead to incorporation
of impurities in the final product. Other methods of
fabricating carbon nanomaterial coatings include dip-
and spray-coating. Dip coating is a process of dipping
a pre-treated substrate into a heated liquid dispersion
of nanomaterial. This method produces graphene films
of thicknesses as low as 30 nm74 or films of thicknesses
as low as 12 nm with single walled carbon nanotubes.28

Thicker coatings can be generated by increasing the
carbon nanomaterial concentration, repetitive dipping,
and by decreasing the rate of removal of the substrate
from the dipping solution.52 Dip coating requires the
substrate surface to be continuous without bends, like
a flat surface or rod, to enable assembly without
aggregated nanoparticles in localized regions.68 There
are disadvantages of dip coating carbon nanomaterials
onto substrates.67 First, it requires the surface to be
continuous without bends. Second, the uniformity of
the coating depends on the precision of the rate at
which the substrate is removed from the nanomaterial
dispersion. Also, surface uniformity could be strongly
influenced by the stability of the dispersion. If the
dispersed nanomaterial begins to aggregate, the dis-
persion is no longer homogeneous and will not coat the
target substrate uniformly.67 In spray coating, an
aerosolized dispersion of carbon nanomaterials is
sprayed onto a heated substrate to evaporate the car-
rier solvent and deposit a film of nanomaterials. Spray
coating is the most scalable technique of the afore-
mentioned techniques, however; it leads to the fabri-
cation of highly sparse coatings.21 Spray coating can
create coatings with highly tailorable thicknesses,
conductivity, transmittance, and is versatile for various
nanomaterials.21,60

3D all-carbon scaffolds have been fabricated using
CVD, template etching, capillary-based self-assembly,
and ice-segregation-induced-self-assembly (ISISA)
processes for tissue engineering applica-
tions.11,12,47,49,64 The CVD method requires a thick
(~ 1 mm) porous nickel or copper foil, placed inside
the CVD chamber, used as a template for graphene
synthesis. After deposition of graphene, the 3D tem-
plate is etched using FeCl3 followed by treatment with
strong acids leaving a 3D porous network of graphene
sheets.9,45 In capillary based self-assembly approaches,
a thin film of vertically aligned carbon nanotubes is
subjected to capillary forces resulting in their assembly
into an interlocked network with 3D sieve-like archi-
tecture.11 The unidirectional freezing and ISISA pro-
cess involves the freezing of a solution of nanomaterial
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followed by freeze-drying to remove trapped ice crys-
tals leaving 3D porous assemblies with shape and size
of the freezing container.

While the above methods maybe suitable for depo-
sition of the carbon nanomaterials, these methods do
not by themselves ensure the structural integrity of the
2D and 3D assemblies, which is mainly dependent on
physical entanglement of the nanomaterials, or weak
van der Waals’ forces between the nanomaterials.
Thus, these assemblies are prone to dissociation by
compressive flexural or shear forces that substrates or
implants experience under dynamic physiological
conditions. Therefore, recent efforts have focused on
strategies that can chemically crosslink these nano-
materials in conjugation with deposition methods.40,58

In this strategy, a radical initiator is mixed with carbon
nanomaterials in the presence of a suitable solvent and
is either deposited by spray coating or a slurry-mixture
is poured into pre-fabricated Teflon molds and sub-
jected to thermal crosslinking. This process leads to the
formation of covalent bonds between carbon nano-
materials, which are assembled into macroscopic 2D
films or 3D architectures with macro-, micro-, and
nano-scale interconnected pores. The formation of
covalent bonds between the nanomaterials may ensure
good mechanical and structural stability of 3D all-
carbon architectures under in vivo conditions. The
porosity of 3D architectures can be tailored by varying
the amount of radical initiator used during the
crosslinking process.

APPLICATIONS

In conjugation to assessing the suitability of the
fabrication method for tissue engineering applications,
various studies have also assessed the use of 2D and
3D all-carbon assemblies for tissue engineering appli-
cations. Below we summarize the salient results of
these studies.

Two Dimensional All-Carbon Coatings or Films

Bone Tissue Engineering Studies

Bone tissue engineering is currently the most widely
studied tissue engineering application for 2D carbon
nanomaterial coatings. Many researchers have inves-
tigated the effects of two dimensional carbon nano-
material substrates on mature osteoblast proliferation
and mineralization as well as stem cell differentiation
into osteogenic lineages. Osteoblasts are mature, bone
matrix depositing cells responsible for rebuilding re-
sorbed or damaged bone tissue.25 Interfacing native
bone tissue with synthetic implant materials; including

titanium, stainless steel, and ceramic materials is a key
to successful clinical outcomes.63

Modifying the surface characteristics of the implant
material by surface roughening and surface coatings
can provide a better interface for bone cell adhesion to
implant surfaces.4 Surface roughness, chemistry, and
mechanical properties of implants have a pronounced
effect on bone and stem cell attachment, integration,
and differentiation on implant materials.3,15 Some
examples of these techniques, which are used in clinic
include (a) roughening the surface of the implant for
better cell adhesion,4 (b) hydroxyapatite coatings for
directing mesenchymal stem cell differentiation,7 and
(c) BMP-2 coatings for increased bone formation
in vivo.51 While these techniques have proven to be
effective, some of which are used in clinical settings,
new materials can provide distinctive advantages to the
current gold standards in implant surface characteris-
tics. Carbon nanomaterials, compared to hydroxyap-
atite coatings and roughened titanium, have sp2

bonded carbon networks, that could bind or adsorb
molecules for osteoconduction or osteoinduction. Both
carbon nanotubes and graphene coatings enhance
preosteoblast and osteoblast adhesion and mineral-
ization on implant surfaces. Additionally, both gra-
phene and carbon nanotubes show innate
osteoinductive properties. These studies are further
discussed below.

Wojtek et al. have investigated the effects of carbon
nanotube surface properties on preosteoblast attach-
ment and growth in vitro.75 Single walled carbon
nanotube (SWCNTs) films, fabricated via vacuum fil-
tration, provided optimum preosteoblast growth when
surface roughness of the film was ~100 nm and hy-
drophilic due to mild -COOH oxidation by nitric
acid.75 The preosteoblasts grown on these coatings had
>80% initial cell adhesion. Increasing or decreasing
the surface roughness of the SWCNT films yielded
lower (~10–70%) cell adhesion. Aryaei et al. have
shown that graphene films, fabricated by CVD, and
transferred onto various substrates (silicon, stainless
steel, and soda lime glass), showed no observable
toxicity to murine osteoblasts. Furthermore, the au-
thors observed ~148% improvement in cell spreading
on graphene coated stainless steel substrates compared
to controls.1

Adult multipotent stem cells, sourced from bone
marrow (MSCs)61 or adipose tissue (ADSCs),82 can
differentiate into many lineages including osteoblasts,
chondrocytes, and adipocytes. Both, carbon nanotubes
and graphene coatings/films been investigated for their
ability to increase osteogenesis in adult stem cells.
Kroustalli et al. have studied the adhesion and bio-
compatibility of MSCs on multiwalled carbon nan-
otube (MWCNT) substrates fabricated by vacuum
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filtration.33 LDH assay, ALP quantification and
immunofluorescence studies show that MWCNT
substrates were cytocompatible and cell attachment
was mediated by proteins adsorbing onto the surface
allowing for integrin related attachment. MSCs
grown on MWCNT substrates exhibit >1.5 fold
increases in the expression of integrin b1 and b3,
compared to tissue culture polystyrene (TCPS) after
1 day.33

Nayak et al. showed spray coated MWCNT coat-
ings on glass coverslips can accelerate the differentia-
tion of MSCs towards osteoblasts.55 Results show two
fold greater expression of osteopontin and approxi-
mately five fold greater deposition of calcium (markers
of osteogenic differentiation) on MWCNT coated
coverslips compared to control glass coverslips. Fur-
thermore, the MWCNT substrates induced equivalent
stem cell differentiation, calcium deposition, and
osteopontin expression compared to MSCs treated
with bone morphogenetic protein-2 (BMP-2), a
chemical stimulus for osteogenic differentiation of
stem cells.55 In another study, Nayak et al. reported
accelerated osteogenic differentiation of stem cells on
substrates coated with CVD deposited graphene. Re-
sults show significantly greater expression of osteo-
genic markers and matrix calcium deposition by MSCs
cultured on graphene deposited substrates compared
to MSCs on substrates without graphene or in the
presence of BMP-2.54 Immunofluorescence imaging
revealed that MSCs cultured on graphene coated or
BMP-2 treated Si/SiO2 substrates, both, expressed
differentiation markers integrin-b1 and osteocalcin at
Days 4 and 7 (Fig. 1).54 The results of these studies
taken together suggest that graphene and carbon
nanotube substrates are osteoinductive.

Patel et al. have investigated the cytocompatibility
of 2D all-carbon films fabricated using multiwalled
carbon nanotubes (MWCNTs) as building blocks.58

MWCNTs were deposited on glass coverslips by
adapting an air-pressure driven spray-coating method.
Radical initiated thermal crosslinking induced the
fabrication of covalent bonds between MWCNTs.
Adipose derived stem cells (ADSC) cultured on
MWCNT substrates for 1, 3 and 5 days showed good
cytocompatibility compared to glass coverslip controls.
Immunofluorescence studies showed expression of Ki-
67 (cell proliferation marker, Figs. 2a and 2b) and
scanning electron microscopy (SEM, Figs. 2c and 2f)
imaging confirmed cell attachment. ADSCs extended
numerous filopodia and cytoplasmic extensions to
wrap onto the underlying nanotube mesh (red arrows,
Figs. 2c and 2f). These results suggest that all-carbon
MWCNT coatings are cytocompatible and can be used
as nano-fibrous mats for tissue engineering applica-
tions.

Lee et al. have investigated several factors that may
be responsible for the observed accelerated osteogenic
differentiation of MSCs on carbon nanotube and
graphene coated substrates.44 Results show that car-
bon nanotubes and graphene adsorb osteogenic factors
such as b-glycerophosphate and dexamethasone, pre-
sent in stem cell culture media. The adsorption of these
factors on nanomaterial substrates would lead to a
direct interaction of stem cells with osteogenic induc-
ing factors due to increased local contact. In addition
to osteogenic differentiation, MSCs and ADSCs can
differentiate towards adipogenic lineages. However,
carbon nanotubes and graphene coatings induce
denaturation of insulin, a potent adipogenic differen-
tiation factor, which may further accelerate osteogenic
differentiation of stem cells cultured on carbon nan-
otube and graphene substrates.44

The electromagnetic properties of carbon nanoma-
terials can be exploited for tissue engineering applica-
tions. Green et al. have reported the use of carbon
nanotube enhanced photoacoustic stimulus for osteo-
genic differentiation of MSCs.23 SWCNT coatings
were used as substrates to generate photoacoustic
waves, which were then interfaced with MSCs for 1, 5,
and 16 days. At day 16, MSCs treated with SWCNT-
enhanced photoacoustic stimulus showed a significant
increase in calcium deposition (~396% increase) com-
pared to MSCs treated with chemical stimulus.23 Lal-
wani et al. have shown that graphene nanoparticles can
generate stronger photoacoustic signals compared to
carbon nanotubes.36 Therefore, future studies should
focus on investigating the comparative effect of gra-
phene and carbon nanotube coatings on photoacoustic
stimulus-responsive differentiation of stem cells.

Neural Tissue Engineering Studies

Neuronal tissue is one of the most complex ordered
structures, and thus, neural tissue engineering is ex-
tremely challenging.24 Since neurons are highly orga-
nized and connected,20 controlled growth of neurons
on carbon nanomaterial coatings is very important to
repair damaged neurons and restore normal organi-
zational complexity. Drop-casted MWCNT coatings
have shown the ability to host organotypic slice cul-
tures (sectioned, live spinal cord explants) and induce
neurite outgrowth.16 Scanning electron microscopy
(SEM) images of cells shows the formation of junctions
between cell membrane and underlying MWCNT
substrate. A 72% increase in glutamatergic postsy-
naptic currents were observed in spinal cord slice cul-
tures on MWCNT coatings compared to control
groups after stimulating the dorsal root ganglion.
These results suggest an improved response in sensory
neurons upon culture on MWCNT substrates.16 Cellot
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et al. have reported improvements in neuronal activity
and nerve impulse conduction of hippocampal neurons
cultured on carbon nanotube substrates.6 Results show
that cultured neurons form tight membrane-nanotube
contacts and may form nanotube-neuron hybrid units.
Theoretical modeling results show that these tight
nanotube-membrane contacts may favor electrical
shortcuts between distal and proximal compartments
of neurons.

Tu et al. studied the effects of surface charge of
graphene oxide on neuronal growth and branching.71

Graphene oxide (GO) of various surface charges
(negative, neutral, and positive) was spray coated onto
polyethylene imine coated glass coverslips and used as
substrates for neuronal culture. GO coatings with
positive charge showed greater neurite outgrowth,
neurite length, neurite count per neuron, neuron
cell area, neuronal branches, and neurite branches

FIGURE 1. Immunostaining of human mesenchymal stem cells growing on Si/SiO2 substrates coated with graphene or in the
presence of BMP-2. (Left) CD-44 expression (stem cell marker) decreased over time and completely disappeared at Day 7, (center)
integrin expression (cell adhesion marker) increased over time with peak expression at Day 15, (right) osteocalcin (osteogenic
differentiation marker) expressed at Day 4 and increased by Day 7. Scale bars are 100 lm. Adapted from Ref. 54 with permissions,
copyright � American Chemical Society, 2011.
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compared to neurons cultured on neutral or negatively
charged graphene oxide substrates.71 Park et al. have
reported the ability of CVD deposited graphene films
to differentiate neural stem cells into mature neurons.57

To observe if the CVD deposited graphene films would
induce neural differentiation, neural stem cell main-
taining factors in the cell culture media (bFGF and
EGF) were removed after seeding the neural stem cells
on the graphene substrate. A 17.4% greater expression
of TUJ1 (a tubulin marker for neuronal differentia-
tion) was observed upon culture of cells on graphene
coated substrates compared to glass coverslip controls
(Fig. 3). Furthermore, the percentage of stem cells
differentiating into neurons (39.1%) compared to glial
cells (22.9%) on graphene surfaces was greater than
neurons (21.7%) to glial cells (34.5%) on glass cover-
slip controls.57 Immunofluorescence imaging showed
that neural stem cells express GFAP, TUJ-1 (neuronal
differentiation markers) after 1 month of culture on
graphene coatings (Fig. 3b). These results suggest that
graphene films/coatings can promote greater neuronal
differentiation of neural stem cells compared to glial
cells. The enhanced neural differentiation was attrib-
uted to increased cell adhesion and upregulated lami-
nin receptors of the neurons on the graphene substrate
compared the neurons on the glass substrate.

To further control neuronal growth directionality,
several studies have utilized various lithography and
patterning methods to fabricate nanomaterial linear or
complex patterns of carbon nanotubes or graphene.
Hong et al.. have patterned CVD deposited single-
layer graphene using a PDMS stamping method to
create linear and checkered line patterns of graphene.27

Results show that neurons followed the patterned
graphene substrate to create controlled neural net-
works on 30 lm line patterns without bridging over
the non-coated regions. The neurons could control-
lably and selectively grow on line patterns as low as
5 lm in size.27 These results show that using patterned
graphene coated substrates controlled neural networks
can be developed. Fan et al. have used super-aligned
carbon nanotube yarns, fabricated from CVD grown
vertically aligned carbon nanotubes substrates, to
directionally guide neurite outgrowth.17 The nanotube
yarns (2–5 lm diameter strings) were spaced 30–
50 lm apart for controlled neuronal growth. These
structures supported average cell density of 140/mm2,
similar to cell densities on TCPS dishes. Cultured
neurons on carbon nanotube yarns show consistent
branching and directionality up to 7 days post seeding
(Fig. 4).17 Some challenges faced with patterned car-
bon nanomaterial substrates includes the lack of
neurite branching in regions where carbon nanoma-
terials are absent.17 Patterning and controlling neuron
growth on carbon nanomaterial substrates opens
avenues for repair of the highly organized central
nervous system.

Other Tissue Engineering Studies

Graphene oxide substrates fabricated by dip coating
have shown the ability to differentiate murine C2C12
skeletal myoblasts.35 Skeletal myoblasts cultured on
GO coated glass substrates exhibit significantly greater
proliferation after 2 and 4 days compared to cells
cultured on glass (controls) and reduced GO coated

FIGURE 2. (a, b) Representative immunohistochemistry images of adipose derived stem cells cultured on 2D multiwalled carbon
nanotube substrates. Cells are stained for Actin (green) and Ki-67 (red, cell proliferation marker). (c–f) Representative scanning
electron microscopy images of adipose derived stem cells attaching on multiwalled carbon nanotube substrates after 5 days. Red
circles in (c) and (e) are magnified in (d) and (f), respectively with red arrows showing the presence of cytoplasmic extensions and
protrusions extending underneath and wrapping the underlying nanotube mesh. Adapted from Ref. 58 with permission. Copyright
� Patel et al.
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glass coverslips. Myoblasts on GO substrates also
showed greater cell area, myotube length, myosin
heavy chain staining, and myogenin positive cells
compared to other groups (Fig. 5).35 In addition to
adult stem cells, carbon nanomaterial substrates have
also been studied for their effects on pluripotent stem
cell fate.62 Pluripotent stem cells are either collected
from embryotic sources73 or induced from adult
fibroblasts (iPSCs) by chemical and molecular biology
methods.70 Pryzhkova et al. studied the differentiation
potential of pluripotent stem cells cultured on carbon
nanotubes arrays of varying surface roughness,
mechanical properties, and topography. Results show
that altering these physiochemical properties resulted

in differentiation and growth of the stem cells into
different germ layers (ectoderm, mesoderm and endo-
derm) depending on the surface properties of the
nanotubes.73

3D All-Carbon Scaffolds for Tissue Engineering

Few studies have investigated the cytocompatibility
and biocompatibility of 3D all-carbon scaffolds for
tissue engineering applications. In this section, only
articles that report the use of all-carbon (no polymer)
macroscopic (>1 mm all three-dimensions) carbon
nanotube or graphene scaffolds are included. Lalwani
et al. have investigated the cytocompatibility of

FIGURE 3. (a) Brightfield images of human neuronal stem cells differentiated on glass and graphene substrates for 3 days (left),
two weeks (middle) and three weeks (right). Note that cells on glass substrates gradually declined in number after 2 weeks whereas
on graphene substrates remained stable even after 3 weeks. (b) Brightfield (top) and immunofluorescence images (bottom) of stem
cells after 1 month of differentiation. Cells are stained for GFAP (red) for astroglial cells, TUJ1 (green) for neural cells, and DAPI
(blue) for nuclei. Note that more neuronal stem cells were adhered to graphene than glass. (c) Cell counting per area after 1 month
of differentiation on graphene and glass substrates (n 5 5, p< 0.001). (d) Percentage of immunopositive cells for GFAP (red) and
TUJ1 (green) on glass and graphene. Note that glass regions show more GFAP-positive cells (glia) than TUJ1-positive ones
(neurons), while graphene regions have more TUJ1-positive ones (neurons) than GFAP-positive ones (glia) (n 5 5, p< 0.05).
Adapted from Ref. 57 with permission, copyright � John Wiley & Sons, 2011.
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macroscopic 3D all-carbon scaffolds fabricated using
single- and multi- walled carbon nanotubes (SWCNTs
and MWCNTs). SWCNTs and MWCNTs were
assembled in 3D porous (>80% porosity, 5–8 mm
height, 4–6 mm diameter) cylinders using a radical
initiated thermal crosslinking method.37 MC3T3 pre-
osteoblast cells and NIH3T3 dermal fibroblast cells
show good cell viability on SWCNT and MWCNT
scaffolds (Compared to 3D poly(lactic-co-glycolic)
acid (PLGA) controls) after 1, 3, and 5 days of culture.
Confocal live cells imaging (calcein-AM staining)
confirm the presence of live, metabolically active cells
on SWCNT and MWCNT scaffolds. Immunofluores-
cence imaging shows expression of vinculin (cell
adhesion protein) and Ki-67 (cell proliferation marker)
suggesting that cells can adhere to SWCNT and
MWCNT scaffolds via focal adhesion complexes and
are proliferating. SEM imaging showed the presence of
numerous cytoplasmic extensions and filopodia for cell
attachment to the underlying nanotube architecture
(Figs. 6a–6f). Furthermore, confocal live cell imaging
showed that the cells were able to penetrate into the
scaffolds up to depths of ~300 lm (Figs. 6g–6i). Due
to limitations associated with laser penetration
through 3D scaffold, cells at greater depths were not
visualized. These results show that 3D macroscopic
SWCNT and MWCNT scaffolds, fabricated via radi-
cal initiated thermal crosslinking of carbon nanotubes,
are cytocompatible (allow cell attachment, prolifera-
tion and infiltration) and opens avenues for their
application in bone tissue engineering.

Crowder et al. have investigated the cytocompati-
bility of 3D graphene foams synthesized on Ni-tem-
plates using CVD.12 Multilayered graphene was
deposited on porous 3D nickel templates (1.2 mm
height) and etched using FeCl3 to remove Ni. The
resulting 3D graphene foam was seeded with MSCs
and cell viability was analyzed after 1, 4, 7, and 14 days

by staining cells with calcein-AM. Results show good
cell viability of MSCs at all time points. SEM imaging
showed MSC attachment to underlying graphene
substrate (Figs. 7a–7c). Immunofluorescence staining
showed that cells on graphene scaffolds showed greater
expression of osteogenic (osteocalcin and osteopontin)
markers compared to cells cultured on TCPS (Figs. 7d
and 7e). These results show that 3D graphene sub-
strates are cytocompatible and promote osteogenic
differentiation of MSCs.

Serrano et al. have fabricated 3D graphene oxide
(GO) scaffolds using ice-segregation-induced-self-
assembly (ISISA) process—a procedure of freezing and
lyophilization to produce porous monoliths.64 GO
scaffolds (4.5 mm diameter, 3 mm height) were seeded
with rat neural progenitor cells and cell viability was
assessed via Live/Dead assay. Fluorescence imaging
showed presence of live cells (green fluorescence).
Immunofluorescence imaging of cells after 14 days
showed the presence of interconnected neural networks
of neurons and glial cells rich in axons, dendrites and
synaptic connections (Fig. 8). These results suggest
that 3D graphene oxide scaffolds may be suitable for
neuronal tissue engineering. Li et al. have fabricated
3D graphene foams using a CVD based sacrificial
transfer method and shown that these scaffolds are
cytocompatible substrates for neuronal stem cells.47

3D graphene scaffolds permit attachment and prolif-
eration of neural stem cells; robust expression of Ki-67
(cell proliferation marker) was observed. After 5 days
of culture, expression of Tuj-1, nestin, O4, and GFAP
were observed suggesting successful neuronal differ-
entiation of neural stem cells (Fig. 9). Additionally,
under external electrical stimulus, differentiated neural
stem cells showed an increase in the levels of intracel-
lular calcium suggesting that 3D graphene foams may
be used as a conductive scaffold to electrically stimu-
late neuronal cells.

López-Dolado et al. have investigated the in vivo
biocompatibility of 3D reduced graphene oxide (rGO)
scaffolds in adult male Wistar rats.49 rGO monoliths
(4.5 mm diameter, 2 mm height) were implanted in C6
segment of spinal cord for 10 days and tissue response
was assessed via immunofluorescence, histology, and
histomorphometric analysis. No local or systemic
toxicity was observed; 3D rGO scaffolds facilitate tis-
sue integrity after injury and prevent the extension of
lesion. Histological analysis of lesion site shows the
presence of cells and collagen fibers in the interface
tissue. Immunofluorescence analysis showed the
expression of ED1 (expressed by macrophages) and
platelet derived growth factor receptor (PDGF-b) at
the injury area suggesting early hematopoiesis and
blood vessel formation. CD80 and CD163 macro-
phages (M2 macrophages, reparative cells) were

FIGURE 4. Fluorescence image showing directional align-
ment of neurite outgrowth on super aligned carbon nanotube
yarn patterned substrates. Adapted from Ref. 17 with per-
mission, copyright � American Chemical Society, 2012.
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present at the interface tissue and were observed infil-
trating the scaffolds. Furthermore, a high percentage
of actively proliferating cells were also present at the
injury site. No significant damage in other systemic
organs (brain, lung, kidney, heart, intestine, liver) was
observed. These results suggest that 3D rGO scaffolds
are biocompatible and may potentially be used as
efficient platforms for the treatment of spinal cord
injuries.

SUMMARY AND FUTURE PERSPECTIVE

Recent advances in synthesis methods have enabled
the fabrication of 2D and 3D all-carbon coatings/films
and porous scaffolds using carbon nanotubes or gra-
phene as starting material. These all-carbon assemblies
have been explored for various tissue engineering
applications. Studies indicate that coatings and scaf-
folds fabricating using carbon nanotube or graphene

FIGURE 5. Myotube formation on unmodified, graphene oxide and reduced graphene oxide coated glass substrates. (a)
Immunofluorescence images showing the expression of myosin heavy chain (MHC). (b) Quantitative analysis of total MHC positive
area. (c) Quantitative analysis of fusion and maturation index. (d) Quantification of cell area (d), myotube length (e) and myotube
diameter (f). Significant differences are marked ‘*’, compared with unmodified glass (p<0.05). Adapted from Ref. 35 with per-
mission, copyright � Elsevier, 2013.
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can enhance osteogenesis by accelerating the differen-
tiation of mesenchymal stem cells towards osteoblasts
and promote extracellular calcium deposition in the
matrix. Several reports also show enhanced neuronal
impulse conduction, neural network formation, and
neurite outgrowth on carbon nanotube and graphene
substrates. Studies have also exploited the physio-
chemical properties (electrical conductivity, strong
photoacoustic response) of carbon nanotube and gra-
phene assemblies to develop stimulus-responsive
strategies that induce and enhance progenitor cell dif-
ferentiation. The results till date suggest that, har-
nessing the multifunctional capabilities of all-carbon

assemblies offers exciting opportunities towards the
development of next-generation technologies of tissue
engineering and regenerative medicine.

Several challenges need to be addressed to translate the
promise of these all-carbon assemblies into clinic. These
barriers canbebroadly related tomanufacturingandsafety.

Manufacturing

(i) Novel strategies need to be developed and
existing strategies need to be optimized to
chemically connect these nanoparticles to

FIGURE 6. Representative SEM images showing adhesion of MC3T3 cells on (a and d) poly(lactic-co-glycolic) acid, (b and e) 3D
multiwalled carbon nanotube, and (c and f) single-walled carbon nanotube scaffolds. Formation of cytoplasmic extensions
(filopodia and pseudopodia) can be observed for each scaffold group (insets in d–f). (g–i) Representative spectrally color coded
images of calcein-AM–stained MC3T3 cells a function of confocal Z-depth (i.e., cellular infiltration) after 5 days of culture on (g)
poly(lactic-co-glycolic) acid, (h) multiwalled carbon nanotube, and (i) single-walled carbon nanotube scaffolds. Presence of cells
can be detected up to a depth of 200–300 lm for each scaffold group. Adapted from Ref. 37 with permission, copyright � John
Wiley & Sons, 2015.
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each other or their substrates to improve the
structural and mechanical robustness of these
assemblies. Current fabrication techniques
that are unable to tightly ‘trap’ the individual
nanoparticles in a confined space in these
assemblies are not suitable for many implant
applications as loosening of nanomaterials
and their eventual separation from the
assemblies can lead to failure of the medical
device or implant. Furthermore, improve-
ments in fabrication technology would also
enable finer control of the porosities and pore
geometry of 3D architectures, important fea-
tures for tissue engineering constructs.

(ii) The scalability issues for fabricating 3D all-
carbon scaffolds need to be addressed and
more efforts are needed to identify cost effi-
cient processes. Several fabrication methods
are associated with high operational costs,
and/or scalability issues that may present a
practical challenge to develop macroscopic
(>1 mm in all three dimensions) 3D all-car-
bon architectures. For example, 3D graphene

foams made by CVD require a sacrificial
metal catalysis substrate, poly-methyl
methacrylate reinforcing agents, hydrochloric
acid to etch away the metal substrate, and
heated acetone to dissolve the poly-methyl
methacrylate.9 This technique, although ro-
bust, is process intensive and may lead to
metal/polymer residues that may serve con-
found factors in biocompatibility studies.

(iii) Eventually, for each implant or device manu-
factured for clinical use, current good manu-
facturing practice (cGMP) requirements for
medical devices would have to be strictly fol-
lowed. Thus, related quality system protocols
and procedures would have to be developed
that comply with regulatory guidelines.

Safety

(i) Comprehensive in vivo investigations are
needed to adequately assess the biocompati-
bility of 2D and 3D all-carbon assemblies.

FIGURE 7. (a–c) Representative scanning electron microscopy images of human mesenchymal stem cells cultured on 3D gra-
phene foams for four days. Images show cells forming protrusions up to 100 mm in length (yellow arrowheads) that extended from
small cell bodies (black arrows). Immunostaining images of (d) neuronal and (e) osteogenic markers for human mesenchymal stem
cells cultured on 3D graphene foams or tissue culture polystyrene (TCPS) control for 7 days. Culture on graphene foams did not
affect the expression of neuronal markers, but stimulated de novo expression of the osteogenic marker osteocalcin and upreg-
ulated the expression of osteopontin. (d) Scale bars are 100 mm and (e) scale bars are 50 mm. Adapted from Ref. 12 with
permission, copyright � Royal Society of Chemistry, 2013.
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Majority of the studies reported till date have
been performed in vitro.

(ii) The confounding effects of the various
impurities that could be incorporated during
the manufacturing process needs to be eluci-
dated. The initial starting materials and the
fabrication methods used in the production
of the assemblies can result in the presence of
metallic and/or organic impurities in the final
product, which could result in variable toxi-
city effects.

(iii) Studies that directly compare the safety and
efficacy of 2D or 3D assemblies fabricated
using various carbon nanomaterials for
specific tissue engineering applications would
be beneficial. Carbon nanotubes and gra-
phene possess different nanoscale architec-
tures and physiochemical properties.
Therefore, 2D and 3D assemblies of carbon

nanotubes and graphene may exhibit distinct
cellular and molecular responses when inter-
faced with biological systems.

(iv) Studies that provide information on the long-
term effects of degradation products are
required. It has been reported that hydrogen
peroxide and other peroxidase enzymes pre-
sent in the body can degrade carbon nan-
otubes and graphene.32,43,77,81 However, the
biodegradation process is slow and the effects
of the degradation products on surrounding
cells and tissues are unknown.66

(v) Eventually, the preclinical regulatory path-
way needs to be established for any implant
or device intended for use in humans. The
good laboratory practice (GLP) and current
good manufacturing practice (cGMP) guide-
lines would have to be followed while estab-
lishing this pathway.

FIGURE 8. Embryonic neural progenitor cell differentiation on 2D and 3D graphene oxide films and scaffolds after 1, 7, and
14 days. Cells are stained for GFAP (green), TAU (red) and cell nuclei (blue, DAPI). Scale bars represent 50 lm for all images except
zoom panel (25 lm). Adapted from Ref. 64 with permission, copyright � Royal Society of Chemistry, 2014.
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