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3D Carbon-based scaffolds for brain models and tissue 
engineering

Belén CORTÉS-LLANOS1,*, Francesco Paolo ULLOA SEVERINO2,3,*

ABSTRACT
Tissue regeneration is probably the most ambitious aim for the tissue engineering research field. Even 
more difficult it becomes when we attempt to regenerate a complex organ that we do not fully understand, 
such as the brain. That is why in recent years we have observed an increased number of approaches that 
strive to create functional brain or networks in vitro in order to study their properties and develop platforms 
that can be used for biomedical applications. In this review, we will describe how carbon-based materials 
took over all the other materials as the most interesting and promising platform not only in the electronic 
industry but also to create 3D functional models of the brain in vitro.
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Introduction
  Understanding the interaction between nanomaterials 
and biosystems has become crucial in recent years. This 
growing interest has generated novel nanostructures 
such as nanoparticles (1), nanowires (2), nanotubes (3) 
and nanofibers (4) that can be applied for biomedical 
applications. In neuroscience, for example, magnetic or 
semiconductors materials have been used to study cell 
migration, particle internalization and electrophysiological 
properties of neurons (5–8). Conductive polymers, 
on the other hand, could have not only the electrical 
properties of metals or semiconductors but also the 
suitable mechanical properties (i.e. low stiffness) that are 
necessary to improve neural attachment and growth (9). 
Recently, new material-based models that can mimic 
the central nervous system (CNS) have been produced 
and described. Their physical, mechanical, chemical 
and electrical properties are carefully characterized to 

understand if they are suitable to be applied as successful 
platforms for applications in neuroscience (10,11). Among 
all, carbon-based materials (CBMs) are considered one 
of the most interesting to study and apply in biomedicine 
(12). When used alone, in combination with other CBMs 
or by making hybrids with natural or synthetic polymers, 
they have been demonstrated to promote electrical and 
mechanical interactions with the nervous system. Finally, 
carbon-based three-dimensional (3D) scaffolds are state-
of-the-art in the tissue engineering field, having not 
only the outstanding conductive properties but also a 
third dimension that allows to better mimic the natural 
environment of the cells in vivo. In this review, we will 
describe these findings to convince the reader that these 
technologies can be further expanded to develop new in 
vitro models for the nervous system and new platforms for 
tissue engineering. 

Graphene 3D scaffolds to model the brain in vitro
  Since 40 years ago, when the first attempt of a 3D culture 
system was published demonstrating the possibility to 
maintain the cellular differentiation and organization 
by using a floating collagen gel (13), an overwhelming 
number of biomaterials have been discovered or 
synthesized to recapitulate the “closer to in vivo” behavior
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of cells in vitro. CBMs have emerged from the herd 
since the discovery of the fullerenes, and now with the 
discovery of graphene, their applications in material 
science, medicine and biology have increased even more.
  Graphene is theoretically known since 1960 as a two-
dimensional (2D) single-layer sheet of sp2 hybridized 
carbon atoms organized in a hexagonal (honeycomb) 
arrangement. However, it was obtained only in 2004 
from Andre Geim and Kostya Novoselov (14). This was 
the first 2D atomic crystal available to humankind and 
for their discovery, Geim and Novoselov were awarded 
the Nobel Prize in Physics in 2010. There are many 
reasons why graphene is such an attractive material. 
First of all, graphene has incredible mechanical and 
physical properties (with a stiffness of 150,000,000 psi 
and thermal conductivity of around 5000 W/mK). Then 
it has high electrical conductivity (with a carrier mobility 
of 15,000 cm2V-1s-1 and a resistance of 10 ohms) and the 
possibility to be chemically functionalized (15–17). This 
is why graphene is in the limelight not only for industrial 
applications but also for a breakthrough in the biomedical, 
tissue engineering and neuroscience fields.
  The biocompatibility of graphene materials with brain 
cells was shown by N.Li et al. in 2011. They showed that 
mouse primary hippocampal neurons were able to be kept 
in culture over a graphene film support allowing neurites 
sprouting and outgrowth (18). Graphene-based materials 
were shown to be inert to neurons that were able to preserve 
their physiological activity, as well as to adhere and grow 
without any coating with adhesion molecules (19). Graphene 
films were able to enhance the activity of neural stem 
cell (NSC)-derived neuronal network (20), and a more 
recent paper reported the unknown ability of graphene to 
regulate the extracellular ion distribution, by trapping ions 
that control the neuronal excitability, and in turn, affecting 
the neural network activity (21).

How can we move from these 2D graphene-based systems 
to a 3D graphene-based scaffold to better model and 
study the brain?
  Chemical vapor deposition (CVD) is one of the methods 
to obtain graphene (17), which allows the synthesis of a 
3D graphene-based scaffold using a nickel template that 
is then removed by etching. CVD was used, for instance, 
to create an oriented 3D structure of graphene bricks. This 
novel graphene structure can be customized based on the 
application by adjusting the pore size, from 10 to 50 μm, 
and the angle of the bricks across layers using 45° or 90° 
(22). They have an electrical conductivity value of 60-80 
Scm-1 and a density of 3.6 mgcm-3 showing properties as a 
supercapacitor electrode and flexible conductor. Another 
3D scaffold was made by using a nickel foam as a 
template. This resulted in a hollow, tubular structure made of 
graphene that is interconnected in three dimensions called 3D 
graphene foams (3D-GFs) (23) (Figure 1A, left). Ning Li 
and collaborators used adult NSCs derived from the mouse 
hippocampus and conducted proof-of-concept studies 
on the application of 3D-GFs as a conductive substrate 
for cell electrical stimulation. They demonstrated not 

only the ability of these cells to adhere and grow within 
the scaffold but also their capability to differentiate into 
functional neurons, astrocytes and oligodendrocytes that 
could be electrically stimulated directly passing a current 
through the 3D-GFs (24). The same group reported, 
in a paper led by Qing Song, a reduced inflammatory 
response of NSC-derived microglia growth on the 
3D-GFs upon insult with lipopolysaccharide (LPS) (25) 
demonstrating the anti-inflammatory effect of this cell-
material interaction. Ulloa Severino and collaborators for 
the first time were able to culture primary rat hippocampal 
cells on the 3D-GFs and demonstrated that, using calcium 
imaging techniques and theoretical models, in 3D there 
are different neural networks properties (26). They 
reported that a small-world network model with frustrated 
synchrony could recapitulate the activity of the neuronal 
network growth on 3D-GFs that showed local and global 
network activity, as well as the existence of neuronal 
assemblies with a correlated activity that varies in space 
and time. These phenomena were similar to the one found 
in vivo making the 3D-GF hippocampal cultures a better 
in vitro system to study the brain. They showed that these 
results were not only due to the interactions between 
brain cells and graphene but also to the development of 
many more processes and connections along the third 
dimension, as well as to morphological changes in the 
shape of astrocytes (26), another important component of 
brain networks. The limitation of this scaffold was that 
the cells, although sometimes crossing the pores of the 
GF (Figure 1A, right), were adhering and growing on a 
2D surface developed in 3D. How can these scaffolds be 
improved to have a real 3D culture system? What are the 
proper modifications and improvements that need to be 
made?

Hybrid carbon-based scaffolds for 3D culture systems
  Graphene is obviously not the only CBM used for 
biomedical applications in neurology (12). Indeed, the 
most studied CBM before graphene was carbon nanotubes 
(CNTs). CNTs are cylindrical hallow graphene structures 
that can exist in the form of single-wall CNT (SWCNT) 
or multi-wall CNT (MWCNT). As can be inferred by the 
names, the difference is in the number of graphene sheets 
which form the tubular shape and in turn determine the 
diameter (from approximately 1 nm for SWCNTs to 100 
nm for MWCNTs) (27). CNTs present good thermal and 
chemical stability as well as high mechanical strength. 
Moreover, thanks to their electron-rich properties, CNTs 
are well suited to interface electrically active tissues such 
as the heart and the brain. For biological applications, 
different substrates have been used to deposit 2D CNT-
based bricks such as forests of vertically aligned CNTs (28), 
films of CNT building blocks (29) as well as extended 
2D meshes of CNT (30), but the limitation was that cells 
could not migrate into the deep layers of these CNT 
assemblies. However, interfacing CNTs with brain tissues 
was reported to boost the electrical activity, sustain the 
survival of neurons, modulate neuronal growth as well 
as promote the functional reconnection of segregated 
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spinal cord slices (30-33). Aiming to improve the in vitro 
model for the application of CNTs in neuroscience, Bosi 
et al. fabricated a polydimethylsiloxane (PDMS) 3D 
porous structure with the inner walls of the pores layered 
with MWCNTs. In this way, they were able to maintain 
the mechanical properties of the PDMS structure with 
the addition of the electrical and physical properties of 
CNTs (34). These structures were used to culture primary 
hippocampal cells in vitro to show that the network 
activity, in terms of synchronization and frequency, 
did not change between 2D and 3D MWCNTs but was 
anyway higher than both 2D and 3D PDMS substrates 
alone, in which the third dimension made the difference 
(34). These same scaffolds were then used to show their 
ability to functionally reconnect segregated spinal cord 
slices (35). In the same paper, the authors also showed 
the effect of the scaffold implant in vivo. After 4-8 weeks 
from the implant in the rat visual cortex, there was no 
increase in the inflammatory response in the tissue nearby 
the implant (50 μm from the implant) and a significant 
reduction at further distance (up to 150 μm from the 
implant), measured as intensity of glial fibrillary acidic 
protein (GFAP) and Ionized calcium binding adaptor 
molecule 1 (Iba1) immunofluorescence as indication of 
glia reaction after injury. Finally, they demonstrated that 
neurons were able to infiltrate the scaffold with their 
processes and soma, demonstrating a good integration of 
the exogenous material into the tissue as early as 2 weeks 
post-implant.
  The idea of fabricating scaffolds of different materials to 
integrate their best properties is fascinating and necessary 
in order to improve the new platforms for brain-material 

interface and to find new ways of mimicking the brain in 
vitro. This approach was exploited very well by Xiao and 
collaborators who applied the CVD method to fabricate 
a 3D-GF with a 3D mesh of CNTs filling the pores of the 
GF backbone (Figure 1B, left), combining the advantages 
of both materials (36). These 3D graphene CNTs scaffolds 
(3D-GCNTs) were used to culture rat cortical cells in 3D. 
What they observed was a functional cortical network 
that was growing through the whole structure (more than 
600 μm in height) made of 3 times more cells than the 
one counted on the GF. The unexpected observation was 
that they found cell bodies suspended into the pores with 
the neurites anchored on the GCNT structure (Figure 
1B, right). This in vitro 3D cortical co-culture presented 
an activity dynamic similar to the one observed in vivo 
having an increased frequency and synchronization, 
even compared to the 3D-GFs, as well as a reduction in 
synchronization with the maturation of the network. The 
big step ahead of their approach though was to use this 
cortical co-culture system as a platform for other studies. 
They showed that the 3D cortical network can be used 
to study glioblastoma infiltration in a cell dense in vitro 
brain model using 3D live-cell imaging as well as to 
screen drugs (36). What they found was that, comparing 
the bare GCNTs with the ones seeded with the cortical 
culture, there was a decrease in the speed of infiltration of 
the glioblastoma cells in the co-culture system. Moreover, 
the effect of the drugs used to investigate these processes 
changes between the two conditions. When blebbistatin, 
a drug used to slow down the infiltration of cancer 
cells, was used on glioblastoma cells seeded on the 3D 
cortical network, whose velocity decreased to a lower 
extent compared to the GCNT scaffold alone. This had 
a big impact not only as a novel approach that could be 
compared to another 3D tissue model system but also for 
the indications that the environment in which researchers 
screen drugs can affect their functionality, and having 
better in vitro models for these types of experiments 
is extremely important. Many questions remain to be 
addressed, but what can we do more? Where is this 
research field going?

Future approaches for the biomaterial interface
  Graphene-based materials have their own characteristics, 
amount of layers, composition, chemistry surface, purity, 
defects and oxygen content. Even if graphene oxide 
(GO) and reduced graphene oxide (rGO) present lower 
conductivity than graphene, these materials possess 
better hydrophilic property and versatility than pristine 
graphene scaffolds, making them more suitable for some 
different neuroscience applications. In a study published 
by Serrano and collaborators, rGO scaffolds were built 
by ice segregation-induced self-assembly technique (37). 
This material has exceptional mechanical compression 
properties in the longitudinal and transversal directions. 
This 3D GO scaffold could be compatible with the 
nervous tissue mechanical properties (0.3-1.0 kPa) (38). 
López-Dolado implanted this 3D scaffold made of rGO 
for the first time in injured rat spinal cord in order to  

Figure 1. (A) An example of 3D-GF, on the left a scanning 
electron microscopic image showing the big pore size, and on the 
right mature neurons growing on the backbone and sometimes 
able to cross the pore of the structure without support. (B) An 
example of 3D-GCNT, on the left showing the CNT web inside 
the GF structure, and on the right showing the intricate web of 
CNT supporting the neuronal cell bodies. Modified from Ulloa 
Severino et al., 2016 (26).
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observe regeneration. After 10 days the scaffold was able 
to facilitate tissue regeneration. The scaffold prevented 
the extension of the lesion and established a soft 
interface at the injury site (39). They also investigated 
the inflammatory effect of this rGO scaffold after 30 days 
from implantation by studying vimentin+ and ED1+. A 
reduction in the amount of these two molecules caused 
a reduction of the inflammatory response. Moreover, 
rGO scaffolds helped to stabilize and seal the injury as 
well as support angiogenesis. Inside the structure, they 
were able to observe blood vessels in the proximity of 
the regenerated neuronal axons (40). One recent study 
observed excitatory axons growing in rGO foams through 
the injury site by functional blood microvessels, implying 
that these scaffolds improved the neuronal recovery after 
spinal cord injury (41). These findings demonstrated that 
rGO could be useful for neuronal regeneration. Qian et 
al. fabricated GO/polycaprolactone (PCL) nano-scaffolds 
(Figure 2A) to study the bases of the process of tissue 
regeneration, as angiogenesis and nerve regeneration by 
a Sprague Dawley rat model (Figure 2B) (42). Since the 
scaffolds were fabricated as a multi-layered structure with 
many pores, the nerve conduit mechanical properties were 
reinforced. Moreover, the scaffold structure promoted 
the contact with body fluid as water, oxygen and other 
nutrients. After 18 weeks of injury GO/PCL repaired a 
15 mm sciatic nerve defect. These scaffolds were able 
to induce functional and morphological recovery in 
peripheral nerve regeneration. TEM images showed higher 
area, diameter, thickness, and the number of regenerated 
nerves and myelinated axons than other controls (Figure 
2C). The microvessel density was higher using GO/PCL 
scaffolds after 18 weeks of post-injury. The density was 
evaluated by immunostaining CD31, an endothelial cell 
involved in angiogenesis, (shown by arrows in Figure 2D 

left), and CD34, a transmembrane protein associated with 
vascular tissue. (Figure 2D right). 
  Among other materials used to fabricate scaffolds, 
hydrogels are getting attention due to their excellent 
characteristics as low stiffness, porosity and bioactivity. 
These properties make these materials suitable to mimic 
human tissues. With the advent of 3D printing technology, 
the fabrication of 3D-printed hydrogel-based scaffolds 
became a common approach to design new scaffolds. 
However, hydrogels present some limitations regarding 
their low processability and poor mechanical properties. 
New research is focusing on combining hydrogels 
with CBMs in order to improve the biocompatibility, 
processability, mechanical and electrical properties. Since 
GO is stable in water suspensions, making this material 
suitable for a combination with hydrogels, one of the 
most frequently used 3D printing techniques is direct 
ink writing. Using this technique, Yao Bin et al. were 
able to make a 3D-printed graphene aerogel (SF-3D 
GA) electrode presenting the remarkable properties 
of CBMs (43). Olate-Moya et al. presented a hybrid 
nanocomposite hydrogel based on alginate crosslinked 
with genalin, chondroitin sulfate and GO particles as 
ink. They used a fourth-generation 3D bioplotter to 
3D print the scaffolds. These 3D-printed hydrogel-
GO scaffolds presented good biocompatibility and 
excellent cell proliferation, alignment and distribution 
along the scaffold (44). They used human adipose 
tissue-derived mesenchymal stem cells to test these 
scaffolds, showing that they presented all the outstanding 
properties to be applied in neuroscience. In another 
recent study, it was used a different approach to make 
3D-printed scaffolds. First, they produced graphene using 
a method that combined bovine serum albumin with 
wet ball milling. They used a custom setup where the  

Figure 2. Examples of 3D-GO. (A) Optical (left) and scanning electron microscopic (right) images of GO/PCL scaffold showing the 
porous structure. (B) Nerve guidance conduits implantation in the rat model and a 3D GO/PCL tubular mold scheme. (C) Transmission 
electron microscopy images of regenerated nerves (scale left = 2 μm and right = 1 μm) in a GO/PCL conduit. (D) Study of angiogenesis 
in regenerated nerves by immunohistochemistry (left) of endothelial cells (black arrows) and immunofluorescence (right) staining of an 
associated vascular tissue protein in a GO/PCL scaffold after 18 weeks post injury (scale bars, black = 100 μm and white = 50 μm). 
Modified from Qian et al., 2018 (42).
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graphene ink was printed on a Kapton polyimide polymer. 
They grew neuronal cells (rat dopaminergic, N27) and 
observed that the platform was able to sense electrical 
signals (45). These pathways open new possibilities of 3D 
scaffolds for the study and improvement of neuronal brain 
models.

Safety of 3D carbon-based scaffolds
  3D carbon-based scaffolds are one of the best candidates 
for the development of functional brain implants. 
Engineering new scaffolds that can hold the responsibility 
of helping the regeneration of a damaged nervous system 
is one major goal of this field. This, however, requires 
not only to find the most suitable material and the 
understanding of the cell-material interactions but also 
to investigate the effects of long-term exposure to these 
materials and their safety.
  The are many routes of exposure to CBMs and we 
suggest to the reader a thorough review of the effects on 
human health and on the environment of CBMs published 
by Fadeel and collaborators (46). Our aim here is to 
report what is known about the safety of 3D carbon-based 
scaffolds, a topic that has not been covered very much so 
far despite its importance. Many of the studies conducted 
to assess the biosafety of CBMs in the brain are based 
on injectable CBMs in suspension, such as few layer 
graphene, CNTs, fullerene and GO (46,47). This is surely 
a relevant aspect as we have learned that, for instance, 
SWCNTs show a higher toxicity compared to MWCNTs 
when injected in the rodent’s brain (48,49). However, is 
this also the case for 3D scaffolds made with CNTs or 
other CBMs?
  The idea that this kind of scaffolds may attenuate 
the inflammatory response comes from an in vitro 
study conducted by Song and collaborators (25). They 
evaluated, upon insult with LPS, the production of 
reactive oxygen species, interleukin-1β, tumor necrosis 
factor-α and nitric oxide by NSC-derived microglia 
cultured on 2D and 3D graphene substrates. What they 
found was promising, the 3D-GFs could reduce the 
inflammatory response in the presence of LPS compared 
to the 2D cultures. A recent in vivo study reported a 
reduced inflammatory response when an electro-spun PCL 
microfiber scaffold coated with self-assembled colloidal 
graphene was implanted in the striatum or sub-ventricular 
zone of adult rat brain (50). They observed a reduced 
infiltration of Iba1+ microglia within the scaffold coated 
with graphene compared to the uncoated one (bare PCL). 
In both cases microglia infiltrated only the initial layer of 
the scaffolds but by the third week, the scaffolds coated 
with graphene had a reduced distribution and infiltration 
of microglia compared to the bare PCL. Finally, they 
reported reduced scar tissue formation around the implant 
coated with graphene withing 7 weeks from the surgery. 
Two other studies showed the ability of 3D carbon-based 
scaffolds to reduce the microglia infiltration and scar 
tissue formation upon implant, that in turn demonstrated 
a good integration of the exogenous material within 
the CNS (30,35). By using a 3D mash of CNTs or a 3D 

PDMS+CNT structure implanted into the visual cortex of 
adult rats, it was demonstrated that both scaffolds were 
able to reduce the inflammatory response as indicated 
by the reduced presence, at far distance from the implant 
edge, of astrocytes and microglia over time (up to 8 
weeks after implant) and the finding of neurons within the 
implants.
  Finally, the degradation and toxicity of 3D scaffolds 
are poorly known. Domínguez-Bajo et al, studied the 
degradation of 3D rGO scaffolds after 4 months of being 
implanted in the spinal cord (41). Using TEM they showed 
how these 3D scaffolds were dissociated and degraded 
without toxicity. They observed how the thickness of the 
scaffold wall was changing over time and how pieces of 
rGO were uptaken. The internalization process and how 
these uptaken pieces of rGO could terminate under the 
blood stream are still uncertain. They evaluated the effect 
of rGO in different organs and no damage or toxicity was 
found in the kidney, liver, lung or spleen after 4 months of 
the 3D scaffold implantation. They associated this result to 
their lower dose of rGO (250 µg per rat, 700 µg kg-1) than 
other studies. More in vivo studies and chemical analysis 
by using Raman spectroscopy, X-ray photoelectron 
spectroscopy or nuclear magnetic resonance will be 
necessary to fully understand the degradation and toxicity 
at longer time points to assess the safety of implanted 
3D CBM scaffolds and apply these technologies in the 
biomedical field.

Conclusion 
  3D CBM scaffolds were presented as a successful 
model that could mimic the CNS. These scaffolds 
showed excellent ability to manipulate neuronal activity 
and presented exceptional properties for neuronal 
regeneration. From the neurobiological point of view, 
they were used as a 3D cell culture model of the brain, 
recapitulating fundamental processes of neural network 
formation and function. Their applications spanned from 
studying electrophysiological properties of neurons to 
promoting the regeneration after spinal cord injury. We 
have seen them used to study other cellular mechanisms, 
like cancer cell infiltration and drug screening. Other 
open applications could be to use them to study 
how neuronal network activity changes based on the 
presence of different ratios of excitatory and inhibitory 
neurons to investigate their relative contribution within 
neuronal assemblies and generate new 3D in vitro 
models of epileptic networks. In regenerative medicine 
we could functionalize their surface with molecules 
that can promote cell-material interactions as well as 
vascularization of the scaffolds to have permanent and 
integrated implants. These are just a few examples of 
what can be done, we need to investigate the mechanisms 
by which they can promote regenerative processes. From 
the material science perspective, however, there is still 
work to do regarding the understanding of the biophysical 
mechanisms underlying the cell-material interactions and 
how to improve them. When designing these scaffolds, 
it should also be considered to make them small enough  
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in case they will be used as implants in a complex 
location, but it should also be large enough to be able to 
manually handle it. It is still necessary to study the long-
term effects of their degradation in a living organism 
and their potential toxicity. These are a few of the many 
improvements that can be done to these platforms. We 
believe that the combination of CBMs with hydrogels 
or biopolymers presents an excellent potential for 
the development of new state-of-the-art 3D neuronal 
system scaffolds that will provide answers to these many 
questions. These approaches will create a new generation 
of neuronal model systems that will address these 
challenges, for the improvement and the study of in vitro 
brain models as well as for the in vivo application and 
tissue regeneration. 
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