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Abstract

Motivation

The brain is formed by an intricate assembly of cellular networks, where neurons are
embedded in an extracellular matrix (ECM) consisting of an intricate three-dimensional
(3D) mesh of proteins that provides complex chemical, electrical and mechanical
signalling.! Given this complexity as well as the limitations of in vivo studies,” it is
important to develop in vifro models able to recapitulate the brain connectivity at
various levels and ultimately, provide a mimic of the human brain suitable for
preclinical applications.® By reproducing cell to cell and cell to ECM interactions so to
mimic the in vivo microenvironment, 3D tissue engineering promotes more
physiological responses than conventional 2D cultures.* Toward this goal, several 3D
supporting materials or scaffolds have been developed, tested and applied.” Among
them, emerging carbon-based materials, such as carbon nanotubes (CNTs) ©, graphene
oxide 7 and graphene foam (GF) ® have high mechanical stability, high porosity and
dense interconnectivity, providing a 3D microenvironment beneficial for cell growth

and interaction.’

My Work

In my Ph.D., I aimed to construct 3D neural scaffolds based on carbon materials
especially graphene and carbon nanotubes (CNTs) and explore the regulation of these
scaffolds for specific application in neural cultures. To achieve these goals, I combined
chemical vapor deposition (CVD) and nano-fabrication for the preparation of different
kinds of scaffolds and then used these scaffolds for the neural cultures. In the
characterization of neural culture part, | mainly used optical imaging methods,
particularly immunochemistry and calcium imaging, to investigate the neuronal
network morphology and electrical dynamics of reconstructed 3D primary cultures

from rats. These are my main results:



1)

By using Fe nanoparticles confined to the interlamination of graphite as catalyst,
we have obtained a fully 3D interconnected CNT web through the pores of
graphene foam (GCNT web) by in situ chemical vapor deposition. This 3D GCNT
web has a thickness up to 1.5 mm and a completely geometric, mechanical and
electrical interconnectivity. Dissociated cortical cells cultured inside the GCNT
web form a functional 3D cortex-like network exhibiting a spontaneous electrical

activity that is closer to what is observed in vivo.

Moreover, we have explored the application of this functional 3D cortex-like network:

2)

3)

4)

By co-culturing and fluorescently labelling glioma and healthy cortical cells with
different colours, a new in vitro model is obtained to investigate malignant glioma
infiltration. This model allows reconstruction of the 3D trajectories and velocity
distribution of individual infiltrating glioma with an unprecedented precision. The
model is cost-effective and allows a quantitative and rigorous screening of anti-

cancer drugs.

We have fabricated a 3D free-standing ordered graphene (3D-OG) network with
the pore size of 20 um, the skeleton width of 20 um and an exact 90° orientation
angle between the building blocks. Extensive interconnectivity of graphene sheets
allows 3D-OG scaffolds to be free-standing and to be easily manipulated. When
primary cortical cells are cultured on 3D-OG scaffolds, the cells form well-defined
3D connections with a cellular density similar to that observed when cells were
cultured on 2D coverslip. In contrast to the 2D coverslips culture, astrocytes
cultured on 3D-OG scaffolds did not have a flat morphology but had a more
ramified shape similar to that seen in vivo conditions. Moreover, neurons on 3D-
OG scaffolds had axons and dendrites aligned along the graphene skeleton
allowing the formation of neuronal networks with highly controlled connections.
Neuronal networks grown on 3D-OG scaffolds had a higher electrical activity with

functional signaling over a long distance.

We have constructed a novel scaffold of three-dimensional bacterial cellulose-
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graphene foam (3D-BC/G) for neural stem cells (NSCs) in vitro, which was
prepared via in situ bacterial cellulose interfacial polymerization on the skeleton
surface of porous graphene foam. We found that 3D-BC/G can not only support
NSCs growth and adhesion, but also keep NSCs stemness and enhanced its
proliferative capacity. Further phenotypic analysis indicated that 3D-BC/G can
induce NSCs selectively to differentiate into neurons, forming a neural network in
short time. It was also meanwhile demonstrated to have good biocompatibility for
primary cortical neurons and enhanced neuronal network activities by measuring

calcium transient.



Introduction

The brain, spinal cord, and retina constitute the central nervous system (CNS) that is
responsible for integrating sensory information from the entire body and coordinating
movement accordingly.!® The CNS is a highly specialized network of billions of
neurons and neuroglia cells. Neurons are electrically excitable cells which transmit
information through electrical and chemical signals through synaptic transmission.
Neurons in the nervous system represent a fundamental element that consist of soma
(cell body), axons, and dendrites. The soma contains a prominent nucleus and nucleolus
therein. Axons convey impulses away from the soma via microtubules and
neurofilaments. Dendrites receive and transmit electrical signals to the neuron cell body
and the axons conduct action potentials to dendrites of nearby cells.!! Glial cells are
non-neuronal cells that constitute a supportive element of the nervous system. They
maintain homeostasis, form myelin, and provide support and protection of neurons in
both the peripheral nervous system (PNS) and the CNS.!? Both neurons and glial cells
are embedded in an extracellular matrix (ECM) consisting of an intricate three-
dimensional (3D) mesh of proteins, for example, collagens, aggrecan, laminin and so
on, to form the microenvironment that serves not only as a structural foundation for
neurons and glial cells but also as a source of 3D biochemical and biophysical cues that

trigger and regulate the physiological and pathological processes in the CNS.!3

To construct a more physiologically relevant microenvironment in vitro, 3D culture
systems, especially material-based 3D assemblies of neurons, have been developed for
overcoming the limitations of 2D cell culture. Material-based 3D assemblies of neurons
usually use porous substrates that can support cell growth and network organization in
a manner that is analogous to how the brain works.'* In contrast to 2D culture systems,
3D culture systems not only preserve the natural 3D ECM structure, but also more
accurately represent the actual microenvironment that leads to differences in cell
morphology, viability, migration, proliferation, and gene expression.'> Thus, 3D cell

culture has become a necessary method for in vitro researches. Currently, numerous
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materials in different formats are being used as scaffolds to support the 3D culture of
neurons or even tissues from never system. To improve biocompatibility or for special
uses, scaffolds can be structural modified, mechanically tuned, or biochemically
functionalized, all of which are intended to provide different cues for promoting the
attachment, neuron network complexity, and specific neuronal regulation,'® and a
variety of fabrication processes have been developed or adapted to enhance these

properties.!”

2.1 The History of 3D Culture

To develop 3D cell culture systems, scientists in the field of tissue engineering and
regenerative medicine all around the world have studied biochemical factors and
artificial 3D matrices through a combination of cell biology, materials science, and
engineering methods.*® Such work began in the 1980s when the encapsulation of de-
differentiated chondrocytes in a 3D culture system was found to restore their in vivo
phenotype, including their shape and their expression of cartilaginous markers.®
Similarly, mammary gland epithelial cells grown in a 3D environment were found to
stop dividing uncontrollably and to assemble into acinar structures, as well as to

establish a de novo basement membrane.?°

These observations demonstrated that the dimensional aspect of a cell culture system is
a crucial fate determinant and that culturing cells in a monolayer drives abnormal cell
function or de-differentiation, whereas culturing in 3D systems leads to a more
physiologically relevant state.?* In a 3D cell culture, cells are usually grown in a cell-
cell or cell-scaffold arrangement that provides a microenvironment that is closer to the
in vivo microenvironment than that of a 2D surface culture system and that is more
conducive to cell growth, migration, proliferation, and differentiation.?? Over the last
three decades, tremendous efforts have been put into the development of a variety of
3D culture systems, and three main types have emerged.?* The first is material-free 3D
cell spheroids, which can be generated in cell suspensions by the application of external

physical forces. The hanging drop method, the forced floating method, and agitation-
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based approaches are the most commonly used methods to culture 3D cell spheroids.?*
These approaches are advantageous as it uses the natural tendency of cells to aggregate,
the cell guided assembly of 3D environment and the possibility to obtain induced
neurons in different ways.?> However, cells cultured in these system usually tend to
suffer from high variability, due to the stem cell clone-ability, and size limitation and
formation of necrotic cores due to the insufficient oxygen and nutrient diffusion. Figure
1a shows that human induced pluripotent stem cells (hiPSCs) encapsulated in Matrigel,
result in spontaneous development of cerebral organoids that can model and
recapitulate the distinct characteristics of microcephaly, a disorder that has been

difficult to obtain with in vivo rodent models.?®

d

Figure 1. Representative three types of 3D culture systems. a) a human pluripotent



stem cell-derived three-dimensional organoid culture system, termed cerebral
organoids, that develop various discrete, although interdependent, brain regions
was developed.?s b) MWCNTs were homogeneously distributed inside the 3D bio-
printed scaffolds to support primary cortical neurons growth and neural stem cell
differentiation.?’ c) Segregated spinal explants were cultured to study the functional

reconnection.?® See the details from the references.

The second is material-based 3D assemblies of cells that can be fabricated by seeding
cells on an acellular 3D porous scaffold. The scaffold support the growth of cells thus
providing a 3D microenvironment that mimics the structure of the ECM for the growth
of engineered cells, tissues, and organs, and these scaffolds provide excellent in vitro
models for studying cellular responses in a setting that mimics in vivo environments.*
Figure 1b shows that multi-wall carbon nanotubes (MWCNTs) were homogeneously
distributed inside the 3D printed scaffolds. 0.1% MWCNT-incorporated scaffolds
greatly promoted outgrowth of primary cortical neurons and NSC-differentiated

cortical neurons in the presence of electrical stimulation.?’

The third kind of 3D culture is explanted cultures which can be obtained through
techniques that allow growing of intact tissues in vitro. Slices of tissues dissected from
the animal body can be freshly used for experimental purposes that need cells which
cannot be harvested. Otherwise they can be cultured using supporting membrane insert
(organotypic cultures). These approaches aim to retain the complex 3D organization of
tissues in vitro. However, usually the slices lost the in vivo function after removal from
the body.*® In addition, the ability to rebuild their connections iz vitro has been applied
in tissue engineering to study the reconnection of segregated spinal explants through
the application of biocompatible materials as neuronal prostheses for possible in vivo

application and injury repair (Figure 1c).?®

Taken together, cells, in 3D culture systems,
can communicate well with each other, the ECM, and their microenvironment in a
spatial environment that has significant effects on a variety of cellular functions such

as proliferation, differentiation, morphological changes, gene and protein expression.’!



2.2 The Advantages of 3D Culture

In traditional 2D culture systems, cells attach on a flat surface which provides all cells
with the same concentrations of nutrients and growth factors from the culture medium
during the cell growth.®? In terms of morphology, cells attached on 2D surfaces often
show spindle or flat and round shapes. Abnormal cell morphology in a homogenous
culture system will influence many cellular functions such as cell proliferation,
differentiation, gene expression, and protein expression.® As a result, cells cultured as
2D monolayers might not behave as they would in vivo because 2D cultures cannot
accurately recapitulate the in vivo 3D growth structure.? In order to improve cellular
function and behavior in 2D cell culture, a lot of new technologies have been developed
to build topographical features onto 2D substrates, including patterned
polydimethylsiloxane (PDMS) via micro-contact printing,3* designed silicon
surfaces,®® and patterning of nano-roughness on glass surfaces by micro-fabrication.*
Many new materials, such as graphene®’ and graphene oxide, are also used to culture
different kinds of cells. However, whether or not, these endeavors to improve cell

function better mimick in vivo behaviors still needs further investigation.
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Figure 2. Adhesive, topographical mechanical and soluble cues in 2D and 3D culture

systems, which are summarized in table 1.2

Table 1. Comparison of 2D and 3D culture system.

2D culture system 3D culture system

High  stiffness  surfaces provide | Tunable, relatively low  stiffness

supraphysiological mechanical signals. | environment closer to that of tissues.

Continuous, flat surface available for | Nano- and micro-scale 3D surfaces
unencumbered adhesion, spreading, and | provided by ECM fibers and matrix

migration. porosity guide and hinder cell motility.

Soluble  gradients absent without | Gradients of soluble factors, nutrients,
microfluidics. and oxygen based on diffusion through

gel or cell aggregates.

2D geometry constrains morphogenesis | Free to self-organize in 3D. In
and cell-substrate interactions dominate. | multicellular structures, cell-cell

interactions dominate.

Automatic apical-basal polarization. Embedded cells generate apical-basal

polarity on their own.

(https://mimetas.com/article/3d-cell-culture-vs-traditional-2d-cell-culture)

In contrast, when embedded in 3D culture systems, cells generally form spheroids
within or on a scaffold or in a suspension medium. In cell spheroids, cells can interact
with the ECM and with each other in 3D space, which more closely mimics the in vivo
microenvironment. Thus, cell morphology in such systems tends to mimic the
morphology of the cells in the body (Figure 2). In addition, 3D spheroids consist of
proliferating, quiescent, apoptotic, and necrotic cells.®® Thus the morphology and the
communication among cells cultured in 3D systems is closer to what occurs in vivo,

and the resulting 3D model usually simulates the in vivo microenvironment better than
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2D systems.*® Furthermore, cells in 3D cultures differ significantly from cells in 2D
cultures in terms of gene and protein expression.'® %! 3D culture systems promote the
expression of ECM proteins like fibrinogen, fibronectin, and laminin-1,** and it has
been demonstrated that collagen | hydrogels can facilitate the development of 3D in
vitro bioengineered tumors that significantly upregulate the expression of vascular
endothelial growth factor-A and hypoxia-inducible factor-1a genes.*? Christina and
colleagues found that the expressions of hormone receptors and differentiation markers
in growth plate chondrocytes and articular chondrocytes are highly influenced by

culture conditions.*®

2.3 Biomimetic scaffolds for 3D cell culture

2.3.1 Functional and biomimetic scaffolds design

Tissue engineering and regeneration based on biomimetic scaffolds aim to construct in
vitro models able to replicate the in vivo microenvironment or supply organs or tissues
for injury repair by combining material scaffolds, biochemical signals, and cells. The
greatest challenge entails the creation of a suitable, biocompatible 3D support and
interface to allow for ex vivo or in vivo cell-induced tissue formation.** Scaffolds used
for cell culture usually have porous structures that can serve as a 3D microenvironment
for cell growth and the regulation of growth factors and can provide communication
between cells and between cells and the ECM. Thus the scaffold supports the
attachment, proliferation, and differentiation of cells in a manner similar to the in vivo
environment.** In this case, when researchers design the scaffold, they should first think
about biocompatibility with specific cell types and with the various factors that will be
used to control the cells and modulate their activities. Scaffolds must have the
appropriate mechanical and chemical properties to support the necessary cell functions,
while at the same time it is critical that the scaffold materials do not induce
inflammatory responses.*® Large numbers of studies over the past decades have
generated material systems that enabled the development of our understanding of how

biochemical (e.g., cell adhesion ligands, soluble factor immobilization, and chemical
11



functional groups) and biophysical (e.g., structural properties, mechanical properties,
degradability, and electrical conductivity) cues affect cells (Figure 3).!* In particular,
selection of suitable biomaterials as the scaffolding medium in neural tissue engineering
is critical, considering the complex and intricate nature of the human nervous system.*’
In general, neural scaffold design should exhibit three key characteristics. Firstly,
neuro-compatibility that allows adherence and growth of surrounding nerve cells;
secondly, elastic properties that can mimic the mechanical aspects of native nerve
tissues; thirdly, hierarchical microarchitecture that displays biomimetic features as well
as physiochemical properties of human neural tissue extracellular matrices. In addition
to the above three principal criteria, the capacity for electroconductivity within the
scaffold is also desirable.'® *® There are currently two major types of 3D scaffold
materials, including natural and artificial materials. Synthetic organic and inorganic
porous materials are the two main kinds of artificial materials. Biomaterials from
natural components *, such as collagen hyaluronic acid and Matrigel, have been widely
used for 3D cultures; however, scaffolds made of synthetic materials, such as
poly(lactic-co-glycolic acid) and others, exhibit better long-term performance *°.
Emerging carbon-based materials, such as carbon nanotubes (CNTs) ©, graphene oxide
7 and graphene foam (GF) ® have high mechanical stability, high porosity and dense
interconnectivity, providing a 3D microenvironment beneficial for cell growth and

interaction °.
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Figure 3. Biomimetic material design considerations for bio-engineering 3D cell
microenvironment. The design considerations can be generally divided into two
classes, which are biochemical (e.g., cell adhesion ligands, soluble factor
immobilization, and chemical functional groups) and biophysical design
considerations (e.g., structural features, mechanical properties, degradability, and

electrical conductivity).'?

2.3.2 Natural materials

Materials such as gelatin, laminin, collagen, alginate, and hyaluronic acid are natural
products from the body or plants and thus possess biological properties, such as
bioactive motifs and cell-binding domains for communication between the cell and the
ECM, that are critical for the maintenance of the natural tissue phenotype and function.
Collagen type-1 is the most popular natural organic material used for 3D culture systems.
It is the major component of the ECM and allows for proper cell adhesion and
migration,®! and it has been widely used in 3D culture systems due to its excellent
biocompatibility, mechanical strength, degradability, and limited immunogenicity.®?
Collagen hydrogel tubes with 180 um diameters were used as scaffolds to create aligned
astrocyte bundles, which were shown to guide the alignment of neurites and thus mimic
the glial tubes that direct the migration of neural progenitor cells (NPCs) in vivo.>
Matrigel™ is a bio-matrix hydrogel that is derived from the Engelbreth—Holm-Swarm
(EHS) tumor,> and it is particularly useful because it contains collagen, laminin,
entactin, and other important growth factors that mimic the ECM. Self-organized neural
structures that resemble those present in an early developing cerebral organoid were
created using human induced pluripotent stem cells (hiPSCs) grown on Matrigel™
scaffolds.> Matrigel ™ has high biocompatibility and high telomerase activity, which
can promote stem cell proliferation. Figure 4a shows that neural stem cells
encapsulated into a 2 mm thick peptide nanofiber hydrogel scaffolds differentiated into
progenitor neural cells, neurons, astrocytes and oligodendrocytes when cultured in

serum-free medium. Moreover, cell survival studies showed that neural cells in peptide
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hydrogels thrive for at least 5 months.%® In Figure 4b, Xiaowei Li and coworkers
developed a novel peptide sequence with only 12 amino acids , similar to tissue-derived
full laminin molecules, supported human neural stem cells (hNSCs) to attach and
proliferate to confluence for continuous passage and subculture. This short peptide also
directed hNSCs to differentiate into neurons.>” Maria Teresa Tedesco and coworkers
investigated the use of a widely popular polysaccharide, chitosan (CHI), for the
fabrication of a microbead based 3D scaffold to be coupled to primary neuronal cells

(Figure 4c).®

a

Short IKVAV

¥

Figure 4. Examples of natural materials used in neural tissue engineering. a) Neural
stem cells encapsulated into a 2 mm thick peptide nanofiber hydrogel scaffolds
differentiated into progenitor neural cells, neurons, astrocytes and
oligodendrocytes. Neural progenitors were stained with anti-nestin (green), neurons
were stained with anti-Tuj1 (red) in subtitle C, D, G. Astrocytes were stained with
anti-GFAP (green) in subtitle E, H. Oligodendrocytes were stained with anti-GalC
(green) in subtitle F, I. Cells nuclei were stained with DAPI (blue).%¢ b) Differentiation
of human neural stem/progenitor cells cultured on substrates coated with short

IKVAV peptides and whole Laminin at the day 14. Short IKVAV peptide induced
14



significantly higher rate of differentiation into neurons and lower rate to glial cells
compared with Laminin.%” ¢) A widely popular polysaccharide, chitosan (CHI), for
the fabrication of a microbead based 3D scaffold to be coupled to primary neuronal

cells. MAP-2 (green) and Synapsin (red).5® See the details from the references.

However, although natural materials can maintain many of their biological functions in
vitro, they suffer from poor mechanical properties and poorly defined compositions
under such conditions and they are usually difficult to modify biochemically because
they cannot be designed from the bottom up like synthetic materials.’® Natural materials
might also be limited in their clinical application due to the risk of immune rejection
and disease transfer.®® To improve the usefulness of these natural ingredients, it is
necessary to improve their mechanical properties and stability, for example, through

with organic polymers.

2.3.3 Synthetic organic scaffolds

Synthetic organic materials are often made from polymers like polycaprolactone (PCL),
polyethylene glycol (PEG), polyvinyl alcohol (PLA), and poly(hydroxyethyl
methacrylate) (PHEMA).%! These scaffolds can be synthesized with controlled physical
and chemical properties to meet specific applications and are typically highly
reproducible and simple to manufacture.®? There are two important features of synthetic
organic materials. First, they are usually inert but biodegradable. The scaffolds degrade
during cell growth to make space for the cells to synthesize their own ECM and to
create their own scaffold.®® Second, they can be decorated with immobilized biological
components to encourage natural cell-matrix interactions. For example, PLC nanofibers
were used to promote neural stem cell (NSC) adhesion and to support differentiation
and neurite outgrowth,** and 3D polyhydroxylalkanoate nanofibers displayed
suitability for NSC attachment, synaptic outgrowth, and synaptogenesis.®> Zhenning
Zhang and coworkers developed a soft 3D hydrogel from methacrylate-modified
hyaluronic acid to mimic the brain environment and accelerates maturation of neurons

from human induced pluripotent stem cell (iPSC)-derived neural progenitor cells
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(NPCs), yielding electrophysiologically active neurons within just 3 weeks (Figure
5a).5¢
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Figure 5. Examples of synthetic organic scaffolds used in neural tissue engineering.
a) Rapid maturation of human iPSC-derived neurons in 3D layered polymer-
hydrogels from methacrylate-modified hyaluronic acid. (A) Representative images
of human iPSC-derived NPCs infected with Syn::GFP lentivirus after neural
differentiation for the indicated times in 3D hydrogels. (B) Representative images of
human iPSC-derived neurons stained for Tuj1 or Map2 (red), Syn1 (green), and DAPI
(blue) in a 3D hydrogel. (C) Quantification of Syn1 puncta on Map2-positive neurites,
showing that the density of Syn1-positive puncta in 3D culture was significantly

higher after 3 weeks of culture and was even more significant after 6 weeks of
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culture compared to 2D culture. (D) Representative images of an ultrastructural
investigation of synaptogenesis by transmission electron microscopy (TEM) in
control NPCs differentiated in 3D or 2D systems at the indicated times. CV, large
clear vesicle; SV, synaptic vesicle. Quantification of the numbers of synapses in
control NPCs differentiated in 3D or 2D systems at the indicated times. The density
of synapses was significantly higher in 3D culture compared with 2D culture after
both 3 weeks and 6 weeks of differentiation. (E) Representative whole-cell current
clamp recordings of human iPSC-derived neurons after 3 weeks of differentiation in
3D or 2D systems. Spikes in activity were observed following current injection. In
response to steps of depolarizing current, only neurons in 3D culture, and not in 2D
culture, for 3 weeks showed firing trains of action potentials (F) Representative
voltage clamp recording of a 3D or 2D cultured neuron held at =75 mV and then
stepped through a series of voltages (-80 to +20 mV) in 5 mV increments. (G)
Representative voltage clamp recording of a 3D cultured neuron before and after
application of 1 uyM tetrodotoxin (TTX), showing the rapid maturation of 3D cultured
cells. (H) Response to glutamate in the presence and absence of the glutamate
receptor blockers 20 uyM NBQX and 50 uM APV. (I) Response to y-aminobutyric acid
GABA in the presence and absence of 50 pM picrotoxin (Pitx), indicating the
presence of functional GABA receptors, as these events were blocked by 50 pM
picrotoxin.%¢ b) Morphological differences of primary hippocampal neurons cultured
2D (a) and 3D (b) PDMS substrates. Number of neurons and astrocytes (c) for mm2
after 8 DIV were calculated. Example traces of calcium activity from neuron growth
on the 3D PDMS lattice (d).¢” ¢) Ethylenedioxythiophene (EDOT)—based polymers
was designed and used for electrical stimulation on cell behavior. Neurite outgrowth
is enhanced greatly on this new conducting polymer with electrical stimulation.%® d)
After electrospinning and crosslinking, the gelatin nanofibers on PEGDA
microframe formed a high porosity nanonet with pore sizes smaller than 8 ym and
hippocampal neurons after 8—10 DIV in astrocyte conditioned medium on culture

patch were different from that on 2D glass.®® See the details from the references.
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Figure 5b shows that an elastomer polydimethylsiloxane (PDMS) producing lattice-
type scaffolds from a photolithography-defined template, which can be used as primary
neuron culture. As expected, a much higher cell number was found in the 3D PDMS
lattices compared to the 2D culture. It was also found that there was a higher neuron-
to-astrocyte ratio and a higher degree of cell ramification in the 3D culture compared
to the 2D culture due to the change of scaffold topography and the elastic properties of
the PDMS micro-lattices.®” In Figure S¢, Bo Zhu and coworkers developed a cell
membrane-mimicking conducting polymer possessing several attractive features. This
polymer displays high resistance towards nonspecific enzyme/cell binding and
recognizes targeted cells specifically to allow intimate electrical communication over
long periods of time. This material is capable of integrating biochemical and electrical
stimulation to promote neural cellular behavior. Neurite outgrowth is enhanced greatly
on this new conducting polymer.®® A patch method was developed for culture of primary
neurons on a monolayer of gelatin nanofibers electrospun and crosslinked on a
honeycomb microframe of poly (ethylene glycol) diacrylate (PEGDA). This method
allows us to minimize exogenous material contact of cells and largely increase the

exposure area of cells to the culture medium (Figure 5d).%

2.3.3 Carbon-based scaffolds

Besides natural and synthetic polymers, many inorganic porous 3D structures have been
utilized to fabricate cell culture scaffolds, Almost all of these solid materials have very
high mechanical stability, and this along with their high porosity and tight
interconnectivity make them ideal for highly interactive 3D cell culture.” The high
porosity of these scaffolds allows for deeper and more uniform nutrient transport, while
at the same time cells can freely migrate along the structure without significant
resistance.”® Therefore, the 3D porous structure should allow the migration of cells but
not limit the communication between cells and cells with microenvironment. Carbon-
based materials, especially carbon nanotubes (CNTs) and graphene have made over the

past few decades huge contributions in in vitro tissue model constructions and tissue
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regeneration.”! Because of their unique one dimensional nanotube structures, CNTs
support an intensive interaction with and among cells, which boosts electrical signalling
(Figure 6a) ">, modulates neuronal growth  and guides the functional reconnection of
segregated spinal cord slices °°. Bosi and collaborators were able to fabricate 3D PDMS
scaffolds with pores layered by an irregular CNT carpet stably entrapped in the PDMS
matrix. These mixed 3D scaffolds were applied to study the activity of primary
hippocampal neurons in vitro (Figure 6b).”* In the same group, CNTs were directly
grown on a supporting silicon surface by a chemical vapor deposition (CVD)-assisted
technique. When primary neurons were cultured on the substrates, they developed
neuronal networks showing increased electrical activity when compared to a similar
network developed on a control glass surface.”” Hanein and co-workers used CNT
electrodes as conduits for retinal prosthetics. Specifically, a semiconductor nanorod
CNT (NR-CNT) platform was prepared for wire-free, light induced retina stimulation.”®
CdSe/CdS NRs were covalently attached onto neuro-adhesive, three-dimensional CNT
surfaces using polymerized acrylic acid. The interface provided highly efficient
photosensitivity and enabled binding between the tissue and the optoelectronic device.
The NR-CNT electrodes exhibited good efficiency (i.e., lower threshold for evoking
action potentials), durability, flexibility, and demonstrated generation of localized
stimulation. In particular, the capacitive charge transfer mechanism and low impedance
of CNTs underlined the construction of an effective platform for efficient neuronal light
induced stimulation.”® In another study, the same group used CNT electrodes to
stimulate retinal ganglion cells (RGCs) in a mouse model for outer retinal
degeneration.”” Besides on CNTs, graphene, graphene oxide (GO), reduced graphene
oxide (rGO), and their composites further containing metals or polymers) offer exciting
opportunities to stimulate cells in artificial scaffolds, primarily due to their tunable
surface properties. In particular, the physicochemical properties of graphene-based
materials intimately influence surface interactions of individual cells and cell
populations.” Several studies explored applications of graphene or GO as scaffolds for

neural tissue engineering (Figure 6d, e).” 7 Graphene foams (GFs) have high
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mechanical rigidity, can reach one millimetre in height, and are biocompatible,
promoting the differentiation of neural stem cells in neurons (Figure 6e)’ and the
synchronization of neuronal network activity (Figure 6d).%
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Figure 6. Carbon-based materials have been widely used for 3D cell culture scaffold
preparations. a) Neurons grown on a CNT substrate displayed increased
spontaneous activity and firing.”? b) 3D hippocampal culture growth on a
PDMSMWCNT scaffold. The carbon nanotubes are reported in grey and acquired
using the reflection mode of a confocal microscope; in red there are the neurons
and in green the astrocytes.” c) 3D hippocampal neuronal networks developed on
3D GF showed higher activities and synchronization compared to the neuronal
networks on 2D glass.?® d) Fluorescence images of differentiated human NSCs on a
cross section and the interior surface of a rolled graphene oxide foam (GOF) scaffold
after 2 weeks of electrical stimulation. The nuclei, glial cells, and neural cells of the
differentiated cells were stained by DAPI (blue) and with antibodies against GFAP
(red) and Tuj1 (green), respectively.”®e) Dfferentiation of NSCs on a 3D graphene
foam scaffold. Representative fluorescence images of differentiated NSCs under

differentiation conditions. The cells were immunostained with Tuj-1 for neurons
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(green), O4 for oligodendrocytes (green), GFAP for astrocytes (red), and DAPI for

nuclei (blue).” See the details from the references.

As mentioned before, hierarchical microarchitecture that displays biomimetic features
as well as physiochemical properties of neural tissue extracellular matrices is essential
for 3D neuronal scaffold designs. Nevertheless, although 2D CNT-based bricks such as
forests of vertically aligned CNTs,®! films of CNT building blocks®* and extended 2D
meshes of CNT?® have been deposited on different substrates to form dense blocks
useful for several applications, cells could not migrate into the deep layers of these CNT
assemblies. On the other hand, CNTs embedded in hydrogel or porous organic

3 can host 3D cellular assemblies but do not have well-defined mechanical

structures®
or electrical connections. Genuine 3D networks of CNTs have been produced by
chemical infiltrating aqueous CNT dispersion into porous ceramic.®* However, there is
no additional crosslinking existing between the individual CNTs so that the electrical
and mechanical connectivity is random and not fully controlled. Therefore, the first
motivation of my PhD researches is the development of a 3D web of CNTs with a fully
geometric, electrical and mechanical interconnectivity allowing the reconstruction of
in vitro neuronal networks mimicking the in vivo brain connectivity which could be
used for the screening of drugs against a variety of diseases,® such as malignant glioma
infiltration. In particular, hierarchical 3D graphene-carbon nanotubes (GCNT) web was

prepared where graphene foam supported the 3D growth of cells and CNTs served as

the nano-interface with cells.
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Results

This section is the sum of the published papers and papers in preparation during my

PhD. They were finished by me and my collaborators under the supervision of Prof.

Vincent Torre and his collaborators. In detail:

In the first article published in Advanced Materials, I fabricated and characterized
the GCNT web and prepared the primary cortical cell cultures. We chose cortical
neurons in this work for the construction of glioma infiltration model afterwards.
Then I performed the calcium imaging and the analysis of the data. I performed the
immunofluorescence and living cell imaging with my collaborators and analyzed
the data. I prepared the figures and wrote the manuscript with all the authors.

In the second article ready to submit, I fabricated and characterized the 3D free-
standing ordered graphene network and prepared the primary cortical cell cultures,
carried out the calcium imaging and analyzed the data of calcium imaging and
immunofluorescence. I prepared the figures and wrote the manuscript with all the
authors.

In the third article submitted, I set the culture protocol and performed calcium
imaging experiments. I carried out data analysis, figure preparation and manuscript
writing with all the authors.

In the fourth article published in Carbon, I supervised and fabricated the 3D hybrid
graphene (3D-HG) consisting of 3D controllable graphene skeletons and 2D

graphene film with my collaborator. I participated in the writing of the manuscript.

[ actively participated in designing all these works.
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3.1 A Fully 3D Interconnected Graphene—Carbon Nanotube
Web Allows the Study of Glioma Infiltration in

Bioengineered 3D Cortex-Like Networks

Miao Xiao”, Xiaoyun Li”, Qin Song, Qi Zhang, Marco Lazzarino,

Guosheng Cheng,” Francesco Paolo Ulloa Severino,” and Vincent Torre”

Advanced Materials
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A Fully 3D Interconnected Graphene—Carbon Nanotube Web
Allows the Study of Glioma Infiltration in Bioengineered

3D Cortex-Like Networks

Miao Xiao, Xiaoyun Li, Qin Song, Qi Zhang, Marco Lazzarino, Guosheng Cheng,*

Francesco Paolo Ulloa Severino,* and Vincent Torre*

Currently available 3D assemblies based on carbon nanotubes (CNTs) lag far
behind their 2D CNT-based bricks and require major improvements for biolo-
gical applications. By using Fe nanoparticles confined to the interlamination
of graphite as catalyst, a fully 3D interconnected CNT web is obtained through
the pores of graphene foam (GCNT web) by in situ chemical vapor deposition.
This 3D GCNT web has a thickness up to 1.5 mm and a completely geometric,
mechanical and electrical interconnectivity. Dissociated cortical cells cultured
inside the GCNT web form a functional 3D cortex-like network exhibiting a
spontaneous electrical activity that is closer to what is observed in vivo. By
coculturing and fluorescently labeling glioma and healthy cortical cells with
different colors, a new in vitro model is obtained to investigate malignant
glioma infiltration. This model allows the 3D trajectories and velocity
distribution of individual infiltrating glioma to be reconstructed with an
unprecedented precision. The model is cost effective and allows a quantitative
and rigorous screening of anticancer drugs. The fully 3D interconnected GCNT
web is biocompatible and is an ideal tool to study 3D biological processes in
vitro representing a pivotal step toward precise and personalized medicine.

The brain is formed by an intricate assembly of cellular
networks, where neurons are embedded in an extracellular
matrix (ECM) consisting of a dense 3D mesh of proteins that

provides complex chemical, electrical, and
mechanical signaling.! Given this com-
plexity as well as the limitations of in vivo
studies,?! it is important to develop in vitro
models able to recapitulate the brain con-
nectivity at various levels and, ultimately,
provide a mimic of the human brain suit-
able for preclinical applications.*! Toward
this goal, several 3D supporting materials
or scaffolds have been developed, tested,
and applied.™ But further progress is
needed: the combination of new mate-
rials with biotechnology can provide 3D
tissue engineering with the tools to make
a major step toward precise and person-
alized medicine.’! Biomaterials from
natural components,® such as collagen
hyaluronic acid and Matrigel, have been
widely used for 3D cultures. However,
scaffolds made of synthetic materials, such
as poly(lactic-co-glycolic acid) and others,
exhibit better long-term performance.!
Emerging carbon-based materials, espe-

cially carbon nanotubes (CNTs)® have been widely utilized
to produce scaffolds with improved mechanical strength and
conductivity.”) CNTs with their 1D hollow structure and good
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electrical properties allow intensive interactions with and
among cells, which boost electrical signaling,'¥ modulate
neuronal growth,'] and guide the functional reconnection of
segregated spinal cord slices.[*! Different kinds of assemblies
based on CNTs have been realized for a variety of applications
(Figure Sla—c, Supporting Information). In terms of biological
applications, 2D CNT-based bricks such as forests of vertically
aligned CNTs, /2! films of CNT building blocks,") and extended
2D meshes of CNT3l have been deposited on different sub-
strates to form dense blocks useful for several applications,
but cells could not migrate into the deep layers of these CNT
assemblies. On the other hand, CNTs embedded in hydrogel or
porous organic structures! can host 3D cellular assemblies but
do not have well-defined mechanical or electrical connections.
Genuine 3D networks of CNTs have been produced by chemical
infiltrating aqueous CNT dispersion into porous ceramic./’”!
However, there is no additional crosslinking existing between
the individual CNTs so that the electrical and mechanical con-
nectivity is random and not fully controlled. Therefore, the
first motivation of the present work is the development of a 3D
web of CNTs with a fully geometric, electrical, and mechanical
interconnectivity allowing the reconstruction of in vitro neu-
ronal networks mimicking the in vivo brain connectivity which
could be used for the screening of drugs against a variety of
diseases, /% such as malignant glioma infiltration.

Malignant glioma is composed of mutated glia cells that
generate brain tumors.['”! The motility and ability of malignant
glioma to migrate is at the basis of metastases in healthy brain
regions. In terms of malignancy, malignant glioma kills 94.5%
of patients within 5 years after diagnosis.I'®l Malignant glioma
uses different roots to infiltrate the brain,'”1%! and its malig-
nancy also stems from its ability to recover from surgical resec-
tion and its resistance to chemo and radio therapies.?”! At the
moment, orthotopic models based on xenografts of malignant

a
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glioma cells on the whole brain of rats or mice are thought to
be the best way to quantify malignant glioma infiltration. How-
ever, orthotopic models suffer from the use of immune-com-
promised animals and the obtained results could be affected
also by species-differences.?!l Therefore, the second motiva-
tion of the present work is the development of in vitro models
able to recapitulate the complex biology of malignant glioma
infiltration.*?!

Graphene foams (GFs) have high mechanical rigidity, can
reach more than one millimeter in height, and are biocompat-
ible, promoting the differentiation of neural stem cells in neu-
rons/?’ and the synchronization of neuronal network activity.*?]
However, GFs have large pores ranging from 100 to 300 um in
diameter.?" Consequently, the cellular assemblies that grow
inside them are not dense.?! To combine the advantages of
both GF and CNTs, we constructed a hybrid scaffold made by
graphene foam in situ growing carbon nanotubes to fill the
pores.

A summary of the process for the fabrication of 3D CNT
web through the pores of graphene foam (GCNT web) is illus-
trated in Figure 1la. Commercial 3D porous nickel foam!?’!
was used to prepare 3D GFs with a chemical vapor deposition
(CVD) system. CH, molecules was heated to 950 °C diffused
into the Ni lattice and released carbon atoms that subsequently
precipitated as graphene on the Ni surface during the cooling
process.??) Then, the 3D graphene/nickel foam was used to
support the in situ growth of CNTs. Iron nanoparticles were
confined to the interlamination of graphite using the inter-
calated FeCls—graphite compound®”! as a catalyst during CNT
growth. The catalyst was loaded upstream of the vapor flow,
beside the graphene/nickel foam (Figure 1a, left panel). The
CVD chamber was first heated to 1050 °C and was protected
with a stream of Ar so that FeCl; evaporated and the Fe atoms
were captured by the GF. Afterward, the CNTs grew in situ on
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Figure 1. The fabrication and physical properties of GCNT web. a) Schematic illustration of the procedure for the in situ growth of CNTs inside GF
scaffold. b) Representative SEM image of the GCNT web from the cross-section. c,d) Representative SEM images of the GCNT web with low- and
high-magnification of the CNT web from the top view (inset: the optical images of porous nickel, graphene/nickel foam, and GCNT web). e) Typical
Raman spectra acquired on the GF (green) and the GCNT web (magenta).
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the surface of the graphene skeleton under an appropriate ratio
of CH, and H,, which formed a monolithic graphene-CNT
hybrid with microscale graphene skeletons and a 3D nanoscale
CNT web inside. The GCNT web was finally obtained after wet
etching of the Ni template (Figure 1a, right). The CNTs adhered
well onto the GF even after having been exposed to ultrasound
at 150 W for 30 min. The optical images of porous nickel, gra-
phene/nickel foam, and GCNT web (Figure 1c, inset) indicated
highly functional structures. Scanning electron microscopy
(SEM) images showed that the GCNT web presented a fully
interconnected structure, where the CNT5 filled up the pores
of the GF, creating a web (Figure 1c) with a variable pore size
distribution, ranging from hundreds of nanometers to tens of
micrometers (Figure 1d). Moreover, the SEM image from the
cross-section of the GCNT web presented a genuine 3D CNT
interconnectivity along the z-direction and the GCNT web
thickness could reach 1.5 mm according to the Ni template
(Figure 1b). Compared to the previous GF scaffolds, these new
GCNT web have a higher modulus of elasticity and conductivity
(Figure S2a,b, Supporting Information), which are beneficial
for neuronal proliferation, migration, and differentiation.[®!
Raman spectra (Figure le) acquired on GF (green trace) and
GCNT web (magenta trace) presented few-layer graphene
and CNTs features identified as three characteristic peaks.[’]
Besides, the spectrum of GF showed a strongly suppressed
defect-related D band, indicating an overall high quality of gra-
phene. The D peak (<1348 cm™) associated with sp3-hybridized
carbon atoms showed disordered carbon atoms and was attri-
buted to the presence of CNTs.3% To the best of our knowledge,
this is the first time that GFs with CNTs filling the pores have
been successfully realized. Reported graphene—CNT hybrids
either have a dense CNT mesh grown coaxially around the
GF skeletonP!l or have thin nanoneedles on the surface of
the GF skeleton.l??l These processes improve the surface area-
to-volume ratio and enrich the skeleton surface topology, but
they do not provide a strong interconnectivity between CNTs.
If compared to the previous assemblies based on CNTs
(Figure Sla—c, Supporting Information), the GCNT web
represents for the first time a genuine 3D monolithic CNT
web with a fully interconnected structure leaving inner spaces
between CNTs from hundreds of nanometers to tens of microm-
eters, which match the biological dimensions. The productive
growth of CNTs allows highly crosslinked nanotubes to form fully
geometric and mechanical interconnectivity. Because of the inter-
connected graphene skeleton and the in situ growth of CNTs, the
CNT web also has a strong electrical connectivity.

The 3D GCNT web offers neuronal culture compatibility,
where the dense CNT web provides the physical support to
guide neuronal growth in a genuine 3D manner that is not
restricted to a 2D flat culture. Confocal images of cortical
cultures stained with phalloidin, an actin marker, and Hoe-
chst, a nuclear marker, show that neurons grew primarily on
the skeleton of GF (Figure S3c, Supporting Information) and
developed in 3D following the skeleton’s topology. In contrast,
neurons grown inside the GCNT web formed a denser net-
work (Figure 2b), extending along the CNT web and filling the
GF pores. SEM imaging of these cultures show that neurons
pervaded the CNTs and that neurite outgrowth was guided
by the overall CNT orientation (Figure 2c). The staining of
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neuronal axons and dendrites using SMI_312 and MAP2 as
markers shows that neurons extended both axons and dendrites
in all directions, developing a dense 3D network reminiscent
of a native neural tissue (Figure 2a and Movie S1, Supporting
Information).

The staining of axons with SMI_312 from a cross-section
of the GCNT web shows the formation of a neuronal network
(Figure 2f) extending up to 635 micrometers indicating that
neurons penetrate through the entire 3D GCNT web. In addi-
tion, the almost uniform staining along the z-axis for several
hundred of micrometers (Figure 2g) proves that we have a 3D
neuronal network with a homogeneous density and there is
no major difference between shallow and deeper layers. The
same conclusion is obtained by SEM cross-section views of
GCNT web (Figure 2h) showing cortical cells embedded over
the entire z-axis. More interesting, the cortical cells could not
only grow along the CNTs but also twine around the CNTs
(Figure 2h, inset). The lower porosity of the GCNT web enables
the retention of a larger number of neurons and glia inside the
GCNT web, better mimicking the in vivo situation. After 8 d in
culture (DIV 8), the nuclei count showed a fourfold increase in
cell density in GCNT web compared to GFs (Figure 2d). A mor-
phometric analysis using confocal microscopy indicated that
the average volume occupied by every single cell on the GCNT
web was 50% higher than that observed on GFs (Figure 2e).

Calcium plays a critical role in regulating neuronal network
activities by participating in the synaptic transmission between
neurons, controlling vesicle release.}3! To investigate whether
neurons grown in the 3D GCNT web are alive and functionally
active, we performed calcium imaging experiments using the
calcium indicator Fluo-4 AM as previously described.*! Fluo-
rescent images showed clear bright spots associated with the cell
body of neurons and glia (Figure S4a, Supporting Information),
which were located on the graphene skeleton but were also seen
as suspended inside CNT web pores. Spontaneous calcium
transients (DF/F) associated with the electrical firing of neurons
were obtained by acquiring images at 3-5 Hz for 10-20 min
(Movie S2, Supporting Information). At DIV 8, synchronous
calcium transients with an amplitude of up to 1.5 DF/F
were observed (Figure 2i); they had a sharp rising phase and
a relatively slower decline, similar to the transients obtained
from spiking neurons but not those from glial cell bodies
(Figure S4b, Supporting Information). At DIV 15 (Figure 2j),
calcium transients had a lower degree of synchrony, as shown
by the raster plots (Figure 2m) and crosscorrelation matrices
(Figure 2n). Similar results were also observed on GF scaffolds!*
(Figure S5, Supporting Information). During the early stages of
development, specifically from DIV 2 to 4, the neuronal net-
works had a very low level of activity on both the GF and GCNT
web. At DIV 6, the frequency and mean correlation coefficient
(Figure S5f,g, Supporting Information) had a threefold increase
and further increased over time. The bursting rate of neuronal
growth inside the GCNT web was always higher than that of
the growth on GF (Figure S5f, Supporting Information), even
after DIV 15. A significant increase in burst frequency could be
seen after DIV 15 inside the GCNT web (Figure 2k). Cortical
networks grown inside the GCNT web at DIV 8 also showed a
higher degree of synchrony than those grown inside the GF. As
expected from the dynamics of the cortical network in vivo,?*

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. 3D functional cortex-like network is bioengineered inside 3D GCNT web. a) Representative staining for neurites (with MAP2, left) and axons
(with SMI_312, middle) inside GCNT web after 8 d of culture and 3D reconstruction of the neuronal network (right). b) Actin staining of cortical cells
after 8 d of culture inside the GCNT web. ¢) SEM images of cortical cells (white arrow heads) trapped into CNTs web. d) Box plot of cell density for
cortical cultures grown inside the GCNT web and GF scaffolds (Unpaired t-test; n =10 and n = 11, respectively). e) Box plot of occupied volume by
cortical cells grown inside the GCNT web and GF scaffolds (Unpaired t-test; n =8 for both the GF and GCNT web). f) Staining of axons (with SMI_312)
acquired from a cross-section of the GCNT web along the z-direction. Scale bar = 50 um. g) The overall intensity distribution of the axon staining along
the z-axis. h) SEM image of the GCNT web embedded with cortical cells acquired from the cross-section (inset: a cortical cell twined around a CNT).
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Figure 3. a) Staining for aggrecan and laminin proteins secreted by neurons cultured inside 3D GCNT web. b) An example of fluorescently labeled
U87MG cells seeded inside the GCNT web. c) A representative live cell imaging experiment with fluorescently labeled U87MG cells (in red) and cortical
cells (in cyan) obtained at different times. d,e) Cell velocity distribution and average velocities of malignant glioma cultured on coverslip (n =156 cells),
the GCNT web (n =176 cells), and the cortex-like network (n =171 cells, unpaired t-test).

after 15 DIV, the degree of synchrony decreased in networks
cultured inside the GF and GCNT web (Figure 21). Therefore,
cortical cells inside the GCNT web grow in all directions to
form through-space connectivity and functional properties that
resemble the synchronized dynamical activity of in vivo net-
works.** In contrast to conventional GF and CNT scaffolds,
the 3D GCNT web provides an appropriate microenvironment
for neuronal network formation, such as neuron anchoring,
cellular compartments, and cortical mechanical properties.
Considering the brain complexity, our fully 3D interconnected
GCNT web presents a major improvement for the study of the
physiological and pathological processes in the brain.

An essential component of all 3D cellular assemblies is the
ECM, which has the role of orchestrating the interactions between
individual cells and the surrounding microenvironment.*’!

The ECM is formed by different kinds of secreted molecules
arranged in a 3D mesh and is not easily revealed in in vitro
investigations with typical flat dishes. ECM proteins are impor-
tant for retaining the network connectivity of a mature neu-
ronal networkP®l and constitute the matrix through which
brain tumors, such as malignant glioma, travel to invade brain
regions.’’! To verify whether cortical cells cultured on GCNT
web secrete and produce the proteins forming the ECM, we
stained the 3D coculture with standard markers for aggrecan and
laminin. Aggrecan is an important protein specifically secreted
by neurons that forms the perineuronal net,*® whereas laminin
is a key component of the basal lamina, which influences adhe-
sion, migration, differentiation and survival.?¥) Confocal images
of neurons stained with specific antibodies against aggrecan and
laminin (Figure 3a and Figure S6a, Supporting Information)

i,j) Superimposed optical traces (three of them are shown separately at the bottom) obtained from neuronal cultures grown inside the GCNT web at
DIV 8 and 15. k) Comparison of the frequency inside the GF and GCNT web at DIV 8 and 15 (n =8 for GF, n =10 for GCNT web at DIV 8; n =6 for GF,
n=6for GCNT web at DIV 15). |) Comparison of the crosscorrelation at DIV 8 and 15 (n = 8 for GF and GCNT web at DIV 8; n =6 for GF and n =5 for
GCNT web at DIV 15; two-way analysis of variance (ANOVA), Sidak’s test). m) Representative raster plot of the peaks of calcium transients from cortical
cultures grown inside the GCNT web at DIV 8 obtained from 16 different neurons. n) Representative crosscorrelation matrices of calcium transients

from neuronal networks cultured inside the GCNT web at DIV 8 and 15.
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show a rich presence of the two proteins inside the GF and
GCNT web, but the ratio between aggrecan and laminin on the
GCNT web (73.5 £ 4.2%) is lower than that on GF (97.0 £ 5.5%)
(Figure S6c, Supporting Information). A 3D reconstruction from
serial images taken with confocal microscope allows us to visu-
alize the 3D organization of the ECM (Figure 3a and Figure S6b,
Supporting Information). We found that the degree of colocali-
zation of aggrecan and laminin was higher inside the GCNT
web than inside the GF (Figure S6d, Supporting Information),
indicating that colocalization in 2D and 3D is different. The 3D
GCNT web can provide an exact 3D visualization of the ECM
secreted by different cells, particularly by brain cancer cells,
and can resolve the fine mechanical details of cell motility. In
this way, it will be possible to link the mechanical and chemical
abnormalities of the ECM to brain cancer invasion.

The basic mechanisms of cell motion on 2D flat culture are
generally understood, and several methods have been developed
to visualize and analyze cell migration in 2D. Nevertheless,
in vivo cells grown in a 3D environment can follow different
migration strategies, and 2D cultures cannot adequately repli-
cate the complex in vivo tumor microenvironment; therefore,
2D cultures are poor predictors of tumor cell behavior in vivo.[*%
To gain detailed insights into glioma cells infiltration in an
intact brain, experimental models that recapitulate the highly
complex 3D in vivo environment are needed, and therefore,
we cultured U87MG cells inside the GCNT web. U87MG cells
were genetically labeled with the red fluorophore mCherry, and
their 3D motion was investigated with 3D time-lapse imaging.
In these experiments, we acquired a stack of 20 images with
z-steps of 3 um every 3 min. Glioma grown inside the GCNT
web (Figure 3b and Movie S3, Supporting Information) moved
rapidly, and in a time window of just 10 min, they could move
over several micrometers. During their motion, they squeezed,
modifying their shape (see the U87MG cells indicated by aster-
isks). From the acquired stack of images, we recovered the 3D
trajectories (Figure 4a, left panel, and Figure S7a, Supporting
Information) using the Fiji plugin TrackMate as previously
described™!] over periods of time of up to 6-24 h. From these
trajectories, the velocity of the movements along the x-, y-,
and z-axes distribution and the velocity of the cells during this
period were computed. A comparison of the velocity of glioma
in 2D and in 3D (Figure 3d,e) showed that glioma moved with a
lower velocity inside the GCNT web than on 2D flat dishes. Our
3D trajectories are very similar to those obtained with a recently
proposed method based on label-free 3D single cell tracking.*?!
Similarly to what we observed in human primary macrophages
in 3D biometric matrices,*? the migration velocity of US7MG
cells along the z-axis is lower than the lateral velocity along the
x and y-axes (Figure 4b,c).

Brain cancer infiltration occurs in a 3D environment com-
posed of healthy cortical tissue, i.e., neurons, glia cells, blood
vessels, and the ECM. Therefore, U87MG cells were cocultured
with rat cortical cells, comprising both neurons and glia cells.
Having verified that cortical cells grown inside the GCNT web
produce ECM proteins, we compared glioma motility in the
GCNT web and the GCNT-web-based cortex-like network. Before
seeding inside the GCNT web, cortical cells were labeled with
the fluorescent probe DiD, which intercalates in the lipid mem-
branes. In this way, it was possible to distinguish red fluorescent
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U87MG cells from healthy cyan cortical cells (Figure 3c). Their
motions were investigated by 3D time-lapse imaging, lasting
from several hours up to 2 d. U87MG infiltrated the 3D network
formed by neurons and glia cells, often sliding along the thin
CNTs in a way reminiscent of what they do along blood vessels!'”]
in the intact brain (Movie S4, Supporting Information). U87MG
moved much more than neurons and glia cells, which appeared
to be stable. The presence of cortical cells significantly slows
down the motion of glioma (Figure 3d,e).

Our data show that the migration velocity of malignant
glioma cells depends on the environment where they are cul-
tured; this velocity decreases inside the GCNT web, and it
decreases even more when glioma cells are cocultured with cor-
tical cells. The obvious question, therefore, is how different is
the action of drugs on glioma migration inside the GCNT web
and in the presence of cortical cells? We compared the effect of
the metabolic inhibitor blebbistatin on the migration of glioma
cells in these three environments. Blebbistatin is a small mol-
ecule that inhibits both nonmuscle myosin II and smooth
muscle myosin 11,3 and it has already been used as a blocker
for brain cancer infiltration.[**] The effect of blebbistatin on the
migration of fluorescently labeled U87MG on the flat 2D dish
was observed with conventional live cell imaging (Figure 4f
and Figure S7b, Supporting Information). The 3D trajectories
of US7MG (Figure 4a) were obtained over a 4 h period before
the application of 50 x 107° M blebbistatin and over another 4 h
period after the addition of the drug. From the 3D trajectories,
we derived the mean velocity (averaged on time and among all
cells) before and after the addition of 50 x 10~° M blebbistatin
(Figure 4f). Upon application of 50 x 107® m blebbistatin, the
mean velocity of U87MG decreased by almost 34% inside the
GCNT web and to a lower extent (approximately 23%) in our
cortex-like network.

From the 3D trajectories, we also computed the velocity of
the movement along the three axes (x, y, and z) with the aim
of determining the existence of differences in the velocity in
the lateral (x- and y-axes) and axial direction (z-axis). In the
absence of coculture with cortical cells, the addition of blebbi-
statin decreased the velocity in all three directions (Figure 4b).
On the other hand, when U87MG cells were cocultured inside
the GCNT web with cortical cells (Figure 4c), we observed a sig-
nificant difference in the velocity only along the x- and y-axes
(p < 0.001, Kolmogorov—Smirnov test) but not on the z-axis
(p = 0.9467, Kolmogorov—Smirnov test), indicating that blebbi-
statin reduces primarily the lateral velocity. Therefore, our
results suggest an involvement of the extracellular environment
in malignant glioma motility, and in turn, a reduced effect of
blebbistatin in the presence of cortical cells compared to the
GCNT web alone (Figure 4d.e).

The recent advances in in vitro 3D culture technologies
including organoids, spheroid cultures and primary cells
grafted directly into biologically relevant matrix preparations
and appropriate cortical slices*! have opened new avenues
for the development of more physiological cancer models.*®!
The ability of these models to accurately replicate the complex
microenvironmental and extracellular conditions prevailing in
the brain allows us to visualize brain cancer infiltration, such
as in an arthotopic xenograph of malignant glioma in the
mouse brain.*’l Nevertheless, none of these approaches allow
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a 3D map of glioma infiltration inside GCNT web
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Figure 4. Blebbistatin performed properly on the glioma infiltration model constructed by the cortex-like network. a) 3D map for reconstructing tra-
jectories of glioma infiltration during almost 6 h of live cell imaging pre- and postblebbistatin inside the single GCNT web and the cortex-like network.
b,c) Cell movement velocity distribution along x, y, and z inside the single GCNT web and the cortex-like network preblebbistatin (blue) and post-
blebbistatin (yellow). d) Distribution of absolute cell velocities of glioma preblebbistatin (blue) and postblebbistatin (yellow). e) The same as in (d) but
inside the cortex-like network. f) Comparison of the effect of blebbistatin on the absolute glioma velocity grown on a flat coverslip, GCNT web and
the cortex-like network (preblebbistatin: coverslip n =156 cells; GCNT web without cortex n = 176; with cortex n = 171 cells, postblebbistatin: coverslip
n =144 cells; GCNT web without cortex n = 179 cells; with cortex n = 149 cells, two-way ANOVA, Sidak’s test).

the recovery of the 3D motion of individual glioma which could
provide a 3D map of overall invasion. The combination of our
3D GCNT web with live cell imaging of fluorescently labeled
glioma cells and cortical cells allows exact recovery of the 3D
trajectories of individual malignant glioma infiltration and
quantification of the effect of drugs.

In summary, we have fabricated a 3D monolithic porous
GCNT web with fully geometric, mechanical and electrical
interconnectivity by in situ CVD growth of interconnected
CNT web into the GF pores. The 3D GCNT web provides a
novel biomaterial to construct a 3D cortex-like network which
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responds to dense neuronal network and functional activity
closer to the in vivo conditions. The cortex-like network allows to
study brain connectivity and neuronal dysfunction and, further,
to construct an ideal glioma infiltration model to map the 3D
overall invasion, which could be an additional and more visible
technology for preclinical therapeutic approaches screening.
Future developments already in process include the analysis
of the 3D motion of malignant glioma from patients in our
model and the comparison of ECM secreted by different kinds
of malignant glioma cells. The application of 3D GCNT web in
cancer model construction also represents an important step
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toward precise and personalized medicine. Indeed, it is pos-
sible to derive cortical cells from the stem cells of a patient and
to screen drugs that can block the infiltration of brain cancer
cells obtained from the same patient. Therefore, our system is
not only a novel platform for live cell imaging achievement but
also a new route toward the findings of improved methods to
eradicate tumors without affecting the host’s cells.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Materials and Methods

Synthesis processes of intercalated FeCls-graphite. Intercalated FeCls-graphite was
synthesized using a reported two-zone vapour transport method®*. Graphite flakes (1 g,
99.8%, ABCR Karlsruhe, Germany) and anhydrous FeCl; powder (5.6 g, Alfa Aesar) were
mixed in a two-zone reactive container. Then, the container was heated at 380°C for 24 hours
in a muffle furnace (TM-0912P, China). After having naturally cooled down to room
temperature, the as-synthesized compound was used as the catalyst in CNT growth.

Synthesis processes of GCNT web. The GCNT web were fabricated by a two-step chemical
vapour deposition (CVD) process in a horizontal tube furnace (Thermcraft, USA), including
the growth of GF and GCNT web. The pre-cleaned porous Ni foam (PPl 10010, Alantum
Advanced Technology Materials, China) was placed in a 1-inch-diameter quartz tube that was
pre-mounted in the furnace. During the preparation of GF, the Ni foam was first annealed at
950°C for 10 minutes under H, (100 sccm) and Ar (100 sccm) atmosphere to clean their
surfaces and eliminate surface oxidation layers. Next, 50 sccm of H, and CH, was introduced
into the CVD system for 30 minutes, following by cooling to room temperature to allow
graphene to grow on the Ni scaffold surfaces. The prepared GFs were cut at a width of 1 cm
to be the carrier of CNTs. During the growth of CNTSs, the as-synthesized intercalated FeCls-
graphite powder was loaded upstream and next to the GF in a rail boat, which was then
transferred into the middle of a quartz tube. Approximately 160 sccm of H, and 40 sccm of

CH4was introduced into the CVD system for 15 minutes after the furnace was heated to 1050
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°C under the protection of Ar (200 sccm). The samples were then submerged into a FeCl3 (1
M) solution for 48 hours to chemically etch Ni from the Ni foam. Then, the samples were
immersed into hot HNOg3 at 80 °C for 2 hours. After complete etching, the GCNT web were
washed with deionized water until the pH was 7. The GCNT web samples were finally dried
at 60 °Cin air.

Morphological, structural and physical property characterizations of GCNT web.
Morphological and structural characterizations of the 3D-CG samples were investigated by
field-emission scanning electron microscopy (SEM) equipped with an energy dispersive
spectrometer (EDS) (Quanta 400 FEG, FEI, USA). The crystallinity and number of the layer
presented within graphene were examined by a Raman spectrometer (LabRAMHRS00,
HORIBA, France). In the mechanical property characterization, a compression test was
carried out by a high-precision mechanical testing system (Instron 3365, USA). Conductivity
was performed using an Agilent B1500A semi-conductor device analyser (Agilent
Technologies Inc., USA).

Neuronal network preparation and culture. Cortical neurons from Wistar rats (P1-P3)
were prepared in accordance with the guidelines of the Italian Animal Welfare Act, and their
use was approved by the Local Veterinary Service, the SISSA Ethics Committee board and
the National Ministry of Health (Permit Number: 630-111/14) in accordance with the European
Union guidelines for animal care (d.1.116/92; 86/609/C.E.). To minimize the suffering of
animals, the rats were anaesthetized with CO, and sacrificed by decapitation quickly. During
the culture process, substrates, including 3D GFs and 3D GCNT web, were first cleaned with
0, plasma and sterilized with ultraviolet rays (UV). Then, they were coated with 50 pg mL™
poly-L-ornithine (Sigma-Aldrich, St. Louis, MO, USA) overnight, immersed in culture
medium overnight and coated with Matrigel just before cell seeding (Corning, Tewksbury
MA, USA). The samples for ECM protein immunocytochemical staining were not coated

with Matrigel. Dissociated cells were plated at a concentration of 2.4 x 10° cells MI™ on 3D
2
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GF and 3D GCNT web in a drop of minimum essential medium (MEM) with GlutaMAXTM

supplemented with 10% foetal bovine serum (FBS, all from Invitrogen, Life Technologies,
Gaithersburg, MD, USA), 0.6% D-glucose, 15 mM Hepes, 0.1 mg ml™ apo-transferrin, 30 pg
ml™ insulin, 0.1 pg mI™ D-biotin, 1 uM vitamin B12 (all from Sigma-Aldrich), and 2.5 pg ml’
! gentamycin (Life Technologies). After 1 hour Neurobasal supplemented with 2% of B-27,
10 mM Glutamax (all from ThermoFisher) and 0.5 uM Gentamycin (Sigma) was added as a
culture medium. Half of the medium was changed every week. Neuronal cultures were
maintained in an incubator at 37 °C, 5% CO, and 95% relative humidity.

Morphological and immunocytochemical analysis. Cells were fixed in 4%
paraformaldehyde containing 0.15% picric acid in phosphate-buffered saline (PBS), saturated
with 0.1 M glycine, permeabilized with 0.1% Triton X-100, saturated with 0.5% BSA (all
from Sigma-Aldrich) in PBS and then incubated with phalloidin Alexa Fluor® 488 (Life
Technologies) for 30 minutes or o.n. at 4°C with primary antibodies: rabbit polyclonal against
MAP2, rabbit polyclonal against aggrecan and mouse monoclonal against laminin (all from
Sigma-Aldrich) and SMI 312 mouse monoclonal antibodies (Covance, Berkeley, CA). The
secondary antibodies were goat anti-rabbit Alexa Fluor® 488, goat anti-mouse Alexa Fluor®
488, (all from Life Technologies), biotin conjugated goat anti-mouse and goat anti-rabbit
(Sigma); the incubation time was 3 hours at room temperature (20-22 °C). When a biotin
conjugated secondary antibody was used, another incubation of 1 hour with streptavidin
Alexa Fluor® 647 (Life Technology) was performed. Nuclei were stained with 2 pug ml™ PBS
Hoechst 33342 (Sigma-Aldrich) for 5 minutes. Samples were mounted in Vectashield (Vector
Laboratories) on 1-mm thick coverslips with a homemade adaptor of PDMS to host the 3D
samples. The cells were examined using a Nikon C2 confocal microscope to acquire higher
quality images. The fluorescence images were collected with a 20X magnification and 0.5 NA

objective. Each image was acquired with z-steps of 2 um. Analysis and 3D reconstruction of
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the image stack were accomplished using NIS-Elements AR software (Nikon), Volocity
(PerkinElmer), and the open source image-processing package Fiji (http:/fiji.sc/Fiji).
Calcium imaging acquisition procedures. The cultured cells at 2, 3, 4, 6, 8, and 15 days in
vitro (DIV 2, 3, 4, 6, 8, and 15, respectively) were loaded with a membrane-permeable
calcium dye Fluo4-AM (Life Technologies) by incubating them with 4 uM Fluo4-AM
(dissolved in anhydrous DMSO (Sigma-Aldrich), stock solution 4 mM) and Pluronic F-127
20% solution in DMSO (Life Technologies) at a ratio of 1:1 in Ringer’s solution (145 mM
NaCl, 3 mM KCI, 1.5 mM CaCl,, 1 mM MgCl,, 10 mM glucose and 10 mM Hepes, pH 7.4)
at 37°C for 1 hour. After incubation, the cultures were washed with Ringer’s solution for 30
minutes and then transferred to the stage of a Nikon Eclipse Ti-U inverted microscope
equipped with a piezoelectric table (Nano-ZI Series 500 um range, Mad City Labs), an HBO
103 W/2 mercury short arc lamp (Osram, Munich, Germany), a mirror unit (exciter filter BP
465-495 nm, dichroic 505 nm, emission filter BP 515-555) and an Electron Multiplier CCD
Camera C9100-13 (Hamamatsu Photonics, Japan). The calcium imaging recordings were
performed at RT, and images were acquired using the NIS Element software (Nikon, Japan)
with an S-Fluor 20x/0.75 NA objective at a sampling rate of 3-5 Hz with a spatial resolution
of 256x256 pixels for 10 minutes. To avoid saturation of the signals, excitation light intensity
was attenuated by ND4 and ND8 neutral density filters (Nikon).

Calcium imaging processing and analysis. The initial video was processed with ImageJ (U.
S. National Institutes of Health, Bethesda, MA) software. The image sequences were then
analysed as previously described. Briefly, neurons were localized, and an appropriate region
of interest (ROI) was selected to subtract the background. Appropriate ROIs around the cells
bodies were then selected. The time course of the fluorescence intensity, I(t), in this ROl was
displayed, and any decay, which is a consequence of dye bleaching, was evaluated. The Ca**
transients of each cell signal were extracted in a semi-automatic manner by selecting a

threshold for the smallest detectable peak that was equal to three times the standard deviation
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of the baseline. Subsequently, the decay of I+(t) was fitted to a cubic spline (Y (t)) interpolating
I¢(t) at 10 or 20 points. Y(t) was then added to the original optical signal to compensate for
dye bleaching, and the fractional optical signal was calculated as follows:

AFJF = (Y(t) + If(t))/ 1f(0) 1)

where 1¢(0) is the fluorescence intensity at the beginning of the recording.

Computation of raster plot and correlation coefficient of Calcium transient occurrence.
The times, tj, at which transient peaks occurred are presented in a conventional raster plot. To
isolate the smaller transients from the larger ones, single traces were considered
independently. The amplitude distribution of peaks was calculated to separate the two
different classes of events. Based on this distribution, a threshold was set to approximately
30% of the maximum amplitude. All peaks under the threshold were considered small
transients, whereas all other peaks were considered to be large calcium transients.

The correlation coefficient of the calcium transients for neuron i and neuron j (ocrij) was
computed as follows. The total recording time, Ty, Was divided into N intervals (1..,n,...,N)
of a duration 4¢. Thus, if fi, and fj, are the numbers of calcium transients of neuron i and
neuron j in the time interval 4¢,, then we have the following equation:

ooy, = ——nfinfin ?)

Yo S 2 (EarR)

where ocrij depends on 4t and varies between 0 and 1. The range of explored values of 47 was
20s.

Live cell imaging of U87MG culture and co-culture system. U87MG purchased from
SIGMA (#89081402) were cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% foetal bovine serum (FBS, all from Invitrogen, Life Technologies,
Gaithersburg, MD, USA), 1% PenStrep (100 U mL™ penicillium and 100 pg mL*
streptomycin, Invitrogen) and passaged every 3 days. The mCherry-labelled U87TMG cells

were kindly provided by the laboratory of Prof. Antonello Mallamaci from the International
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School of Advanced Studies. US7MG cells were acutely infected at a concentration of 500
cells uL™* by a mix containing a lentiviral vector, LV_Pgklp-mCherry, at a multiplicity of
infection (m.o.i.)=6. This m.o.i. is sufficient to infect almost all US7MG cells in these
conditions.

When required, US7MG cells were treated with 1Xtrypsin-EDTA (0.05% trypsin and 0.02%
EDTA, Sigma) and suspended in the culture medium. Approximately 2.0x10* U87MG cells
were plated on a flat coverslip, 3D GCNT web and 3D GCNT web with cortex cells that had
been cultured for 5 days, and then, the co-culture system was cultured in the incubator at 37°C,
5% CO, and 95% relative humidity for two days, and the recording experiments were started.
Before seeding US7MG cells, the cortex cells were stained with Vybrant™ DiD Cell-
Labeling Solution (5 pL mL™, Thermo Fisher) for 20 minutes and then washed with a warm
medium. During the imaging experiment, blebbistatin (Sigma) was administered to the cells at
a final concentration of 50 yuM in the culture medium.

Living cell imaging acquisition procedures and analysis. Live cell imaging experiments
were performed on an epi-fluorescence microscope (Olympus 1X-83, Olympus) equipped
with an imaging chamber incubator (Okolab, Pozzuoli, Italy) and LED illumination (A=590
nm for mCherry, A=660 nm for Vybrant DiD). During all imaging experiments, cells were
kept at 37°C, 5.0% CO; and 95% humidity. Time-lapse images were taken with 500 ms of
exposure time. When Z-stack images were acquired for 3D motion tracking, we recorded a
stack of 20 images with z-steps of 3 um every 3 minutes. All acquisitions were done with a
CCD sensor at 12-bit depth (ORCA-D2, Hamamatsu) and operated with a 20X air objective
(Olympus, NA=0.75).

The videos were analysed using the Fiji plugin TrackMate>®, which allows the selection of
regions of interest (ROIs) for every cell in 3D. It also allows us to follow the centroid of the
3D ROI over time and obtain the average velocities and 3D coordinates. Once the cell ID, xyz

positions and time points were extracted, the trajectories and velocities on the three axes (X, v,
6
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and z) were visualized by plotting the coordinates using Matlab 2015. To calculate and plot
the velocities on every single axis (x, y, and z), we established a 5-point numerical

differentiation formula (see Matlab code) as follows:

flxp] = L= 2zerlea hi+?f g +Hil=f [+ 201] @

Using this approach, we could evaluate the different velocities of U87MG cells in the
presence and absence of cortical cells and before and after the administration of the drug
blebbistatin.

Statistical analysis. Data are shown as the mean + s.e.m. from at least three neuronal culture
preparations from different animals. For the morphological analysis of immunofluorescence
images, n refers to the number of images analysed. The quantified activity (IEI and cross-
correlation) and morphological data were analysed with the ANOVA test followed by post-
hoc comparisons using the software Sygma Plot 10.0. Differences between two groups were
evaluated with an unpaired t-test (Statistica 6.0 — StatSoft Italy). The number of replicas and
statistical tests used for each experiment is mentioned in the respective figure legends or in

the Results section. Significance was set to *p < 0.05, **p < 0.01 and ***p < 0.001.
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Supporting Figures

a b

Extended 2D CNT mesh 3D CNT forest grown on GF

S. Usmani et al. Science Advances 2016, 2. G. Zhu et al. Nanoscale 2014, 6, 1079.

3D CNT-ceramic network 3D;GCNT web

F. Schutt et al. Nature communications 2017, 8, 1215.

Figure S1. Representative CNT structures reported in the literature.
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Figure S2. Physical properties of GCNT web. a) Strain-stress curves acquired from
compressed test on GCNT web and GF. b) I-V curves acquired from four points electrical test

on GCNT web and GF.
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Figure S3. 3D cortical culture embedded into GF scaffolds. a-b) Staining for axons (with
SMI_312) and neurites (with MAP2) on GF c¢) Actin staining of cortical cells after 8 days of
culture on GF scaffold. The intricate mesh made by neuronal processes inside the GCNT web

is more extended than the network formed on GF.
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Figure S4. Typical calcium transients from glial cells and neurons. a) Representative
fluorescence image of a neuronal culture loaded with Fluo-4 AM grown on a GCNT web.
Orange (blue) circles indicate selected regions corresponding to the soma (neurite/process) of
both neuron and glia cell. b) Optical transients from glia have a slow time course (upper
portion of the panel) and those from neurons (lower portion) have a faster rising phase.
Occasionally the neuronal fast transients can be contaminated from slow signals coming from

glia cells often positioned below the neurons.
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Figure S5. Spontaneous activity dynamics of 3D cortical cultures. a) Representative
fluorescent image of a neuronal culture loaded with Fluo-4 AM grown in a GF scaffold. Olive
circles indicate regions selected for the recovery of calcium transients. b-c) Representative
superimposed optical traces (3 of them are shown separately in the bottom) obtained from the
3D neuronal network cultured on GF at DIV 8 and 15 respectively. The insets in the top
portion of both panels show on an expanded time scale the synchronized calcium transients.
d) Raster plot of the peaks of optical transients at DIV 8 and 15 for 9 and 11 different neurons
respectively. e) Cross-correlation matrices of calcium transients from neuronal networks
cultured on GF at DIV 8 and 15 respectively. f) Frequency of calcium transients from cortical
cultures grown on GF and GCNT web at different developmental stages. g) Mean correlation
coefficient of calcium transients from cortical cultures grown on GF and GCNT web at

different developmental stages.
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Figure S6. The 3D ECM secreted by cortical cells grown on GF scaffolds. a) Representative
staining of aggrecan (left panel) and laminin (middle panel) secreted by cortical cells cultured
in 3D GF scaffold. b) 3D reconstruction of laminin and aggrecan, which form the ECM

secreted by cortical cells grown on GF. ¢) Ratio of production of aggrecan versus laminin on
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GF and GCNT web. Collected data from 4 and 6 different stains in GF and GCNT web,
respectively. d) Colocalization ratio between aggrecan and laminin on GF and GCNT web.
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Figure S7. a) Representative trajectory of a U87MG infiltration inside GCNT web. b)

Velocity distribution of glioma cultured on coverslip under the treatment of blebbistatin.

n=156 cells for pre-blebbistatin and n=144 cells for post-blebbistatin.
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Supporting Movies

z=108micron

Movie S1. 3D reconstruction of cortical neuronal network embedded in GCNT web at DIV 8.
Images were acquired by Nikon C2 confocal microscope with a 20X magnification and 0.5
NA objective. Each image was acquired with z-steps of 2 um.

02:42 min:sec

Movie S2. Calcium imaging from neuronal culture loaded with 4 uM Fluo-4-AM calcium
indicator in 3D GCNT web at DIV 8. Images were acquired with 20X and 0.75 NA objective,
5 Hz, a spatial resolution of 256 x 256 pixels and for 10 min. The movie reproduction has

been made using 100 frames per second.

13



WILEY-VCH

Movie S3. Living cell imaging from U87 GBM cells labeled with the red fluorophore
mCherry by infecting with LV_Pgklp-mCherry cultured in 3D GCNT web. Images were
taken with a 20X and 0.75 NA air objective, 2 Hz. Stack of 20 images with z-steps of 3 um

every 3 minutes.

Movie S4. Living cell imaging from U87 GBM cells labeled with the red fluorophore
mCherry by infecting with LV_Pgk1p-mCherry and cortical cells labeled with the fluorescent
probe DiD co-cultured in 3D GCNT web. Images were taken with a 20X and 0.75 NA air

objective, 2 Hz. Stack of 20 images with z-steps of 3 um every 3 minutes.
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Abstract

The control of cell-microenvironment interactions plays a pivotal role in constructing
tissue specific functional scaffolds for tissue engineering. Here, we fabricated a 3D
free-standing ordered graphene (3D-OG) network with the pore size of 20 pm, the
skeleton width of 20 um and an exact 90° orientation angle between the building blocks.
Extensive interconnectivity of graphene sheets allows 3D-OG scaffolds to be free-
standing and easily to manipulate. When primary cortical cells are cultured on 3D-OG
scaffolds, the cells form well-defined 3D connections with a cellular density similar to
that observed when cells were cultured on 2D coverslip. In contrast to the 2D coverslips
culture, astrocytes cultured on 3D-OG scaffolds did not have a flat morphology but had
a more ramified shape similar to that seen in vivo conditions. Moreover, neurons on 3D-
OG scaffolds had axons and dendrites aligned along the graphene skeleton allowing the

formation of neuronal networks with highly controlled connections. Neuronal networks
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grown on 3D-OG scaffolds had a higher electrical activity with functional signaling
over a long distance. Our study firstly investigated the geometrical cues on ordered
neuronal growth and alignment of neuronal network formation on the support of
graphene in 3D, will therefore advance the development of customized scaffolds for

brain—machine interfaces or neuro-prosthetic devices.

Introduction

Highly organized assembly of neurons with defined pathways in the nervous system
suggests that neurite branching and orientation are critical for functional neuronal
network formation during all the development stages of central and peripheral nervous
systems (CNS and PNS). For example, the dorsal column provides tracks for guiding
the dorsal root ganglion to enter into the spinal cord.[1] Furthermore, neuronal
alignment and patterning is also essential in nerve regeneration. Axons directionally
regenerate along their preinjury path to the original branch points, which is the key
point for the repair of spinal cord injury.[2] Therefore, revealing the underlying
mechanism and adequate regulation of neural directionality not only contributes to the
understanding of physiological and pathological processes in nervous system but also
can be used for various of disease-relevant preclinical applications.

Tissue-engineered platforms provide specialized chemical and physical cues in vitro to
mimic the microenvironment for cells to grow, expand, and differentiate in conditions
resembling in vivo settings. In particular, geometrical cues including surface roughness,
pores, and orientation has been proven to play an essential role in neuronal growth and
circuit formation.[3] Emerging biomaterials and advanced fabrication techniques have
advanced geometrical regulation on artificial substrates to guide neuronal cell adhesion,
migration, proliferation and differentiation.[4-6] To pattern neurons, numerous of nano-,
micro- and macro-fabrication techniques haven been applied for creating substrates
with varying degrees of topology, including photolithography, soft lithography, ion-
beam lithography, microcontact printing, electrospinning, three-dimensional printing

and so on.[7-10] Although these studies investigated neurite orientation and pathfinding



preferences in micro/nanopatterned surface, most of them are based on 2D or 2.5D
substrates that neurons can’t form strict 3D networks.[11] However, the neurons are
embedded in an extracellular matrix (ECM) that forms a complex 3D network of
proteins that provide complex mechanical, biochemical and physical signals.[12]

To construct a more physiologically relevant microenvironment in vitro to better mimic
in vivo microenvironment, 3D culture systems, especially scaffold-based 3D assemblies
of never cells, have been widely developed for overcoming the limitations of 2D
culture.[13] In terms of the regulation of neuronal guidance on 3D platforms, 3D
patterned structures, such as well aligned gel and hydrogel constructs has also been
used to direct axonal growth, thus mimicking the topography and orientation of
structures that naturally occur in the mature nervous system.[14, 15] However, currently
available methods for 3D patterning of neural networks are usually not easily
reproducible nor sufficiently stable to allow for easy manipulation.[16] Besides natural
and synthetic polymers, carbon materials, especially graphene, has been widely used in
3D neural tissue engineering.[12, 17] Because of its unique structure, graphene
possesses tremendous electron mobility[ 18], remarkable thermal conductivity[19], high
surface area[20] and excellent mechanical strength[21]. In the past ten years,
biomedical applications of graphene have attracted an ever-increasing interest,
including neuro-electrodes, bioimaging, drug/gene delivery, stem cell study and tissue
engineering based scaffold.[22-24] Recently, a controllable fabrication of highly
conductive interconnected graphene networks with precise pattern and dimension has
been developed. [25] The pore and skeleton sizes, orientation angles of building blocks
can be customized. It has been proven to have significant impact on the differentiation
behaviors of neural progenitor cells (NPCs).[26]

In this work, we extended the 3D free-standing ordered graphene (3D-OG) network’s
application in guidance of neuronal growth and network formation for the first time.
These 3D-OG scaffolds have an 3D ordered architecture with the pore size of 20 pm
and the skeleton width of 20 um which match the size of cortical cells. Cortical co-
culture networks were analyzed not only morphologically, using immune-fluorescent

approach, but also functionally through calcium imaging.



Experimental Section

Fabrication processes of 3D free-standing ordered graphene network (3D-OG).
The fabrication processes have been reported as reported.[25] Briefly, the ordered Ni
templated with the pore size of 20 um and the skeleton width of 20 um were prepared
follows a typical top-down micro-fabrication strategy firstly, where 150 nm thick Au
film was deposited on 200 nm thick PMMA layer via magnetron sputtering(FHR
Anlagenbau GmbH, Germany) as active electrode for electroplating. After desired
pattern of AZ 4620 photoresist (AZ Electronic Materials, USA) was formed under
photolithography and etching, the substrate was immersed into an electroplating bath
for Ni deposition. The as-fabricated monolayer of Ni skeletons was then peeled off from
the substrate and aligned with 5 monolayers. Afterwards, Ni templates with specific
angles were annealed at 700°C for 3 min in a muffle furnace (TM-0912P, China) to
bond the monolayers together. The as-prepared 3D Ni scaffolds were placed into a
chemical vapor deposition (CVD) system. The scaffolds were first annealed at 950°C
for 10 min under H> and Ar atmosphere to clean their surface and eliminate surface
oxidation layers. Next, H> and CH4 were introduced into the CVD system for 60 min,
followed by cooled down to room temperature to allow graphene growth on the Ni
scaffold surfaces. The 3D-OG was finally obtained by sequentially rinsed with 1 M, 0.1
M and 0.01 M HCI solutions, followed by rinsing with deionized water for 48 hours to
remove residual etching agents.

Morphological and micro-structural characterizations of 3D free-standing
ordered graphene network (3D-OG). Field-emission scanning electron microscopy
(SEM) equipped with energy dispersive spectrometer (EDS) (Quanta 400 FEG, FEI,
USA), Raman spectrometer (LabRAMHRS800, HORIBA, France) and transmission
electron microscopy (TEM, Tecnai G2 F20 S-TWIN) were utilized to characterize the
morphology and micro-structure. For TEM observations, 3D-OG sheets were
ultrasonically dispersed in ethanol for 45 min and then dropped onto a copper grid.
Neuronal network preparation and culture. Cortical neurons from Wistar rats (P1-

P3) were prepared in accordance with the guidelines of the Italian Animal Welfare Act,



and their use was approved by the Local Veterinary Service, the SISSA Ethics
Committee board and the National Ministry of Health (Permit Number: 630-111/14) in
accordance with the European Union guidelines for animal care (d.1.116/92;
86/609/C.E.). To minimize the suffering of animals, the rats were anaesthetized with
CO» and sacrificed by decapitation quickly. During the culture process, OG scaffolds
were first cleaned with Oz plasma and sterilized with ultraviolet rays (UV). Then, they
were coated with 50 pg mL™! poly-L-ornithine (Sigma-Aldrich, St. Louis, MO, USA)
overnight, immersed in culture medium overnight and coated with Matrigel just before
cell seeding (Corning, Tewksbury MA, USA). Dissociated cells were plated at a
concentration of 2.4 x 10° cells mL™! on 3D-OG scaffolds in a drop of minimum
essential medium (MEM) with GlutaMAXTM supplemented with 10% foetal bovine
serum (FBS, all from Invitrogen, Life Technologies, Gaithersburg, MD, USA), 0.6%
D-glucose, 15 mM Hepes, 0.1 mg ml™!' apo-transferrin, 30 ug ml™! insulin, 0.1 pg ml!
D-biotin, 1 pM vitamin B12 (all from Sigma-Aldrich), and 2.5 ug ml"! gentamycin (Life
Technologies). After 1hour, Neurobasal supplemented with 2% of B-27, 10 mM
Glutamax (all from ThermoFisher) and 0.5 uM Gentamycin (Sigma) was added as a
culture medium. Half of the medium was changed every week. Neuronal cultures were
maintained in an incubator at 37 °C, 5% CO2 and 95% relative humidity.

Morphological and immunocytochemical analysis. Cells were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS), saturated with 0.1 M glycine,
permeabilized with 0.1% Triton X-100, saturated with 0.5% BSA (all from Sigma-
Aldrich) in PBS and then incubated over night at 4°C with primary antibodies: mouse
monoclonal glial fibrillary acidic protein (GFAP)(Sigma-Aldrich) and anti-p-tubulin III
(TUJI) mouse monoclonal antibody (Covance, Berkeley, CA). The secondary
antibodies were goat anti-mouse immunoglobulin (Ig) G1 Alexa Fluor® 488, goat anti-
mouse [gG2a Alexa Fluor® 594 (all from Life Technologies). the incubation time was
3 hours at room temperature (20-22 °C). Nuclei were stained with 2 ug ml"!' PBS
Hoechst 33342 (Sigma-Aldrich) for 5 minutes. Samples were mounted in Vectashield
(Vector Laboratories) on 1-mm thick coverslips with a homemade adaptor of PDMS to

host the 3D samples. The cells were examined using a Nikon C2 confocal microscope



to acquire higher quality images. The fluorescence images were collected with a 20X
magnification and 0.5 NA objective. Each image was acquired with z-steps of 2 um.
Analysis of the image stack were accomplished using NIS-Elements AR software
(Nikon), Volocity (PerkinElmer), and the open source image-processing package Fiji

(http://fiji.sc/Fiji). Neurite preferential alignments in networks were performed on the

traces of fluorescent immunostaining images and the resultant polar plots were obtained

using Neurolucida 360 (MBF Bioscience, VT, United States).

Calcium imaging acquisition procedures. The cultured cells at 8 days in vitro (DIV
8) were loaded with a membrane-permeable calcium dye Fluo4-AM (Life Technologies)
by incubating them with 4 uM Fluo4-AM (dissolved in anhydrous DMSO (Sigma-

Aldrich), stock solution 4 mM) and Pluronic F-127 20% solution in DMSO (Life

Technologies) at a ratio of 1:1 in Ringer’s solution (145 mM NaCl, 3 mM KCI, 1.5 mM

CaClz, 1 mM MgCl,, 10 mM glucose and 10 mM Hepes, pH 7.4) at 37°C for 1 hour.

After incubation, the cultures were washed with Ringer’s solution for 30 minutes and
then transferred to the stage of a Nikon Eclipse Ti-U inverted microscope equipped with

a piezoelectric table (Nano-ZI Series 500 um range, Mad City Labs), an HBO 103 W/2

mercury short arc lamp (Osram, Munich, Germany), a mirror unit (exciter filter BP
465-495 nm, dichroic 505 nm, emission filter BP 515-555) and an Electron Multiplier
CCD Camera C9100-13 (Hamamatsu Photonics, Japan). The calcium imaging

recordings were performed at RT, and images were acquired using the NIS Element

software (Nikon, Japan) with an S-Fluor 20x/0.75 NA objective at a sampling rate of
3-5 Hz with a spatial resolution of 256256 pixels for 10 minutes. To avoid saturation

of the signals, excitation light intensity was attenuated by ND4 and ND8 neutral density

filters (Nikon).

Calcium imaging processing and analysis. The initial video was processed with

ImageJ (U. S. National Institutes of Health, Bethesda, MA) software. The image

sequences were then analysed as previously described. Briefly, neurons were localized,

and an appropriate region of interest (ROI) was selected to subtract the background.

Appropriate ROIs around the cells bodies were then selected. The time course of the

fluorescence intensity, Ift), in this ROI was displayed, and any decay, which is a


http://fiji.sc/Fiji

consequence of dye bleaching, was evaluated. The Ca*" transients of each cell signal
were extracted in a semi-automatic manner by selecting a threshold for the smallest
detectable peak that was equal to three times the standard deviation of the baseline.
Subsequently, the decay of Ift) was fitted to a cubic spline (Y(t)) interpolating Ix(t) at
10 or 20 points. Y(t) was then added to the original optical signal to compensate for dye
bleaching, and the fractional optical signal was calculated as follows: DF/F= (Y(t)+
It))/1:(0), where 1#(0) is the fluorescence intensity at the beginning of the recording.
Computation of raster plot and correlation coefficient of Calcium transient
occurrence. The times, #, at which transient peaks occurred are presented in a
conventional raster plot. To isolate the smaller transients from the larger ones, single
traces were considered independently. The amplitude distribution of peaks was
calculated to separate the two different classes of events. Based on this distribution, a
threshold was set to approximately 30% of the maximum amplitude. All peaks under
the threshold were considered small transients, whereas all other peaks were considered
to be large calcium transients.

The correlation coefficient of the calcium transients for neuron i and neuron j (ocr;)
was computed as follows. The total recording time, T, was divided into N intervals
(1..,n,...,N) of a duration 4¢. Thus, if fi» and f;, are the numbers of calcium transients of

neuron i and neuron j in the time interval 4¢,, then we have the following equation:
 Zafifim
Ty; —
JE B r2)

Oc

where ocrnjdepends on A¢ and varies between 0 and 1. The range of explored values of A¢ was 20 s.
Statistical analysis. Data are shown as the mean = SD from at least three neuronal
culture preparations from different animals. The quantified activity (IEI and cross-
correlation) and morphological data were analysed with the ANOVA test followed by
post-hoc comparisons using the software Sygma Plot 10.0. Differences between two
groups were evaluated with an unpaired t-test (Statistica 6.0 — StatSoft Italy).

Significance was set to *p < 0.05, **p <0.01 and ***p <0.001.

Results and discussion



3D assembly of graphene architectures not only preserves the intrinsic properties
inherited from graphene sheets, but also provides a high surface area, porous structure,
and strong operability for practical system.[27] We have already reported the
fabrication of macroscopic and conductive interconnected graphene networks with
controllable patterns, pore, and skeleton sizes via chemical vapor deposition,[25] To
extend the further application of this ordered graphene network and study the
geometrical cues of 3D free-standing scaffold on neuronal growth and network
formation, we fabricated a 3D ordered graphene (3D-OG) scaffold with the pore size
of 20 pm and the skeleton width of 20 um. The orientation angles of building blocks
were 90°. SEM image of Figure 1A indicated the sheet comprises hollow 3D-OG in a
large-area, uniform, and well interconnected structure. The 3D-OG preserved the
interconnected structure of the Ni template and all the graphene sheets in the 3D-OG
are strongly connected to each other with no significant breaks and agglomeration.
Successful etching of Ni template with no residual was confirmed by energy dispersive
spectrometer (EDS) analysis after the etching (Figure 1 D). Meanwhile, very tiny
quantity of oxygen is probably induced during Ni wet etching.[28] Because of different
thermal expansion coefficients of polycrystalline nickel, ripples and wrinkles were
commonly exhibited on the graphene skeleton surface[29] (Figure 1B). The enriched
nano-topography has been proven to enhance the communication in neuronal
network.[30] Raman spectrum (Figure 1 E) acquired on 3D-OG showed a strongly
suppressed defect-related D band, indicating an overall high quality of graphene.[31,
32] Usually, the layer numbers of graphene sheets is different in different domains,
which is attributed to the polycrystalline nature of the nickel scaffold,[33] which can be
further confirmed by TEM analysis (Figure 1 C). Moreover, a hexagonal pattern of the
carbon atoms arrangement was acquired from selected area electron diffraction (SAED)
on 3D-OG (Figure 1 F), implying the nature of high-quality crystallinity of 3D-OG.
Overall, the morphological and micro-structural characterizations of 3D-OG indicated
that the 3D-OG scaffolds were constructed by pure graphene sheets with high quality.
Intense interconnectivity allows 3D-OG scaffolds to be free-standing and easily

manipulative. Moreover, the top-down micro-fabrication strategy ensures the



reproducible produce of customized structures.
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Figure 1. Morphological and structural characterizations of 3D-OG scaffolds. A) Representative
SEM image of the 3D-OG with the pore size of 20 um and the skeleton width of 20 um. The
orientation angles of building blocks were 90°. B) Enlarged higher-magnification SEM image of
the 3D-OG showed the graphene skeleton surface and corresponding EDS spectrum was shown in
(D). C) HRTEM image on the wall edges of the 3D-OG and selected area electron diffraction pattern
was presented in (F). E) Representative Raman spectrum acquired on the 3D-OG surface.

The manufactured 3D-OG scaffolds have a well-defined structure in which the
graphene skeletons are organized in an ordered array. There is an optimal size range for
the skeleton diameter for neurite guidance during in vitro model mimicking in vivo
microenvironment or never regeneration. Previous reports demonstrated that filaments
with diameters in the range of cellular size and below were most prominent for highly
directional and robust neuronal growth.[34] Considering the typical size of neurons and
glial cells, 3D-OG scaffolds with the pore size of 20 um, the skeleton width of 20 pum
and the 90° orientation angles of building blocks were chosen for the following
experiments.

Cortical cells were isolated from postnatal wistar rats (P1-P3) and seeded on both

Matrigel/poly-L-ornithin coated 3D-OG scaffolds and coverslip as control. In order to



examine the relative abundance of neurons and glial cells grown on 3D-OG scaffolds
and control, cultures after 8 — 10 DIV were immunofluorescence stained with antibodies
for neurons with B-tubulin III (TUJ1, in red) and for glial cells with glial fibrillary acidic
protein (GFAP, in green) (Figure 2 A for 3D-OG and B for control). In both images,
nuclei were pointed out by Hoechst 33342 (Sigma-Aldrich) (Hoechst, in blue). Neuron
and astrocyte staining indicated that the cells were homogeneously distributed on the
3D-OG structure with globular healthy shapes extending numerous neurites
Remarkably, 3D-OG structure didn’t affect the relative abundance of neurons and glial
cells (Figure 2 C). We then investigated the morphology of glial cells. GFAP is the
main component of astrocyte intermediate filament cytoskeleton.[35]. Glia cells and in
particular astrocytes have a flat and not ramified morphology when grown on glass 2D
coverslip, rather different from what seen in in vivo conditions[36]. Glia cells, in
contrast, cultured on our 3D-OG scaffolds have a completely different morphology with
a small cell body from which several process emerge more reminiscent of what
observed in vivo[36]. As interactions between astrocytes and neurons are essential for
the maintenance of neuronal networks in healthy conditions, our 3D-OG scaffolds
allow the development of cellular networks with a better biocompatibility.

To further measure the regulation of 3D-OG structure on neuronal growth, we further
show another immunofluorescence staining of neurons and glial cells in Figure 3 A in
which we also acquired the reflection of 3D-OG structure. The supported skeleton was
exhibited to better order the neurite growth compared the flat patterns. To further
compare the two patterns, we outlined the neurite morphology in Figure 3 B, which
showed that neurons developed on 3D-OGs were straighter but growth on glass 2D
coverslip were random. Moreover, ten representative neurite curvatures were presented
in Figure 3 C respectively. The neurite curvatures on 3D-OG were uniform and much
less than that on glass 2D coverslip, indicating that neurons aligned with the support of
ordered graphene structures. Polar histogram in Figure 3 D further confirmed that both
neurons and glial cells preferred to grow along the graphene skeleton. Thus, the ordered

structure of 3D-OG successfully regulated the neuronal growth.
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Figure 2. 3D-OG scaffolds are biocompatible for primary cortical cells growth and maturation.
Immunofluorescence images of cortical cells after 8-10 DIV culture on 3D-OG scaffolds (A) and
coverslip control (B), stained with B-tubulin III (TUJ1, red), GFAP (green) and Hoechst (blue). C)
Proportion of neurons (B-tubulin III-positive) and astrocytes (GFAP-positive) on 3D-OG scaffolds
and coverslip control respectively. D) Percentage of astrocytes with flattened and in vivo like
morphology on 3D-OG scaffolds and coverslip control respectively. *p < 0.05, two-way analysis of
variance (ANOVA), Sidak’s test.

Spontaneous calcium transients occur extensively during the whole development of the
nervous system, where it operates over a wide temporal range to influence many
important cellular processes, including proliferation, migration, and differentiation.[37]
On the other hand, the spike synchronization of calcium transients underlies
information processing and storage in the brain.[38] To investigate how the ordered
structure of 3D-OG impact neuronal network performance, we monitored the
spontaneous network activity by means of fluorescence calcium imaging. Fluo-4 AM

fluorescent images showed clear bright spots associated with the cell body of neurons



and glia (Figure 4A). Neural activity was evaluated by recording their calcium
transients (DF/F) in fluorescence images at 3 —5 Hz for 10 min (Movie S1, Supporting
Information). At DIV 8, synchronous calcium transients with an amplitude of up to
1.5 DF/F were observed. Neurons and glial cells formed well-defined connections in
3D due to the support of 3D-OG. In Figure 4B, examples of calcium transients from
three representative neurons grown on 3D-OG scaffolds in normal extracellular saline
solution and in bicuculline (a competitive antagonist of inhibitory GABAAa receptors)

were depicted.

A TUJ1

Polar histoéram: Control
Figure 3. 3D-OG scaffolds geometrically regulated neuronal growth. A) Immunofluorescence
images of cortical cells after 8-10 DIV culture on 3D-OG scaffolds, stained with B-tubulin I1I (TUJ1,
red), GFAP (green) and DAPI (blue). 3D-OG structure was reflected with gray. B) Representative
neurite morphology on 3D-OG scaffolds and coverslip control respectively. C) Representative
neurite curvature distributions on 3D-OG scaffolds and coverslip control respectively. D)

Representative polar histogram of neurite growth on 3D-OG scaffolds and coverslip control



respectively.

In our recordings, spontaneous calcium activity was detected in 38.9 % of cells present
in each field visualized on coverslips. Notably, more than 53 % of the visualized cells
were active and generate spontaneous calcium episodes (Figure 4C). The At interval
between two successive calcium transients was computed to obtain an average inter
events interval (IEI) for each neuron. We found that IEI was significant shorter on 3D-
OG scaffolds (47.3 + 8.6 s) when compared to controls (74.8 = 12.1 s) (Figure 4D),
thus suggesting that 3D-OGs promote and enhance electrical activity. The
synchronization of activity could be measured by the mean correlation coefficient of
the calcium transients. However, the synchrony of neural activity did not show obvious
difference on 3D-OG scaffolds and on control (Figure 4E). Additionally, we
pharmacologically blocked GABAx receptors by bicuculline (20 x 107® M; 10 min)
application, which was known to alter network activity patterns.[39] Because of
bicuculline addition, IEI decreasing was found on control and synchrony increasing
was identified on both groups. From an electrophysiological point of view, 3D-OG
increased the overall number of active cells as well the efficacy of neural signaling by
boosting the frequency of network electrical activity. Furthermore, the impact of 3D-
OG on network activity was preserved in the presence of bicuculline, highlighting a

change in the excitation/inhibition ratio
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Figure 4. 3D-OG scaffolds promoted neuronal network activity in vitro. A) Representative
fluorescent image of a neuronal culture grown on a 3D-OG scaffold loaded with the membrane-
permeable calcium fluorescent dye Fluo-4 AM at 8 DIV. B) Representative calcium transients
spontaneously (up) or bicuculline-induced (down) recorded from 3 selected neurons at 8 DIV. C) A
histogram of the percentage of spontaneous active cells cultured on 3D-OG scaffold and coverslip
control at 8 DIV. D) Average of interevent interval (IEI) values of neurons cultured on 3D-OG
scaffold and coverslip control in normal saline solution and in disinhibiting bicuculline solution at
8 DIV. E) Comparison of the mean correlation coefficient of neurons cultured on 3D-OG scaffold
and coverslip control in normal saline solution and in disinhibiting bicuculline solution at 8 DIV. *p
<0.05, ¥*p <0.01, ¥**p < 0,001, NS means no significant difference, two-way analysis of variance

(ANOVA), Sidak’s test.
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FigureS. 3D-OG scaffolds patterned the formation of neuronal network. A) Representative DF/F
fluorescent images in a time series of neuronal network formed on a 3D-OG scaffold loaded with
the membrane-permeable calcium fluorescent dye Fluo-4 AM at 8 DIV. 1 and 4 are marked for two
different soma, 2 and 3 are marked for the neurites. B) Synchronous calcium transients acquired
from four points located on a same graphene skeleton.

Furthermore, we analyzed the signaling between soma and neurites along the same
graphene skeleton. We provided three DF/F fluorescent images in a time series below
one independent spike period (Figure 5A). Along the graphene skeleton, soma and
neurites had synchronous calcium transients (trace number 1, 2 and 3, Figure 5B) in a
long distance over 600 um, Moreover, different neurons also presented synchronous
calcium activity, indicating that the ordered structure of 3D-OG guide the neuronal
network functional formation. Overall, the 3D-OG scaffolds patterned the formation of

neuronal network and enhanced firing rates of network activity.

Conclusion

One of the primary goals of neural tissue engineering is to guide neurite growth in a

desired direction, therefore, to pattern the alignment of the neuronal growth and



network formation is highly valued.[40] In this study, we show the ordered growth of
neurons and alignment of neuronal network formation on the support of graphene in
3D for the first time. The fabricated 3D-OG with the pore size of 20 um, the skeleton
width of 20 um and the 90° orientation angles of building blocks presented high
neuronal culture compatibility, where neurons and glia grew along the skeleton
geometry and formed functional network. Compared to standard neuronal culture on
coverslip, 3D-OG structure didn’t affect the relative abundance of neurons and glial
cells but induced astrocytes exhibiting much more in vivo like morphologies. Moreover,
much more bipolar neurons were found on 3D-OG scaffolds because of the ordered
graphene skeleton. We also found that neurons were more active on 3D-OG scaffolds
and cellular communication occurred along the graphene skeleton over a long distance.
Our results imply that 3D ordered graphene structures provided geometrical cues in
neurons, leading to directional neurite outgrowth and consequently increasing neuronal
network connections, which leads to significant process in designing scaffold—tissue
interfaces and ultimately the development of customized neuro-prosthetics in tissue

engineering and regenerative medicine.
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Abstract

Neural stem cell (NSC)-based therapy is a promising candidate for treating
neurodegenerative diseases, but its transition from the lab to the clinic is hampered by
many obstacles. This suggests an urgent need for research into the factors that can be
manipulated in order to regulate the growth and differentiation of such cells in
different in vivo environments. The recognition that three-dimensional culture has the
potential to be a biologically significant system has stimulated an extraordinary
impetus for scientific research in all fields of tissue engineering and regenerative
medicine. Here, we report a novel scaffold for culturing NSCs in vitro, three-
dimensional bacterial cellulose-graphene foam (3D-BC/G), which was prepared via in
situ bacterial cellulose interfacial polymerization on the skeleton surface of porous
graphene foam. We found that 3D-BC/G not only supports NSC growth and adhesion,
but also maintains NSC stemness and enhances their proliferative capacity. Further
phenotypic analysis indicated that 3D-BC/G induces NSCs to selectively differentiate
into neurons, forming a neural network in a short amount of time. We also found that
the material has good biocompatibility with primary cortical neurons and that it
enhances the neuronal network activities of these cells as indicated by measurements
of calcium transients. To explore the underlying mechanisms behind these effects, we
performed RNA-Seq analysis to identify genes and signaling pathways that are
important for NSC development and maintenance. Our findings suggest that graphene
foam embedded with bacterial cellulose offers a more promising three-dimensional
conductive substrate for NSC research and neural tissue engineering, and the
repertoire of gene expression that we present serves as a basis for further studies to

better understand NSC biology.

Keywords: graphene foam, bacterial cellulose, three-dimensional culture, neural stem

cell, proliferation, differentiation
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Introduction

An increasing number of studies have shown that neural stem cells (NSCs) have the
potential for wide use in cell-based therapy to both protect and restore damaged
neurons in neurodegenerative diseases such cervical spinal cord injury [1],
Parkinson’s disease (PD) [2] and Alzheimer’s disease [3]. However, NSC
transplantation faces many obstacles in its transition from the lab to the clinic,
especially issues related to the uncontrolled differentiation and functional engraftment
of implanted tissues [4]. By further developing our knowledge of the molecular,
cellular, and developmental biology of NSCs, we can better understand the
organization and function of the complex brain. Under normal physiological
conditions, NSCs reside in neurogenic niches, and neurogenesis occurs in a spatially
and temporally regulated fashion through many physiological stimuli, including
culture media, co-culture with other cells, physicochemical conditions, surface
biochemistry, surface topography, mechanical signals, and 3D culture scaffolds [5].
Consequently, significant efforts have been made to develop tunable three-
dimensional NSC microenvironments that can regulate and control NSC fate in the
desired direction, and such porous scaffolds show great promise for manipulating cell
behavior in the areas of tissue engineering and regenerative medicine.

Electrically conductive scaffolds have found applications in neural regeneration
through their ability to guide NSCs to differentiate into neural lineages, and graphene
film has been shown to induce stem cells to preferentially differentiate into specific
lineages [6]. Of clinical interest, three-dimensional graphene foam (3D-G) has been
widely accepted as a good scaffold material in the field of tissue engineering by virtue
of its excellent biocompatibility and electrical properties along with its porous
structure and precisely tunable properties [7]. Previous research by our group has
shown that 3D-G is a biocompatible and conductive scaffold for use with NSCs [8]
and that the material improves skin wound healing by promoting the growth and
proliferation of mesenchymal stem cells [9].

Taken together, many of the properties of three-dimensional graphene make it a

highly favorable microenvironment for neural cells to reside in and respond to.



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

However, these materials have pore sizes of 100-300 um such that cells seeded into
them typically attach, proliferate, and differentiate along the walls of the pores rather
than filling the entire space [8]. This observation has motivated us to develop a
method to functionalize these unoccupied cavities in order to simulate a more realistic
and suitable three-dimensional microenvironment.

Three-dimensional bacterial cellulose (3D-BC), which is an unbranched polymer of -
1, 4-linked glucopyranose residues [10], has long been used as an effective
biomaterial for use in full-thickness skin tissue repair [11], blood vessel grafts [12],
bone tissue engineering [13], and meniscus replacement [14] with the advantage of
easy purification and manipulation, good biocompatibility, high tensile strength and
elastic modulus, high hydrophilicity, efficient biodegeneration, and similar
morphological characteristics to collagenous fibers [10b, 15]. It has thus been
extensively researched as a suitable substrate material for tissue engineering and
biomedical applications [16]. Several studies have shown that 3D-BC alone or with
specific surface modifications can maintain the biological activity of cultured cells
and can direct the morphology and differentiation of various cells, including adipose-
derived stem cells [17], glial cells, neurons, and skeletal muscle cells [18].

These unique properties of bacterial cellulose have opened up new perspectives for
developing nanofiber scaffolds for tissue engineering. However, bacterial cellulose
fermented directly by Acetobacter xylinum forms a dense network of nanofibers with
pore sizes of 0.02—-10um [19], which are smaller than the dimensions of mammalian
cells such that these cells cannot penetrate into the pore and form three-dimensional
structures [20]. The preparation methods of scaffold structures with bacterial cellulose
or natural nanofiber materials have been reported to form nanofibrous structures [21].
To address this issue, we fermented A. xylinum on 3D-G to create a novel
microporous, nanofiber-based, and electrically conductive scaffold (3D-BC/G) that
integrates the advantages of graphene foam and bacterial cellulose, and this method
enhances the topographic properties and decreases the pore diameter of 3D-G in order
to increase its usefulness in tissue engineering [22]. We show that this material

possesses good biocompatibility and is a suitable neural tissue-engineering scaffold
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that can regulate the biological behaviors of NSCs, including survival, adhesion,

spreading, proliferation, and differentiation.

Results and discussion

Fabrication and characterization of 3D-BC/G for NSC culture

Multilayer 3D-G foams were fabricated by chemical vapor deposition using 3D-Ni
scaffolds as both catalysts and templates. Nickel was subsequently removed by FeCl3
etching. The 3D-BC/G was obtained by culturing A. xylinumon the 3D-G surface. As
shown in Figure 1A, the 3D-BC nanofibers were bunched together on the surface of
the graphene skeleton. The scanning electron microscopy (SEM) images (Figure 1B,
a—d) showed a robust, porous, and nanofiber-embedded 3D-BC/G foam. The inclusion
of BC did not compromise the structural integrity of the graphene foams, and this is
important for future applications because it is critical that the three-dimensional
microstructures provide sufficient physical support in order for NSCs to
homogenously distribute and expand. Moreover, the BC nanofibers on the surface of
the graphene skeleton significantly improve the nano-sized topological structures,
leading to enhanced cell-scaffold interaction [23].

Figure 1C shows the Raman spectra of the 3D-BC, 3D-G, and 3D-BC/G materials.
The prominent 2D band located at ~2700 cm™ and the G band centered at ~1580 cm™
were observed in the spectrum of 3D-G, indicating the overall high quality of the
graphene. These two peaks were also observed in the spectrum of 3D-BC/G but were
weakened because of the presence of BC on the surface of the graphene skeleton.
Similar to BC, a Raman band located at ~1090 cm™*for 3D-BC/G was assigned to C-O
stretching ring modes. The bands at 1337 cm™ and 1377 cm™ were assigned to C—H
deformation and O-H deformation, respectively, which were also seen in the
spectrum of 3D-BC/G. X-ray powder diffraction (XRD) and Raman spectroscopy
were used to verify the construction of the 3D-BC/G scaffold. The intrinsic peaks of
3D-G (20 = 27.5° and 55.2°), corresponding to its diffraction planes (002) and (004),
were seen in the XRD patterns (Figure 1D). Three major peaks of BC located at 14.5<
16.8< and 22.7< corresponding to the (110), (110), and (200) diffraction planes of
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cellulose I, respectively, were also observed. The characteristic peaks of both BC (26
= 14.5°) and G (20 = 27.5°) were inherited in the 3D-BC/G composite material, but
with weakened intensities. Furthermore, the incorporation of nanofibrous BC on the
surface of the graphene skeleton increased its surface area, reduced its pore size, and
provided a broad array of oxygen groups. All of these features suggest that this novel
3D-BC/G material has the ability to enhance cell-cell and cell-matrix interactions.
Biocompatibility of 3D-BC/G

For the successful clinical application of scaffold biomaterials, biocompatibility is a
critical issue. We first evaluated the biocompatibility of 3D-BC/G using a live/dead
assay. We found that NSCs cultured on 3D-BC/G for 3 days had a viability of more
than 99%, which was comparable to that of NSCs grown on 3D-G (Figure 2A). SEM
images showed that NSCs on these two scaffolds had normal morphology and normal
extensions and protrusions (Figure 2B). SEM analysis of the cultures also allowed
investigation of the interactions of such protrusions with the three-dimensional
materials. As shown in the high-magnification images, the fibers appeared tightly
anchored to the surface of scaffolds with evident development of membrane-substrate
junctions and growth cones. These findings suggest the biocompatibility of 3D-BC/G
in vitro.

Maintaining the stemness of NSCs on 3D-BC/G

Neurogenesis consists of several developmental stages, including proliferation,
differentiation, maturation, migration, and integration. The foundation of all of these
processes is the maintenance of NSC stemness on the scaffold biomaterials because
NSCs themselves are key determinates of neurogenesis. To test whether 3D-BC/G
maintains NSC stemness, the expression of nestin, a protein that is essential for
maintaining the stemness of NSCs, was evaluated by immunofluorescence staining
(Supplementary Figure S1). Almost all of the cells cultured on 3D-BC/G were nestin-
positive (green), with no obvious differences compared to those cultured on 3D-G and
3D-BC, indicating that NSCs cultured on 3D-BC/G maintained physiological levels
of stemness.

Focal adhesion of NSCs on 3D-BC/G
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It has been demonstrated that spatiotemporal and topographical cues can regulate
multiple cellular behaviors, including survival, proliferation, differentiation, and
migration, by modulating integrin-based focal adhesion and subsequent changes in
cytoskeletal organization and mechanosensitive signaling cascades [24]. The
interactions between cells and scaffold biomaterials are very complex multi-step
processes, but these can be studied in vitro by studying the adsorption of extracellular
matrix (ECM) proteins, such as laminin, collagen, and fibronectin, onto the surfaces
of the materials. The recognition of cell-binding domains of the ECM by cell surface
receptors focuses primarily on the integrin superfamily, and the collection of focal
adhesion proteins, including vinculin, FAK, and paxillin, is followed by cytoskeletal
rearrangements that lead to changes in cell behavior [25]. In this study, gPCR showed
that NSCs cultured on 3D-G had greater expression levels of the focal adhesion
proteins vinculin, FAK, and paxillin than NSCs cultured on 3D-BC/G (Figure 3B and
C), which indicated that 3D-G was more effective than 3D-BC/Gin facilitating focal
adhesion development of NSCs, likely by providing more focal adhesion points.

NSC proliferation on 3D-BC/G

To evaluate the structural and topographical effects of 3D-BC/G on the proliferation
of NSCs, NSC proliferation on 3D-BC/G was determined by measuring the
percentage of EdU-positive cells, which indicate early S-phase cells. We found that
NSCs cultured on 3D-BC/G had greater proportions of EdU-positive cells compared
to 3D-G (Figure 4A and B) suggesting that NSCs cultured on 3D-BC/G have greater
proliferative ability compared to cells cultured on 3D-G. To further verify this
phenotype, an alamarBlue assay was carried out to measure NSC proliferation (Figure
4C). The NSCs cultured on 3D-BC/G had a greater reduction in alamarBlue than
those cultured on 3D-G, which was similar to the EdU assay. qPCR experiments also
supported this result by showing that the gene expression levels of Ki67, MCM2, and
PCNA, which are all markers of proliferation, were higher in NSCs cultured on 3D-
BC/G compared to those cultured on 3D-G (Figure 4D).Together these observations
indicate that the addition of bacterial cellulose onto a graphene skeleton can

significantly increase the proliferative ability of NSCs.
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The proliferative potential of NSCs is tightly regulated by extrinsic signals — such as
growth factors, ECM components, neurotransmitters, and cellular focal adhesion
molecules — in order to maintain the homeostasis of the stem cell pool. The deletion or
decrease in cellular focal adhesion proteins enhances NSC proliferation by integrin-
B1-mediated signaling,[26] and this is consistent with our results (Figure 3A). We
further speculate that this improvement is because the bacterial cellulose simulates the
self-assembly process of protein fibrillogenesis in vivo, which leads to the formation
of ECM [27].

NSC differentiation on 3D-BC/G

To further investigate the phenotypic differences of differentiated NSCs, we induced
NSCs to differentiate for 7 days and visualized their offspring by immunofluorescence
staining for Tuj-1(Figure 5).The images indicated that the differentiated neurons
cultured on 3D-BC/G formed an obvious three-dimensional neural network, while the
differentiated neurons on 3D-G had shorter neurite outgrowths. These images of cells
grown on 3D-BC/G and 3D-G were all obtained by confocal microscopy, in which
every picture is an optical slice. The resulting projections of several optical slices
show that 3D-BC/G can quickly organize a three-dimensional neural network.
Mounting evidence suggests the importance of mechanosensitivity, in which
biophysical signals are transduced into biochemical signals [28], for modulating the
physiological functions of stem cells or neurons, including their adhesion, motility,
differentiation, and neurite outgrowth [29]. The addition of BC to 3D-G compensates
for many of the limitations of 3D-G’s mechanical properties. For example, the
Young’s modulus of 3D-BC is about 80 GPa, while that of 3D-G is about 1,000-2,000
MPa, and thus 3D-BC/G shows a Young’s modulus that is similar to soft-tissue
membranes. At the same time, the micro- and nano-scale topography of biomaterials
has been shown to be very important for determining neural differentiation and for
influencing neurite outgrowth by mimicking the topography of native collagen films
[30]. The 3D-BC/G scaffold showed more complicated nano-topography than 3D-G
(Figure 1B), and therefore it is tempting to speculate that the neurites of newborn

neurons adapt to the distinctive morphological and mechanical features of scaffold
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materials and that this might explain why 3D-BC/G induced longer neurites to form a
neural network.

Construction of functional 3D neural networks on 3D-BC/G and 3D-G

The novel 3D-BC/G scaffold was also found to be compatible with neuronal culture.
Primary cortical neurons isolated from Wistar rats (postnatal day 1-3) were used to
compare 3D neuronal network formation on both 3D-BC/G and 3D-G. After 8 days of
culture, the cells were stained with antibodies against Tuj-1 to identify neurons and
with antibodies against glial fibrillary acidic protein (GFAP) to identify glial cells.
Confocal images of cortical neuronal networks grown on 3D-BC/G and 3D-G (Figure
6A) showed that the neurons grew primarily along the walls of the 3D-G scaffold and
developed a 3D neural network that followed the scaffold’s topology. In contrast,
neurons grown on 3D-BC/G formed a denser network with the support of BC, which
was confirmed by the cell density analysis (Figure 6B). After 8 days in culture,
nucleus counting showed an almost 3-fold increase in cell density on 3D-BC/G
compared to 3D-G. The decreased porosity of 3D-BC/G scaffolds compared to the
porosity of the 3D-G scaffolds enabled the retention of a larger number of neurons
and glia cells inside the 3D-BC/G scaffolds, thus better mimicking the in vivo
situation.

Spontaneous calcium transients occur extensively throughout the development of the
nervous system, and these transients operate over a wide temporal range to influence
proliferation, migration, and differentiation [31]. To determine whether neurons
grown on the 3D-BC/G scaffolds are alive and functionally active, we performed
calcium imaging experiments using the calcium indicator Fluo-4 AM. The
fluorescence images of Fluo-4-loaded cortical cells cultured on 3D-BC/G and 3D-G
are shown in Figures 6C and D, respectively. Spontaneous calcium transients (DF/F)
associated with the electrical firing of neurons were obtained by acquiring images at
3-5 Hz for 10-20 minutes (Figure 6E and F). After 8 days in culture, calcium
transients with an amplitude of up to 1 DF/F were observed. The neuronal activity on
3D-BC/G scaffolds was ~50% more frequent than that on 3D-G scaffolds (Figure 6G),

and the synchronization of neuronal activity could be represented by the mean
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correlation coefficient of the calcium transients. However, the synchrony of neuronal
activity did not show any obvious difference between the 3D-BC/G and 3D-G
substrates. Considering the complex features of the brain, such highly-packed neurons
and glial cell culture system with complex functional neuronal networks constructed
on 3D-BC/G present a better model for studying the physiological and pathological
processes in the brain.

Differential gene expression on the three-dimensional biomaterials

RNA-Seq was performed to identify differences in the gene expression profiles of
NSCs cultured on 3D-G and 3D-BC/G substrates, and we explored the most
abundantly expressed genes in NSCs cultured on these substrates. Figure 7 shows the
expression levels of the top 200 most abundant genes in NSCs cultured on 3D-BC/G
(red bar). For comparison, the expression levels for the same transcripts in NSCs
cultured on 3D-G (green bar) and the abundance rankings for these transcripts are also
illustrated. As shown in the figures, the majority of the transcripts that were richly
expressed in one group were also abundantly expressed in the other. We compared the
expression levels of all of the transcripts in these two groups and selected the top 40
differentially expressed genes (Figures 8A and B). The differentially expressed genes
were categorized as those whose expression levels were above background and at
least 2-fold different between the two groups (p < 0.01). Among these differentially
expressed genes, Nhlhl, Epcam, Cidea, Pdzphl, 2310069G16Rik, Serpinfl, Emb,
Cacng6, Vwc2, Flywch2, Ptgsl, Pgm5, Kcnip2, Fut4, Gjd2, Fhl2, Fam213a, Dbpht2,
Krtl, Gal3stl, Ppplrlb, Mroh3, and Insc were preferably expressed in the NSCs
cultured on 3D-BC/G.Pkn3, BC030867, Tes, 1700001L05Rik, Frmd3, Slc3al, Arhgef3,
and 1700012D01Rik were preferably expressed in NSCs cultured on 3D-G.

Cell cycle analysis

Our results showed that NSCs cultured on 3D-BC/G had significantly greater
proliferative ability than NSCs cultured on 3D-G. However, the detailed mechanism
behind this difference remains unknown. In order to identify the possible cell-cycling
genes regulated by 3D-BC/G, we compared our differentially expressed genes with

the KEGG pathway database and identified 31 differentially expressed genes related
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to the cell cycle (Figure 9A). The genes that were highly expressed in NSCs cultured
on 3D-G included Stagl, Rad21, Mad1ll, Gsk3b, Smad3, Gadd45a, Mad2l1, Prkdc,
Ep300, Cdk6, Atm, Smad2, Ccndl, Crebbp, E2f1, Cdc20, Bublb, and PIk1l (Figure
9A). Silencing of Rad21 has been shown to induce cell cycle arrest and apoptosis in
breast tumor cells [32], and Smad2 and Smad3 can create an appropriate chromatin
landscape to allow enhancer transcription. Smad2 and Smad3 are also the effectors of
TGFB signaling, which is important for NSC proliferation and development [33]. The
histone acetyltransferase gene EP300 is critical for sustaining the proliferation of
human leukemia and lymphoma cell lines [34]. Mad2I1 is an essential component of
the spindle assembly checkpoint, and deletion of a single Mad2I1 allele results in
defective mitotic checkpoint activation in mouse embryonic fibroblasts and in human
HCT116 cancer cells [35]. Gadd45a is involved in DNA repair and helps to maintain
genomic stability.

The highly expressed genes in NSCs cultured on 3D-BC/G included Cdknlc, Ccnel,
Cdc25b, Mcm2, Gadd45g, Anapcl3, Mcm4, Ccnh, Rbx1l, Cdkn2b, and Cdknla
(Figure 9A). Interestingly, we identified three cyclin-dependent kinase inhibitors —
Cdknlc, Cdkn2b, and Cdknla. Cdknlc is a major regulator of cell cycle progression
and inhibits cyclin/cyclin-dependent kinase complexes in the mid-G1 phase [36].
Cdknla can inhibit the progression from G1 to S phase by interacting with the N-
terminal domain or by interfering with the phosphorylation of CDK1 and CDK?2 [37],
and similarly Cdkn2b induces G1 arrest. Mcm2 and Mcm4 are essential protein
components of pre-replicative complexes and catalyze the unwinding of DNA
duplexes, and their activation requires the actions of cyclin-dependent kinases.[38]
Most of the remaining differentially expressed cell cycle-regulating genes we
identified have not been characterized in-depth in NSCs and need to be further studied.
Transcription factor analysis

Transcription factors (TFs) are associated with neurogenesis, proliferation,
differentiation, and epigenetic control in NSCs. We identified seven TF genes (Bmp4,
Id3, 1d2, Id1, Map2k2, 1d4, and Fzd2) that were significantly highly expressed in
NSCs cultured on 3D-BC/G and 25 TF genes (Map2kl, Smad2, Jarid2, Wnt5a, Apc,
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Fzd10, Skil, Fzd1, Jak3, Zfhx3, etc.) that were significantly highly expressed in NSCs
cultured on 3D-G (Figure 9B).What is striking is that Jak3 was richly expressed in
NSCs cultured on 3D-BC/G,but not in NSCs cultured on 3D-G. Jak3 inhibition has
been shown to induce neuronal differentiation,[39] and the highly expressed TF genes
Rest and Skil have the ability to promote the self-renewal of NSCs and other stem
cells [40]. Thus we speculate that 3D-G has reduced ability to maintain the stemness
of NSCs and thus results in low proliferation ability.

Signaling pathway analysis

Signaling pathways such as Notch, Wnt, and growth factor-mediated pathways have
been shown to play important roles in stem cell biology. In the current study, we
examined each of these pathways in greater depth. Figure 10 summarizes all of the
different signaling pathways and the differential gene expression among these
pathways. As shown in Figure 10A, we identified many significant signaling
pathways that play important roles in regulating NSC homeostasis and neurogenesis,
such as FoxO [41], insulin [42], HIF-1 [43], estrogen, CAMP [44], ErbB, Ras, Wnt
[45], Notch [46], and TGF-B [47]. Remarkably, the FoxO signaling pathway, which
dominates the stem cell fate decision by regulating critical cellular events such as
apoptosis, cell-cycle progression, glucose metabolism, oxidative stress resistance, and
longevity, was the leader in top rankings (Figure 7A) [48]. The FoxO family has four
isoforms in mammals — FoxO1, Fox3a, Fox4, and the more distantly related FoxO6
[49] — and we found that FoxO4 was highly expressed in NSCs cultured on 3D-BC/G
but FoxO3 and FoxO6 were highly expressed in NSCs cultured on 3D-G.Most
importantly, the FoxO signaling pathway has been shown to cross talk with other
signaling pathways such as the insulin, IGF, EGF, Akt, and Wnt signaling pathways
[49-50]. Therefore, we speculate that the top position of the FoxO signaling pathway

is the result of the cumulative effects of various signaling pathways.

Conclusion
The addition of bacterial cellulose to graphene foam significantly enhanced the

biocompatibility, proliferation, differentiation, and formation of neural networks
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differentiated from NSCs. Moreover, primary cortical neurons cultured on 3D-BC/G
formed an intense neuronal network with greater network activity than that which was
formed on 3D-G. We investigated the transcriptome differences between NSCs
cultured on the 3D-BC/G and 3D-G scaffolds and found significantly differentially
expressed genes that might regulate NSC differentiation and proliferation. This
provides a better understanding of the regulatory patterns of NSCs. However, the
clinical application of these materials needs further investigation. Our 3D-BC/G
culture system is not restricted to NSCs and primary cortical neurons, and it has the
potential to be optimized for use with different cells or in different areas of

regenerative medicine.

Methods

Fabrication of the 3D-BC/G scaffold for NSC culture

We synthesized the 3D-G foam using the chemical vapor deposition method. After
etching away the nickel skeleton with 1M FeCls dissolved in HCI, we obtained a
monolayer of continuous and interconnected graphene 3D networks. Modification of
the 3D-G foam by O plasma treatment was used to increase its surface hydrophilicity.
The scaffolds were immersed in a solution of 75% ethanol and water (v/v) for 30 min
and then exposed to ultraviolet radiation for 30 min before use.

A. xylinumNUST4.2 was grown in a static culture containing 20 g/L D-glucose, 21
g/L sucrose, 10 g/L yeast extract, 4 g/L (NH4)2SO4, 2 g/L KH2PO4, and 0.4 g/L
MgSOs dissolved in deionized water at 29<C. The pH of the medium was adjusted to
6.0-6.2by addition of 2.5 M NaOH. One day later, the prepared 3D-G foam was
immersed in the bacterial culture medium and allowed to incubate for 24 h. The 3D-G
foam scaffolds were then treated with 0.1 M sodium hydroxide solution at 80<C for 2
h in order to remove the bacteria, and they were brought to neutral pH by washing
with distilled water several times.

Characterization of the 3D-BC/G material

The infrared spectra were obtained using a Nicolet iS10 FTIR instrument. Powder X-

ray diffractometry in reflection mode was performed using a Bruker D8 Advance
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diffractometer with Cu Ko radiation (5-500, 40 kV, and 35 mA). The N2 gas
adsorption and desorption isotherms were obtained with an ASAP 2020
(Micromeritics, USA). The pore size distribution and the specific surface area were
calculated according to the standard method of BET. SEM was performed using a
Zeiss electron microscope (Supra 55, Carl Zeiss). XPS spectra were obtained using an
RBD-upgraded PHI-5000C ESCA system (Perkin Elmer) with Mg K radiation (h =
1253.6 eV). Raman spectra were recorded from 250 cm*to 2,000 cm™ on a Renishaw
Invia Raman Microprobe using a 532 nm argon ion laser. The electrical conductivity
of the BC/PEDOT nanofibers was measured using the four-probe method (MCP-T610,
Mitsubishi Chemical Analytech). The water contact angle was measured using a
contact angle goniometer (SL 200B, Solon Technology Co., Ltd, China) at room
temperature with a water drop volume of 3 pL.

NSC dissociation and culture

NSCs were obtained from the brains of embryonic day 14 embryos from C57 wild
type mice. Animals were prepared and sacrificed in accordance with a protocol
approved by the Institutional Animal Care and Use Committee. The entire
hippocampus was dissected out and digested in Accutase for 20-30 min at 37<C. To
achieve a single-cell suspension, mechanical percussion and filtration through a 40um
strainer was carried out after removing the Accutase, and the cells were resuspended
in NSC proliferation medium. The formation of free-floating neurospheres indicated
that NSCs had been isolated successfully. NSCs were subsequently purified by
subculturing through three passages, and all NSCs used in this study were between
passages 4 and 7. For proliferation studies, the NSCs were seeded in proliferative
medium containing DMEM-F12 with 1% B27 supplement (Life Technologies, USA),
the proliferation-inducing factor EGF (20 ng/mL, R&D System, USA), and FGF-2
(10 ng/mL, R&D system). For the differentiation study, proliferative medium was
exchanged for medium containing DMEM-F12 with 1% B27 supplement, the
differentiation-inducing factor retinoic acid (1 mM, Sigma-Aldrich, USA), and 1%
fetal bovine serum (Life Technologies, USA). For cell seeding, neurospheres were

collected and digested enzymatically with Accutase to obtain single-cell suspensions.
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Cell viability assay

NSCs were seeded into three-dimensional scaffolds for 5 days of culture, and the cell
viability assay was preformed using the LIVE/DEADViability/Cytoxicity Kit for
mammalian cells (Invitrogen, USA) according to the manufacturer’s instructions. The
working concentration of calcein-AM was 2uM, and the working concentration of
EthD-1 was 0.5 uM

SEM observation of NSCs cultured on 3D scaffolds

After 5 days of culturing NSCs on the 3D scaffolds, the samples were rinsed with
phosphate-buffered saline (PBS) once and fixed with 2.5% glutaraldehyde in PBS at
4<C overnight. The samples were then washed with deionized water three times. The
samples were dehydrated in a gradient of 30%, 50%, 70%, 90%, 100%, 100%, and
100% ethanol at 4<C for 10min and freeze dried. Finally, samples were imaged using
a Zeiss Ultra Plus scanning electron microscope after coating with gold.
Immunofluorescence staining of NSCs

For immunofluorescence staining, NSCs were washed with PBS once and fixed in 4%
paraformaldehyde for 60 min at room temperature followed by blocking and
permeabilization with 0.1% Triton X-100 and 0.5% BSA (Sigma-Aldrich) for another
60 min at room temperature. Primary antibodies were incubated overnight at 4 <C. For
further secondary antibody staining, AlexaFluor 546- and Cy5-conjugated antibodies
(Life Technologies) and DAPI were incubated for 60 min simultaneously. The
antibody panel used included primary antibodies against nestin, integrin 1, and Tuj-1.
Samples were imaged with a Zeiss confocal microscope.

Cortical neuron culture

Cortical neurons from Wistar rats (postnatal day 1-3) were prepared in accordance
with the guidelines of the Italian Animal Welfare Act, and their use was approved by
the Local Veterinary Service, the SISSA Ethics Committee board, and the National
Ministry of Health (Permit Number: 630-111/14) in accordance with the European
Union guidelines for animal care (d.1.116/92; 86/609/C.E.). The rats were
anaesthetized with CO> and sacrificed by decapitation. During the culture process,

scaffolds were first cleaned with Oz plasma and sterilized with ultraviolet light. The
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scaffolds were then coated with 50 ug/mL poly-L-ornithine (Sigma-Aldrich, St. Louis,
MO, USA) overnight, immersed in culture medium overnight, and coated with
Matrigel (Corning, Tewksbury MA, USA) before seeding cells. Dissociated cortical
cells were plated at a concentration of 2.4 x10° cells/mL on 3D-BC/G and 3D-G in a
drop of medium (Neurobasal-A supplemented with 2% B-27 and 10 mM Glutamax
(all from ThermoFisher) and 0.5 uM gentamycin (Sigma)). The medium was added
after 1h to give a final volume of 3mL in a 35 mm petri-dish. Neuronal cultures were
maintained in an incubator at 37 <C, 5% CO., and 95% relative humidity.

EdU staining

EdU staining was performed with the Click-1t EdU imaging kit (Invitrogen) according
to the manufacturer’s protocol. Samples were washed twice with PBS, fixed with 4%
paraformaldehyde, and then blocked for 1h with 3% bovine serum albumin followed
by incubating with a cocktail solution containing 1> Click-It reaction buffer, CuSOs,
Alexa Fluor 647 Azide, reaction buffer additive, and DAPI for 45min. Samples were
imaged with a confocal fluorescence microscope (Zeiss 700), and the percentage of
EdU-positive cells was counted by ImageJ.

AlamarBlue assay

The alamarBlue assay (Invitrogen) wasused to quantify the proliferation of NSCs
according to the manufacturer’s protocol. After NSCs were cultured for 2 days on 3D-
G, 3D-BC, and 3D-BC/G, fresh media was replaced for a further 24 hours of
incubation. Fresh media containing no cells served as the negative control. At the end
of the incubation, alamarBlue was added for 1 hour at 37<C and checked for color
change using an Enzyme-labeled meter (Bio-Rad) at wavelengths of 570nm and
600nm. The percent reduction of alamarBlue was calculated according to the
computational formula provided by the manufacturer.

RNA extraction and RT-gPCR

RNA was extracted from NSCs and purified using the RNeasy Micro Kit (Qiagen)
according to the manufacturer’s protocol. First-strand cDNA was synthesized using
the Thermo Scientific RevertAid First Strand cDNA Synthesis Kit. Finally, the

FastStart Universal SYBR Green Master (Roche) was used for real-time PCR on a
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C1000 Touch Thermal Cycler (Bio-Rad). Expression levels of vinculin, FAK, paxillin,
integrin B1, Ki67, MCM2, and PCNAwere normalized to GAPDH in the same
samples. The primers were as follows:

Vinculin (F): AGGTGGATCAGCTCACCAATGACA, vinculin (R):
TCAAGGTCAAGACGTGCCAGAGAA,; FAK (F):
CCTGGTTATCCTAGCCCGAGA, FAK (R): GTCCAAAGCTGCCGAATCCTC;
paxillin (F): CCT GCC TGT CTC TCG TCC CT, paxillin (R): TCT GCC CTC CCA
ATG ACC AC; integrin B1 (F): CTG GTC CCG ACA TCA TCC CAA, integrin B1
(R): CCA AAT CAG CAG CAA GGC AAG; Ki67 (F): AAA ACT GCC CAG CTC
GTC T, Ki67 (R): TTT CCC CTG ATATTT GTG GAT GC; MCM2 (F): ATC CAC
CAC CGC TTC AAG AAC, MCM2 (R): TAC CAC CAA ACT CTC ACG GTT;
PCNA (F): TTT GAG GCA CGC CTG ATC C, PCNA (R): GGA GAC GTG AGA
CGA GTC CAT; GAPDH (F): AGG TCG GTG TGA ACG GAT TTG, GAPDH (R):
TGTAGACCATGT AGT TGAGGT CA.

RNA-seq and analysis

Sequencing libraries for transcriptome analysis were prepared with the RNA-seq kit
(IMumina, San Diego, CA) according to the manufacturer’s standard protocol. In brief,
purified polyA RNA from 2 pg total RNA was fragmented with fragmentation buffer
at 94 <C for 3min to cut the polyA RNA into fragments of 200-300 nt. The first-strand
cDNA was synthesized with random hexamer primers, and second-strand synthesis
was performed by incubation with RNase H and DNA polymerase followed by end-
repair with Klenow polymerase, T4 DNA polymerase, and T4 polynucleotide kinase
(to blunt-end the DNA fragments). A single 3' ‘A’ base was added to the cDNA using
Klenowexo— and dATP. The Illumina PE adapters were ligated onto the ‘A’ base on
repaired cDNA ends, and an agarose gel was run to recover the ligation products. The
libraries were amplified by 15 cycles of PCR with Phusion polymerase and PCR
primers with barcode sequences. The fragments were 320 bp long, and the libraries
were sequenced with HiSeq (Illumina) using a standard paired-end 150 nt sequencing
procedure.

RNA-Seq data processing was performed with STAR[51] for reads alignment and
with Edge R [52] for identifying the expression levels of the transcripts. Estimation of

the expression levels of the identified mMRNAS was performed by calculating the value
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of fragments per kilobase of exon per million fragments mapped (FPKM). Paired t-
tests were performed to compare FPKM values for each transcript from the repeats
between the graphene and control groups. A value of p < 0.05 was considered
statistically significant. A fold change greater than 2 between the two groups for the
expression of each transcript and a p-value less than 0.05 were regarded as
significantly differentially expressed genes. The significantly differentially expressed
genes between the groups that had a logFC larger than 1, logCPM larger than 2, and
adjusted p-value less than 0.01 were used for GO enrichment analysis.

We used STRING [53] to analyze networks for the identified top significantly
differentially expressed genes based on the functional association data, including
protein and genetic interactions, pathways, co-expression, co-localization, and protein
domain similarity. The differentially expressed genes with logFC larger than 1,
logCPM larger than 2, and FDR less than 0.01 were analyzed with STRING.

Calcium imaging

The cultured cortical cells at 8 days were incubated with 4 uM Fluo4-AM dissolved in
anhydrous DMSO (Sigma-Aldrich) and Pluronic F-127 20% solution in DMSO (Life
Technologies) at a ratio of 1:1 in neuronal medium at 37<C for 1 hour. After
incubation, the cultures were washed with Ringer’s solution (145 mM NaCl, 3 mM
KCI, 1.5 mM CaClz, 1 mM MgClz, 10 mM glucose, and 10 mM Hepes, pH 7.4) for
30 minutes and then transferred to the stage of a Nikon Eclipse Ti-U inverted
microscope equipped with an HBO 103 W/2 mercury short arc lamp (Osram, Munich,
Germany), a mirror unit (exciter filter BP 465-495 nm, dichroic 505 nm, emission
filter BP 515-555), and an Electron Multiplier CCD Camera C9100-13 (Hamamatsu
Photonics, Japan). The images were acquired using the NIS Element software (Nikon,
Japan) with an S-Fluor 20x/0.75 NA objective at a sampling rate of 3-5 Hz with a
spatial resolution of 256>256 pixels for 10 minutes. To avoid saturation of the signals,
excitation light intensity was attenuated using ND4 and ND8 neutral density filters.
Calcium imaging analysis

The initial videos were processed with the ImageJ software, and the neurons were
localized. Appropriate regions of interest around the cell bodies were then selected.

The time course of the fluorescence intensity (If(t)) was displayed, and any decay,
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which is a consequence of dye bleaching, was evaluated. The calcium transients of
each cell signal were extracted in a semi-automatic manner by selecting a threshold
for the smallest detectable peak that was equal to three times the standard deviation of
the baseline. Subsequently, the decay of If(t) was fitted to a cubic spline (Y(t))
interpolating If(t) at 10 or 20 points. Y(t) was then added to the original optical signal
to compensate for dye bleaching, and the fractional optical signal was calculated as
follows: DF/F= (Y(t)+ If(t))/If(0),where If(0) is the fluorescence intensity at the
beginning of the recording.

Computation of the correlation coefficient of Ca?* transient occurrence

The times, ti, at which transient peaks occurred were used to calculate the rate of
activity. The correlation coefficient of the calcium transients for neuron i and neuron j
(oCTjj) was computed as follows. The total recording time, Tit, was divided into N
intervals (1..,n,...,N) of duration At. Thus, if fi» and fj» are the numbers of calcium
transients of neuron i and neuron j in the time interval Atn, then we have the following
equation:

aninfjn 2n finfjn 2
e T 2)
En /) (Enrh) (ZnZ)(Zn )

O-CTL']' =

where 6CTjjdepends on At and varies between 0 and 1. The range of explored values
of At was 6 s.

Statistical analysis

The data are presented as means= standard errors. Two-group comparisons were

tested by Student’s t-test.
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Figure legends

Figure 1. (A) The schematic diagram for the preparation of 3D-BC/G. (B) The SEM
images of 3D-BC (a),3D-G (b), and 3D-BC/G (c, d). (C) Raman images of 3D-BC,
3D-G, and 3D-BC/G. (D) XRD spectra of 3D-BC, 3D-G, and 3D-BC/G.

Figure 2. Biocompatibility of 3D-BC/G and the morphology of NSCs cultured on 3D-
BC/G. (A) Cell viability assay of NSCs cultured on 3D-G and 3D-BC/G after 5 days
of culture. Cell-permeating calcein-AM produced an intense green fluorescence
within live cells. EthD-1, producing red fluorescence, entered into dead cells with
damaged membranes. (B) Low-, medium-, and high-magnification SEM images of
NSCs cultured on 3D-G and 3D-BC/G under proliferation conditions. The insets
illustrate the interaction between the cell growth cone and the three-dimensional

scaffold.

Figure 3. NSC adhesion on 3D-BC/G. (A) NSCs were immuno-stained with anti-
integrin B1 (red), a transmembrane receptor that mediates the connection between
cells and their microenvironment. DAPI (blue)was usedto stain nuclei. (B,C) The
relative mRNA expression of the four adhesion-related molecules integrin f1,
vinculin, FAK, and paxillin. The data are presented as the mean £SEM, * p < 0.05, **

p <0.01, *** p <0.001.

Figure 4. NSC proliferation on 3D-BC/G. (A) Representative immunofluorescence
images of NSCs labeled with EJU and DAPI. (B) The percentage of EdU-labeled
NSCs. (C) The percent reduction of alamarBlueas measured by microplate reader. (D)

Relative mRNA expression of the proliferation markers Ki67, MCM2, and PCNA.

Figure 5. NSC differentiation on 3D-BC/G. Representative immunofluorescence

images of differentiated NSCs stained with Tuj-1 (red) and DAPI (blue).

Figure 6. Three-dimensional functional neuronal networks were constructed on 3D-
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BC/G and 3D-G. (A) Representative immunofluorescence images of cortical cells
after 8 days of culture on 3D-BC/G (left) and 3D-G (right) stained for neurons (with
Tuj-1, red), astrocytes (with GFAP, green), and nuclei (with DAPI, blue). (B) Box plot
of cell density for cortical cultures grown on 3D-BC/G and 3D-G (n=8, **p < 0.01
from the Mann-Whitney U-test). (C, D) Representative fluorescence images of
cortical cultures after 8 days loaded with Fluo-4 AM and grown on 3D-BC/G (C) and
3D-G (D). (E, F) Spontaneous calcium transients on 3D-BC/G and 3D-G from three
selected neurons after 8 days of culture. (G) Frequency of neuronal calcium spikes in
NSCs cultured on 3D-BC/G and 3D-G (n = 121 neurons from five independent
cultures for 3D-BC/G and n = 76 neurons from three independent cultures for 3D-G;
*p < 0.05 from Mann-Whitney test). (H) Mean correlation coefficient of neuronal
calcium spikes in NSCs cultured on 3D-BC/G and 3D-G (data are from five
independent cultures for 3D-BC/G and three independent cultures for 3D-G; ns: no

significant difference).

Figure 7. Top 200 genes highly expressed in NSCs cultured on 3D-BC/G ranked in
descending order. The number in red on the right side of each panel represents the
same gene ranking in the 3D-G group. The red solid bar represents the gene
expression level in NSCs cultured on 3D-BC/G. The green hollow bar represents the

gene expression level in NSCs cultured on 3D-G.

Figure 8. The differentially expressed genes in NSCs cultured on 3D-BC/G and 3D-G.
(A) The top 40 highly differentially expressed genes in NSCs cultured on 3D-BC/G.
The numbers on the right of each panel represent the fold difference in expression for
NSCs cultured on 3D-BC/G versus NSCs cultured on 3D-G. (B) The top 40 highly
differentially expressed genes of NSCs cultured on 3D-G. The numbers on the right of
each panel represent the fold difference in expression for NSCs on 3D-G versus 3D-
BC/G. The red bars represent the gene expression levels of NSCs cultured on 3D-

BC/G. The green bars represent the gene expression levels of NSCs cultured on 3D-G.
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Figure 9. Cell cycle gene and TF expression in NSCs cultured on 3D-BC/G 3D-G. (A)
The expression of 31 genes involved in the cell cycle in NSCs cultured on 3D-BC/G
and 3D-G. (B) The expression of TF genes in NSCs cultured on 3D-BC/G and 3D-G.
The red hollow bars represent the gene expression levels of NSCs cultured on 3D-
BC/G, and the solid green bars represent the gene expression levels of NSCs cultured
on 3D-G. The numbers on the right show the value of log transformed based 2 fold

change between 3D-BC/G and 3D-G.

Figure 10. Signaling pathway gene expression in NSCs cultured on 3D-BC/G and 3D-
G. (A) The differential KEGG pathways in NSCs cultured on 3D-BC/G versus NSCs
cultured on 3D-G. The differentially expressed genes in NSCs cultured on 3D-BC/G
and 3D-G that are involved in the FoxO (B), Hippo (C), Wnt (D), PI3K-Akt (E), and
TGF B(F) signaling pathways. The red hollow bars represent the gene expression
levels of NSCs cultured on 3D-BC/G. The solid green bars represent the gene

expression levels of NSCs cultured on 3D-G.
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Well-connected neural network in three-dimensional (3D) scaffolds is essential to replicate the neural
connections in vivo. The large spacing size in scaffolds enabling cellular entrance through the pores and
sufficient neurites across large spacings addresses a “catch-22” problem. Here, this study presents a
conductive, interconnected and free-standing 3D hybrid graphene (3D-HG) scaffold with excellent
biocompatibility and precise structural controllability. The unique design of two-dimensional graphene

film in 3D-HG facilitated the differentiated neural progenitor cells (NPCs) to bridge the spacings between
skeletons and promoted the formation of neural networks. Furthermore, skeleton sizes in 3D graphene
scaffold have significant impact on the differentiation behaviors of NPCs. This strategy would favor the
simulation of neural tissues and expand the use of graphene in neural tissue engineering, providing a
powerful tool to explore the physical effects on cell behaviors.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Transplantation of neural stem/progenitor cells has been
demonstrated as a revolutionary and viable therapeutic technology
in achieving a significant functional recovery for treating neuro-
degenerative diseases [1]. Three-dimensional (3D) scaffolds, which
more realistically provide a sufficient platform to support the cell
growth and recapitulate the in vivo conditions, have been devel-
oped to effectively address the common limitations in trans-
plantation including poor cell survival and insufficient integration
[2]. Meanwhile, with respect to the significance of adequate dif-
ferentiation of transplanted cells into neurons in establishing their
effective connections with surrounding tissues [3], there is
currently a great deal of interest on the direct neuronal differenti-
ation of stem cells using various 3D scaffolds for potential therapy
of neurodegenerative diseases [4,5].

Besides, electrical activity plays a crucial role in early neuronal
development and migration [6,7], electrical stimulation has been
proved to regulate the differentiation and maturity of neural stem/
progenitor cells [8]. Thus a strategy to fabricate an ideal scaffold for
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neural stem/progenitor cells is utilizing conductive materials to
induce cell behaviors in response to the electrical stimulation [9].
Fortunately, with the development of material science, a variety of
3D conductive neural scaffolds have emerged, such as synthetic
polypyrrole scaffold [10], carbon materials-based scaffold [11,12]
and composite scaffold [13]. Among these scaffolds, conductive and
biocompatible graphene scaffolds have sparked a growing interest
in biomedicine [14—17] owing to their unique characteristics of
promoting neurite sprouting [18] and the differentiation of neural
stem/progenitor cells into neurons [19], as well as enhancing
electrical signaling in neural networks [20,21]. In addition, exciting
progress has been made in exploring the biodegradability of gra-
phene for its in vivo applications [22—-24].

Cellular networks are intricately and densely interconnected in
brain, where neural cells are connected to form functional circuits
through their synapses [25]. However, neural cells in 3D culture
tended to grow along the skeletons in 3D scaffolds [23] and hardly
bridge the spacings between skeletons [17]. Similar finding was
also reported on the effect of two-dimensional (2D) topography on
neural behaviors [26]. Typically, it has been found that the non-
adhesive spacings with the width over 12 um hampered the neu-
rons to cross [27], while less than 4% of the neurons could cross the
obstacles with the height over 22 um [28]. The existing of spacings
in 3D graphene scaffolds without crossed cells led to the restriction
of mimicking the in vivo neural network. Nevertheless, the
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sufficient spacing size in neural cell scaffolds allows cells to effi-
ciently enter into the scaffold, providing the critical supports for cell
migration and proliferation, hence the spacings between skeletons
in scaffold are supposed to larger than the diameter of cell soma. To
achieve a 3D scaffold for neural cells to cross the large spacings and
better simulate the natural central nervous system environment,
2D substrate was considered to combine with 3D graphene scaf-
folds to support the cell-crossing. Though it has been reported that
the substrate with adhesive tracks supported neurons to form
neurite bridges across plateaus on polydimethylsiloxane (PDMS)
grooved substrate [29], the solid substrate would hinder the
communication between cells in scaffold and external cells,
whereas 2D graphene film offers penetrable platform because of its
fragility.

Inspired by the aforesaid significances, we herein report an in-
tegrated 3D hybrid graphene (3D-HG) consisting of 3D controllable
graphene skeletons and 2D graphene film as neural stem/progen-
itor cells scaffolds. The conductive 3D-HG not only retains the ad-
vantages of graphene material, but also provides support for
neurite bridges across spacings due to the existence of 2D graphene
film in it. In addition, the excellent structural controllability of 3D-
HG offers the convenience for investigating size effects of graphene
scaffold on neural cell behaviors. The fabricated 3D-HG scaffold
provides new opportunities to extend the uses of graphene mate-
rials in biomedicine and can be served as a candidate for potential
therapeutics of neurodegenerative diseases.

2. Experimental
2.1. Fabrication of the hybrid Cu/Ni templates

A 200 nm thick layer of PMMA was first spin-coated on a silicon
dioxide wafer, followed by a 150 nm thick Cu film was magnetron-
sputtered on PMMA via FHR sputter system (FHR Anlagenbau
GmbH, Germany). Then, a 10 um thick AZ-4620 photoresist layer
was spin-coated on the Cu film and prebaked at 180 °C for 3 min.
MAG/BAG aligner (Suss Microtech, Germany) was utilized to expose
the line patterns under feature sizes, using a hard mode with the
exposure time set as 45 s. Afterwards, the Ni skeletons were formed
on the Cu film via Ni deposition in electroplating bath exerted with
a pulse power under steady current mode of 300 mA, 0.5 kHz. The
Ni skeletons were then peeled off from the silicon dioxide wafer by
soaking it in acetone for 12 h, followed by etching the Cu film in Ion
Beam Etcher (KYKY TECHNOLOGY, China). Finally, two layers of Ni
skeleton were arranged on a 25 um thick copper foil, pressed and
annealed at 700 °C for 3 min in a muffle furnace (TM-0912P, China)
to bond the three layers together. After naturally cooling down to
room temperature, the hybrid Cu/Ni templates with specific sizes
and spacings were obtained.

2.2. Fabrication of the 3D-HG

The 3D hybrid graphene (3D-HG) was synthesized according to
the reported CVD method [30] with the as-prepared hybrid Cu/Ni
templates as a catalyst. The template was tightly pressed against
two quartz plates and heated up to 950°C in a horizontal tube
furnace (Thermcraft, USA) under Ar (200 sccm) and Hy (100 sccm)
atmospheres, followed by annealing for 10 min to clean their sur-
faces and eliminate the thin surface oxide layers under Ar (100
sccm) and Hy (200 sccm) atmospheres. Next, 10 sccm of CHs was
introduced into the reaction tube at an ambient pressure under Ar
(200 sccm) and H; (100 sccm) atmospheres, after 5 min of reaction-
gas mixture flow, samples were cooled down to the room tem-
perature. For comparison, 3D graphene foam (3D-GF) grown on
commercial Ni foams (Alantum Advanced Technology Materials,

China) and 3D controllable graphene (3D-CG) grown on control-
lable Ni templates [31] were prepared under the same CVD con-
ditions. Different from 3D-GF and 3D-CG, the 3D-HG samples were
then floated on the surface of the FeCls (1 M) solution for 10 min,
followed by wiping the graphene on the bottom of the copper.
Afterwards, samples were submerged into the FeCl3 (1 M) solution
for 48 h to chemically etch Ni skeletons and Cu foil. Finally, samples
were sequentially rinsed with 1, 0.1, 0.01 M HCI solutions and
deionized water, followed by progressive dehydration in graded
ethanol and lyophilized for the final sample.

2.3. Material characterizations

The morphologies and elemental analysis of the samples were
characterized by scanning electron microscopy (SEM) equipped
with EDS (Quanta 400 FEG, FEI, USA). The crystallinity and number
of the layer presented within graphene were tested by Raman
spectrometer (LamRAMHRS800, HORIBA, France) from 36 selected
points and TEM (Tecnai G2 F20 S-Twin, FEI, USA) from 4 samples,
respectively. For TEM examination, samples were sonicated in
ethanol solution for 2 h and then dropped onto a copper grid, the
edges of some graphene fragments were rolled up, allowing for a
cross-sectional view to count the number of graphene layers. The
electrical conductivity of the 3D-HG was evaluated by measuring
the sheet resistance using four-point probe technique.

2.4. Cell culture

Cell extraction and cell culture were performed as previously
reported [32]. Mice (C57BL/6]) were purchased from CAVENS LAB
ANIMAL, China. All animal experiments were conducted following
to the protocols approved by the Animal Ethics Committee of the
Chinese Academy of Sciences. The cortices of E13.5 mouse embryos
were dissected under stereomicroscope, followed by dissociating
using fire-polished Pasteur pipettes, single-cell suspension was
collected after centrifugation and cultured in proliferative medium
containing NeuroCult Basal Medium with 10% NeuroCult Prolifer-
ation Supplement (StemCell Technologies, Canada), 20 ng/mL Hu-
man Recombinant EGF and 10 ng/mL FGF (Thermo Scientific, USA).
After sterilized by using 75% alcohol, the 3D graphene samples
were sequentially coated with hydrophilic Poly-L-ornithine
(100 pg/mL, Sigma, 37 °C, incubated for 2 h) and Laminin (10 pg/mL,
Sigma, 37 °C, incubated for 4 h) according to a previous procedure
[20]. The neurospheres were disassociated into cells by accutase
digestion (StemCell Technologies) and seeded in pre-treated 3D
graphene scaffolds. After seeding, cultures were maintained at
37 °C in humidified atmospheres containing 5% CO; in an incubator
(Thermo Forma, USA). During the culture, half of the cell culture
medium was changed every 3 days. For proliferation study, NPCs
were seeded at a density of 10° cell/mL, and continued to culture in
proliferative medium. For differentiation study, NPCs were seeded
at a density of 5 x 108 cell/mL, after 1 day of proliferation, differ-
entiation of NPCs was induced by exchanging the proliferative
medium with medium containing NeuroCult Basal Medium
(StemCell Technologies), 2% B27 supplement (Thermo Scientific)
and 2 mM t-glutamine (Thermo Scientific). NPCs between passage
2 and 5 were used in cell experiments.

2.5. Immunofluorescence

At certain days of 3D culturing (7 days for Nestin, GFAP and Tuj-
1 staining, 14 days for MAP-2 and Syniapsin-1 staining), cells were
washed twice with PBS, fixed in 4% paraformaldehyde for 15 min,
permeabilized with 0.1% Triton X-100 in PBS for 10 min and blocked
in 1% BSA for 90 min. Primary antibodies solutions including Nestin
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(1:500, Abcam, USA), GFAP (1:700, Cell Signaling Technology, USA),
Tuj-1 (1:700, Abcam, USA), MAP-2 (1:1000, Sigma, USA) and
Synapsin-1 (1:1000, Cell Signaling Technology, USA), were incu-
bated with samples overnight at 4 °C. After that, Alexa-conjugated
secondary antibodies (1:1000, Abcam, USA) were added for 45 min
incubation, followed by DAPI (2 pg/mL, Beyotime Biotechnology,
China) staining for 15 min. Images were collected using confocal
laser scanning microscope (CLSM, FV3000, OLYMPUS, Japan).

2.6. EdU/DAPI staining

As a thymidine analog, EdU (5-ethynyl-2‘-deoxyuridine) can be
incorporated into DNA during active DNA synthesis, cells with
incorporated EdU can be thought of as proliferating cells. According
to the instructions from the EdU Labelling/Detection Kit (C10310-3,
Ribobio, China), NPCs were seeded in the 3D-HG with different
skeleton sizes and cultured in proliferative medium for 7 days.
NPCs/3D-HG samples were then cultured in proliferative medium
containing 10 uM EdU for another 24h with the following of
cleaning, cell fixation and permeabilization. Subsequently, samples
were incubated with 1 x Apollo reaction buffer for 30 min in dark,
washed by PBS and then added with DAPI solution (2 pg/mL,
Beyotime Biotechnology). CLSM was utilized for Image acquisition.

2.7. WST-1 assay

WST-1 (4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-
tetrazolio]-1,3-benzene disulfonate) can be reduced by the de-
hydrogenases in the metabolically active cells and produce a water-
soluble formazan dye to indicate the number of viable cells. Ac-
cording to the manufacturer from the WST-1 kit (C0036, Beyotime
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Biotechnology), NPCs/3D-HG samples after 7-day proliferation
were then cultured in the proliferative medium containing WST-1
reagent for another 4 h. The optical density (OD) was read in a
Multilabel Reader (PerkinElmer 2030 Multilabel Reader VICTOR X4,
PerkinElmer Inc., USA) at 450 nm.

2.8. Live/dead staining

Live and dead cells were stained by Calcein-AM and Propidium
lodide (PI), respectively. Calcein-AM is a cell-permeant nonfluo-
rescent dye that can be converted to green-fluorescent calcein in
live cells, while PI is a red-fluorescent counterstain of which the
fluorescence can undergo a 20- to 30- fold enhancement once enter
cells with damaged membranes and binds to DNA. After cultured in
proliferative medium for 7 days, samples were cultured in the
proliferative medium containing 0.1 pM Calcein-AM (Thermo Sci-
entific) and 1pg/mL PI (Beyotime Biotechnology) in dark for
another 30 min and observed under CLSM after PBS washing. Cell
viability was quantified as the percentages of live (green) cells out
of the sum of live (green) and dead (red) cells.

2.9. SEM observation of NPCs

After 7 days culturing in differentiation medium, cells were
washed twice with PBS and fixed with 2.5% glutaraldehyde for
2hat 4°C, followed by postfixation in 1% osmium tetroxide for
30 min at 4 °C and progressive dehydration in graded ethanol. Af-
terwards, samples were lyophilized and coated with 15 nm thick
gold layer using sputter coater (Emitech K550, Italy). Cell mor-
phologies were visualized by SEM (Quanta 400 FEG, FEI, USA).
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Fig. 1. Fabrication and characterization of 3D-HG. (a) Schematic illustration of the procedure used to fabricate the 3D-HG via the combination of micro-fabrication approach and
CVD method. (b) SEM image of the surface of 3D-HG. (¢) SEM image of the cross-section of 3D-HG. (d) High-magnification SEM image of a typical skeleton in 3D-HG. (e) EDS spectra
of 3D-HG. (f) Typical Raman spectra acquired on the 3D-HG surface at different positions. (g) TEM images on the wall edges of the 3D-HG. (h) Selected area electron diffraction

pattern of 3D-HG. (A colour version of this figure can be viewed online.)
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2.10. Electrical stimulation & calcium imaging

To achieve electrophysiological measurements on the commu-
nication between NPCs and 3D-HG, we designed a special equip-
ment (Fig. 2b) with 3D-HG as electrode. Specifically, a strip of extra
2D graphene was adhered on the corner of a glass slide
(24 mm x 24 mm x 0.17 mm). Template supporting 3D-HG was
mounted on slides with one corner connected to the end of 2D
graphene, while a plastic pipe surrounding was placed for immo-
bilization using DOW CORNING 3140 RTV COATING (USA). After
removal of template by etching, the other end of 2D graphene was
connected to the anode by silver paste, while a gold wire pene-
trated the lid was used for the connection with the cathode.

For calcium imaging, Fluo-4 AM dye, a membrane-permeable
dye exhibiting increasing fluorescence intensity when binding
with free calcium ion (Ca?*), was used to stain the NPCs cultured in
3D-HG to monitor the changes of intracellular Ca®* concentrations
in the process of 100 mV pulse electrical stimulation to 3D-HG.
After 3 days of proliferation, NPCs/3D-HG samples were incubated
in Hanks’ Balanced Salt Solution (HBSS) containing 3 uM Fluo-4 AM
(Thermo Scientific) and 0.1% Pluronic F-127 (Thermo Scientific) in
dark for 30 min. Then, samples were washed with HBSS, and
immersed in NeuroCult Basal Medium in dark for another 30 min,
followed by washing with HBSS. The input stimulation was applied
by a function generator (JDS6600, JUNTEK, China). Time-lapse cal-
cium level in live NPCs was imaged under fluorescence microscopy
(Eclipse Ti—U, Nikon, Japan) using a 20 x objective (Ex
465—495 nm, Em 512—558 nm).

2.11. Real-Time quantitative PCR

The RNA isolation, reverse transcription and PCR analysis were
performed following the manufacturer's instructions. Specifically,
after certain days (7 days for Tuj-1 expression, 14 days for Synapsin-
1 expression) culturing in differentiation medium, total RNA was
extracted using TRIzol reagent (15596026, Thermo Scientific).
cDNA was synthesized from total RNA using a First Strand cDNA
Synthesis Kit (K1622, Thermo Scientific). Real-time PCR reactions
were performed using PowerUp SYBR Green Master Mix (A25742,
Thermo Scientific) and run on 7500 Real-Time PCR system (Applied
Biosystems). The 278ACt method was employed to analyze the
relative mRNA expression. B-Actin was used as an endogenous
control. Primers were as follows: Synapsin-1 (forward: CAGGGT-
CAAGGCCGCCAGTC, reverse: CACATCCTGGCTGGGTTTCTG). Tuj-1
(forward: TGGACAGTGTTCGGTCTGG, reverse: CCTCCGTA-
TAGTGCCCTTTGG). B-actin (forward: TACAGCTTCACCACCACAGC,
reverse: AAGGAAGGCTGGAAAAGAGC).

2.12. Western blot assay

Western blots were performed as previously described [32].
Briefly, after NPCs were cultured in scaffolds for 14 days in differ-
entiation medium, protein was extracted using RIPA Lysis Buffer
(Beyotime Biotechnology). The collected proteins were boiled and
separated by 12% SDS-PAGE gel, and transferred to PVDF membrane
(Millipore). The membrane were blocked for 2 h at room temper-
ature and incubated with primary antibodies to p-actin (Beyotime
Biotechnology), Synapsin-1 (Cell signaling Technology) at 4°C
overnight. Then, the membranes were incubated with HRP-
conjugated secondary antibodies (Beyotime Biotechnology) for
2 h at room temperature. The membranes were washed and reacted
with the ECL western blot substrate (Thermo Scientific). The B-actin
was used as an endogenous control. The images were captured
using a Luminescent Image Analyzer LAS-4000 (Fuji Film).

2.13. Statistical analyses

Each experiment was repeated three times and at least three
replicates were performed in each repetition. The cells were re-
prepared in each repetition. The number and fluorescence in-
tensities of cells in scaffolds were quantified using Image] software
based on 9 different images. Analyses were performed using
GraphPad Prism software (v5). Comparison between two groups
was made using student's t-test while comparison among three
groups was made using one-way ANOVA with a post hoc test. Data
were expressed as mean + S.E.M. The significance levels were set at
*p < 0.05, **p < 0.01 and ***p < 0.001.

3. Results and discussion
3.1. Fabrication and characterization of 3D-HG

The unique 3D-HG was designed by the combination of ap-
proaches of growing 3D graphene structure on Ni skeleton [33] and
growing 2D graphene film on Cu foil [30]. Thus, novel hybrid Cu/Ni
template was designed for the fabrication of 3D-HG. The fabrication
procedure of 3D-HG is presented in Fig. 1a. First, 10 pm thick
monolayer Ni templates with designed skeleton sizes and spacings
were prepared by micro/nano-fabrication facilities according to our
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Fig. 2. Conductivity of 3D-HG and electrical stimulation of the NPCs in 3D-HG. (a)
Room temperature I-V curve of the 3D-HG measured by four-probe method. (b)
Schematic of the electrical stimulation equipment, copper wire was used to connect
the anode while gold wire was used to connect to the cathode. Electrical signals
applied on 2D graphene was transferred to 3D-HG to stimulate cells cultured in the
3D-HG. (c) The fluorescence images show the NPCs pre-incubated with Fluo-4 AM dye
in 3D-HG before (left) and after (right) electrical stimulation. The cell pointed by the
arrow exhibited a significant fluorescence enhancement after stimulation. The curve
plots the relative fluorescence intensity change (AF/FO) of the arrow-pointed cell in
the fluorescence images versus the stimulation time period, where the FO represents
the average fluorescence intensity of the previous 50 images, while AF is difference of
F (the fluorescence intensity at measured time point) and FO. “ES” represents the
stimulation time point at ~84 s. (A colour version of this figure can be viewed online.)



94 X. Ma et al. / Carbon 145 (2019) 90—99

previous report [31]. In the second step, two monolayer Ni tem-
plates and a Cu foil were annealed at certain angles to form
controllable hybrid Cu/Ni templates. Then, graphene was grown on
the hybrid Cu/Ni templates by chemical vapor deposition (CVD).
The final monolith of 3D hybrid graphene (3D-HG) containing 3D
skeletons and 2D film was successfully achieved after the removal
of Cu and Ni by chemical etching. This free-standing 3D-HG
exhibited the intact shape and stability in aqueous solution
(Fig. S1a). After dried by lyophilization, 3D-HG maintained flexible,
allowing for bending under external force (Fig. S1b and Fig. S2).
The structures and morphologies of 3D-HG were observed by
SEM. SEM observation at low-magnification (Fig. 1b) indicates the
uniform skeleton size, spacing and shape, which can be efficiently
controlled by defining the photolithography mask in the process of
templates preparation [31]. A flat layer at the bottom of the 3D-HG
was ascribed to graphene film with defective structure due to its
fragility. In addition, SEM observation at high-magnification
(Fig. 1c) shows the cross-section structures of 3D-HG, further
confirming the combined structures of 3D hollow scaffold and 2D
film. Importantly, the height of 3D-HG was less than the critical
height (22 um) that hinders neurite crossing [28]. High magnifi-
cation SEM image (Fig. 1d) shows the ripples and wrinkles formed
on 3D-HG caused by different thermal expansion coefficients of
templates and graphene [33]. Great densities of the ripples and
wrinkles were found on the edges. Elemental analysis by energy
dispersive spectroscopy (EDS) reveals the dominant carbon
composition of 3D-HG, as shown in Fig. 1e, very tiny oxygen signal
was probably induced by water during the wet Cu/Ni etching [33].
The 514 nm Raman spectra acquired at different positions on the
3D-HG (Fig. 1f) display few-layer graphene features by identifying
three characteristic peaks referred to the literature [34,35]: the
disorder-induced D-band at ~1350 cm ™, the G band at ~1580 cm ™!
generated from the Epg vibrational mode of sp; carbon, the 2D band
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at ~2700 cm™~! contributed by the scattering of phonons at the zone
boundary. The Raman spectra measured on 3D hollow graphene
skeletons show a strongly suppressed D band, demonstrating the
high quality of entire graphene skeletons in 3D-HG. A clear D band
indicates the defects of 2D graphene film on the bottom of 3D-HG.
Meanwhile, the Raman spectra reveal the different number of
graphene layers in various domains on hollow graphene skeletons
owing to the polycrystalline nature of the Ni scaffold [33]. Consis-
tent with Raman results, high-resolution TEM images (Fig. 1g)
provide further evidence of few-layer graphene sheets (less than
10) for 3D-HG structures.

Furthermore, a hexagonal pattern of six-fold symmetry of the
carbon atoms arrangement was found from selected area electron
diffraction pattern of 3D-HG (Fig. 1h), well-defined diffraction spots
instead of ring patterns can be observed at different positions,
implying the nature of high-quality crystallinity of 3D-HG. Overall,
these results suggest that 3D-HG is a pure graphene scaffold with
regular macro-structures, complex surface micro-topologies and
innovative architectures.

3.2. Biocompatibility of 3D-HG

To serve as cell-scaffolds, the biocompatibility of novel 3D-HG is
crucial. The cytotoxicity of 3D-HG was evaluated by Calcein-AM
and PI staining assay with the commonly used 3D-GF [4,23,36] as
comparison (Fig. S3a and Fig. S3b). 96.2 + 1.0% of NPCs cultured in
3D-HG in proliferation medium were viable at day 7, demonstrating
the excellent biocompatibility of 3D-HG. On the other hand, to
assess cellular stemness, nestin (a protein marker of neural stem/
progenitor cells) was used to stain the NPCs cultured in 3D-HG after
7 days, while nuclei were stained with DAPI. According to Fig. S3c
and Fig. S3d, 97.0 + 0.4% of NPCs were immunopositive for nestin
shown in green, indicating that NPCs proliferated well in 3D-HG
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Fig. 3. The images of NPCs in 3D-HG after 7-day differentiation. (a) Immunofluorescence images of NPCs in 3D graphene scaffolds after 7-day differentiation, stained against
neuron marker Tuj-1 (green), astrocyte marker GFAP (red), nuclei marker DAPI (blue), and merge images containing the bright field. The scaffolds from top to bottom are 3D-GF, 3D-
CG, 3D-HG, respectively. (b) Corresponding SEM micrographs of NPCs after 7-day differentiation in 3D-GF, 3D-CG and 3D-HG, respectively. (c¢) Inmunofluorescence image of one
NPC in 3D-HG after 7-day differentiation across eight spacings, stained against Tuj-1 (green), GFAP (red) and DAPI (blue). (A colour version of this figure can be viewed online.)
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while maintaining their stemness.

3.3. Electrical stimulation

Considering that the combination of electrical stimulation and
stem cell therapy is an appealing strategy for promoting brain
repair [37,38], we measured the electrical conductivity of 3D-HG as
4.64 x 10% S/m (Fig. 2a), which far exceeds the average conductance
of the brain (0.33S/m) [39]. Next, we designed a cell electro-
stimulation device using 3D-HG as electrode (Fig. 2b) to explore its
ability of inducing NPCs behaviors in response to electrical stimu-
lation. After 3 days of proliferation, the Ca®* transients of NPCs in
3D-HG electrode were detected before and after the 100 mV elec-
trical stimulation (square wave, 10 Hz, 60 s duration) on 3D-HG.
Real-time system for monitoring intracellular Ca?* fluorescence
captured 3 images per second, reaching a total of 500 images
during ~167 s. Electrical stimulation was applied to the 3D-HG at
the moment of capturing the 250th image (~84th second). Fig. 2¢
expresses that the intracellular Ca>* concentration of a silent NPC
in 3D-HG was increased immediately in response to the electrical
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signal. The silent NPC was triggered towards a regular intracellular
Ca®* concentration changes after the electrical stimulation. More
supportive images can be observed in Fig. S4. These results impli-
cate the potential of 3D-HG being a commendable transplanted cell
scaffold, and the ability of stimulating surrounding tissue to achieve
therapeutic effects after transplantation.

3.4. The formation of mimetic neural network across the spacings in
3D-HG

To investigate the differentiation behavior of NPCs in 3D-HG and
explore the formation of the neural network across large spacings
in 3D-HG. 3D-HG with skeleton width of 50 um and spacing width
of 50 um (50 pm/50 um) was selected for the culture of NPCs.
Meanwhile, 50 pm/50 pm 3D-CG and 3D-GF were used as com-
parisons. Both 3D-HG and 3D-CG have very similar size and shape
due to the precision of lithography, while 3D-GF possess random
sizes ranging from 50 to 100 um lacking of precisely controllable
skeleton size and porosity. Interestingly, we found some differen-
tiated NPCs grown in 3D-HG crossed the spacings between
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Fig. 4. Inmunofluorescence images and the expression of synapsin-1 of NPCs in different graphene scaffolds after 14-day differentiation. (a) Inmunofluorescence images of
NPCs in 3D graphene scaffolds after 14-day differentiation, stained against synaptic marker Synapsin-1 (green), neuronal marker MAP-2 (red), nuclear marker DAPI (blue), and
merge images containing the bright field. The scaffolds from top to bottom are 3D-GF, 3D-CG, 3D-HG, respectively. Gene (b) and protein (c) levels of Synapsin-1 were analyzed.
Statistical analyses performed with one-way ANOVA and a Dunnett test, ***p < 0.001, error bars are presented as the means + S.E.M. (A colour version of this figure can be viewed

online.)
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skeletons in 3D-HG at day 2 (Fig. S5). After 7 days of differentiation,
NPCs cultured in 3D graphene scaffolds were stained by Tuj-1
(neuron marker), GFAP (astrocyte marker), DAPI (nuclei marker),
respectively. From CLSM images (Fig. 3a), many neurites in the 3D-
HG bridged the 50 um spacings between skeletons and formed
neural network structures, whereas most differentiated NPCs
localized on skeletons and failed to cross the spacings in 3D-GF and
3D-CG, not mention to cross over two or more spacings in 3D-GF
and 3D-CG. The average number of neurites across spacings per
neuron in 3D-HG is significantly higher than that of 3D-GF and 3D-
CG, as presented in Fig. S6. For 3D-HG, crossed neurites could
extend and span multiple spacings to contact with each other
(Fig. 3c).

Additionally, in agreement with CLSM results, SEM images
verified that a lot of suspended neurite bridges across the spacing
formed in 3D-HG while little neurite bridges formed in 3D-GF and
3D-CG (Fig. 3b). The neural network extending both along the
skeletons and across the spacings would more realistically mimic
the natural central nervous system environment compared with
the neural network extending mainly along the skeletons, and ac-
quire more reciprocal interaction with the recipient tissue for
transplantation applications.

A desirable neural network comprises a plurality of neurons that
are interconnected by synapses, allowing electrochemical signals to
exchange and process within the network [40]. Therefore, it is
intriguing to verify the presence of synaptic connection between
differentiated NPCs in 3D-HG. After 14 days of differentiation, NPCs
cultured in graphene scaffolds were stained with synapsin-1
(synaptic marker), MAP-2 (neuronal marker) and DAPI (Fig. 4a).
The synapsin-1 immunofluorescence appeared between the
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differentiated NPCs, together with the MAP-2 expression, confirm
that the NPCs differentiated into neural networks. Notably, the
expression of synaptic protein in 3D-HG is more intensive than that
in 3D-GF and 3D-CG (Fig. 4a and Fig. S7a). The changing of synapse
formation was further validated by measuring the expression of
synapsin-1 mRNA by qPCR (Fig. 4b) and synapsin-1 protein by
Western blot analysis (Fig. 4c), respectively. Fig. S7b shows the
corresponding quantitative analysis of Western blot. As expected,
the mRNA and protein expression level of synapsin-1 were signif-
icantly higher in NPCs cultured in 3D-HG. Collectively, the 3D-HG
promoted the formation of neural networks due to the unique
design of 2D graphene film in it.

An ideal 3D cell scaffold for implantation should enable cells in
scaffold to communicate with the cells in recipient tissues. To
determine if the 2D graphene film at the bottom of 3D-HG impedes
the contact of cells in scaffold with external cells, as illustrated in
Fig. S8, NPCs were seeded in 3D-HG (5 x 10° cells/mL) and on glass
slide (4 x 10*cells/cm?) separately, then cultured together with
3D-HG on top of glass slide. After 7 days of differentiation, the
cross-section of 3D-HG on glass slide was visualized via SEM. We
can find that several neurites (or astrocyte processes) penetrated
2D graphene film and connected to the cells on the slide below
(Fig. 5). Specifically, Fig. 5a clearly shows that neurites (or astrocyte
processes) penetrated the 2D graphene film, while Fig. 5b and c
reveal that the extended neurites (or astrocyte processes) from
the 3D-HG and the cells on glass slide at the bottom can establish
good connections. The results indicate that the defective flat 2D
graphene film in the 3D-HG not only provides the support for the
prolongation of neurites, but also renders cells permeable to
external environments.

Graphene fl
r{"lf.‘sraphene skeleton

AT

Neurite or process

Cells on the glass. sh

Fig. 5. SEM images of NPCs in 3D-HG penetrated the 2D graphene film after 7-day differentiation. (a) Neurites (or astrocyte processes) could penetrate the 2D graphene film. (b)
The extended neurites (or astrocyte processes) from the upper 3D-HG connected to the differentiated NPCs on the glass slide at the bottom. (c) One neurite (or astrocyte process)
from the 3D-HG was well connected to the cells on the glass slide. (A colour version of this figure can be viewed online.)
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3.5. The effects of graphene skeleton sizes on the behaviors of NPCs

Notably, the skeleton widths of PDMS have a great impact on the
neural stem/progenitor cells behaviors [41,42]. Discovering the size
effect of 3D scaffold on cell behaviors utilizing a scaffold with
precisely controllable skeleton size and porosity is essential to
conciliate neuronal cell development. Therefore, it is important to
investigate the size effect of conductive graphene skeletons on
NPCs behaviors. Considering the sufficient area for NPCs attach-
ment, we designed 3D-HG with various skeleton sizes larger than
the size of NPC (9.9 + 0.2 um, measured by means of an objective
micrometer, Fig. S9). 3D-HG was designed with sizes listed as fol-
lows: 10 um skeleton with 50 um spacing (10 pm/50 pwm), 20 pm

Q

Tuj -1 GFAP

9-50 HM/50 pm 20 pm/50 pm 10 pm/50 pm

skeleton with 50 um spacing (20 pm/50 pm), 50 pm skeleton with
50 pm spacing (50 pm/50 pm). After 7 days in proliferation culture,
the proliferation of NPCs in different 3D-HG was examined by
measuring the ratio of EdU-positive cells (Fig. S10a). Statistical
analysis for the percentages of EdU-positive cells in Supplementary
Fig. S10b reveals no significant difference among the 3D-HG with
different skeleton widths, demonstrating that the graphene skel-
eton width do not affect cell proliferation when exceeding the cell
sizes. The WST-1 cell proliferation assay further confirms this result
(Fig. S10c).

However, the graphene skeleton widths greatly influenced the
differentiation behaviors of NPCs, primarily on neuronal differen-
tiation rate (Fig. 6a). The percentages of Tuj-1 immunoreactive cells
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Fig. 6. The differentiated NPCs in the 3D-HG with various skeleton width. (a) Inmunofluorescence staining of NPCs in 3D-HG with spacing width of 50 pm after 7-day dif-
ferentiation, stained against neuron marker Tuj-1 (green), astrocyte marker GFAP (red), nuclei marker DAPI (blue), and merge image containing the bright field. The skeleton widths
from top to bottom are 10 pm, 20 um, 50 um, respectively. (b) Percentage of Tuj-1-positive cells in (a). (c) The relative mRNA expression of Tuj-1 in NPCs in the 3D-HG with different
skeleton widths after 7-day differentiation. (d) Number of astrocytic processes per cell in (a). Statistical analyses performed with one-way ANOVA and a Tukey test, ***p < 0.001,
**p < 0.01, *p < 0.05, error bars are presented as the means + S.E.M. (A colour version of this figure can be viewed online.)
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reduced with the increasing skeleton width (27.7 +2.2% in 10 um/
50 um 3D-HG, 20.6 + 1.0% in 20 pm/50 pm 3D-HG, 18.0 + 0.8% in 50
um/50 um 3D-HG, Fig. 6b), indicating that NPCs preferred to
neuronal differentiation on narrower graphene skeleton. Neuronal
differentiation rate changing was revalidated by measuring the
expression of Tuj-1 mRNA. As expected, the mRNA expression
levels of Tuj-1 was significantly higher in NPCs cultured on thinner
skeletons (Fig. 6¢). The size change did not cause a significant dif-
ference in the differentiation rate of the astrocytes (Fig. S11), but
affected the number of astrocytic processes per cell. As observed,
narrower skeletons increased the number of astrocytic processes
per cell (Fig. 6d). Our observation might be ascribed to the stiffness
changes of the scaffolds caused by the skeletons width changes
[43]. As seen in Fig. S12, narrower skeleton width led to the
decrease of the elastic modulus. It has been documented that softer
substrate prefers to neuronal differentiation of neural stem/pro-
genitor cells [42]. Meanwhile, the higher density of neurons
differentiated from NPCs can increase the direct contact between
astrocytes and neuronal processes, further increasing the
complexity of astrocytes morphology [44]. Besides, the unique
surface microstructure of graphene materials [45] may affect the
differentiation behaviors of NPCs. We present the evidence of the
ripples and wrinkles with nanometer-scale width and micrometer-
scale length on the surface (Fig. 1d), while the nano-size lines have
been reported to direct the differentiation of stem cells into
neuronal lineage [46,47]. The skeletons in 3D-HG have hollow
cuboids-like structure with the square or rectangle cross sections
(Fig. 1c). Dense ripples and wrinkles present on the surface near the
edge of square or rectangle, while the center of skeletons is rela-
tively smooth (Fig. 1d). As the width of the skeleton decreases, the
ratio of the surface area near the edge to the total surface area in-
creases. Therefore, the higher density of ripples and wrinkles on
3D-HG with smaller width increases the promotion of NPCs dif-
ferentiation into neurons. In addition, it is noteworthy of the for-
mation of neural network across the spacings in all 3D-HG with
different skeleton widths (Fig. 6a). Further, spacings, angles and
layer thickness can be controlled for the geometry effect on cell
behaviors by modulating UV lithography masks and Ni plating in
our future studies.

4. Conclusion

In summary, we successfully developed an integrated 3D-HG
consisting of 3D controllable graphene skeleton and 2D graphene
film via the combination of micro-fabrication strategy and CVD. The
free-standing 3D-HG exhibits excellent conductivity and biocom-
patibility. NPCs cultured in 3D-HG can efficiently respond to the
100 mV pulse electrical stimulation applied to 3D-HG. The differ-
entiated NPCs in 3D-HG are capable of bridging the large spacings
to form extensive neural networks, penetrating the bottom gra-
phene film and interconnecting with the external cells, promoting
the formation of neural networks. Of further importance and
novelty, lithography technique was applied to precisely control the
sizes of structures to obtain 3D-HG with various skeleton widths.
Interestingly, width of graphene skeletons did not significantly
affect the proliferation of NPCs when exceeding the cell sizes, but
had impact on NPCs differentiation into neurons. Therefore, this
intriguing 3D-HG not only expands the applications of graphene in
neural tissue engineering but also provides a powerful tool for
exploring the physical effects on cell behaviors.

Supplementary data

Photographs of 3D-HG; Resistance variation of 3D-HG/PDMS
composite with different bending radius; Biocompatibility of 3D-

HG; Ca®* transients of NPCs in 3D-HG before and after the 100 mV
electrical stimulation; Schematic illustration of the procedure
designed to visualize the contact of cells in 3D-HG and cells on
glass; Proliferation state of NPCs in 3D-HG with different skeleton
widths; Young's moduli of different 3D-HG.
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Figure S1. Characterizations of 3D-HG. (a) Photograph of a piece of 3D-HG floating on DI
water in a dish with the diameter of 6 cm. (b) Photograph of a piece of 3D-HG bending with
one half under the ruler and the other half tilted by a tweezer (upper right corner).
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Figure S2. Resistance variation of 3D-HG/ PDMS composite with different bending radius.
To assess the conductivity of 3D-HG under different degrees of bending, 3D-
HG/Polydimethylsiloxane (PDMS) composites was fabricated by infiltration of PDMS into
3D-HG according to the reported method[1, 2]. The 3D-HG/PDMS composites show good
flexibility and stability without breaking at different bend radius. The electrical conductivity
can recover after straightening.
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Figure S3. Biocompatibility of 3D-HG. (a) Cell viability of NPCs in 3D-HG and 3D-GF after
7 days of culture as determined by live/dead assay, live cells and dead cells are stained with
Calcein-AM (green) and Pl (red), respectively. (b) Percentage of live cells in (a). (c)
Immunofluorescence images of nestin (green) and nuclei stained with DAPI (blue) in NPCs
after 7 days of culture, showing the stemness retention of NPCs in 3D-HG and 3D-GF. (d)
Percentage of Nestin-positive cells in (c). The merge images containing the bright field.
Statistical analyses performed with student’s t-test indicate no significant difference, the

experiment was repeated three times, the error bars are presented as the means + S.E.M.

a Before ES

b _BeforeES __ AfterEs

()

B M 1 awd
After ES RN

O~ ."'-.,\
i \

4)

(5) i, " |

AFIFO

20s
Figure S4. The Ca?* transients of NPCs in 3D-HG before and after the 100 mV electrical
stimulation. Five cells with obvious changes in Ca?* transients before and after electrical
stimulation was selected to plot AF/FO curves respectively. The cells simultaneously
underwent rapid changes in Ca?* transients after electrical stimulation, while one cell (curve 2)

underwent spontaneous activity before electrical stimulation.




Figure S5. A typical image of the NPCs grown in 3D-HG across the spacing in 3D-HG after

1 day of differentiation. The image was captured by an inverse research microscope (Eclipse

TS100, Nikon, Japan) under a 40 objective.

*kk

1.054 I

Number of neurites across
spacings /number of neurons

*kk

==

3D-GF 3D-HG 3D-CG 3D-HG

Figure S6. The quantification of the average number of neurites across spacings per neuron in

3D-GF, 3D-CG and 3D-HG based on a total of 9 images of three pieces of each material.

Statistical analysis was performed with one-way ANOVA and a Dunnett test, ***p <0.001,

error bars are presented as the means = S.E.M.

0.8 * *%
o | |
I N B I B, > »
© 95542 %454,
= 0.6 59%%%, 1955%%,
- 22927 : 3
X %% %%
o 944221 %7
22999 %
< 9595,
A
(=) 22997
= 555%5
-— 29929,
+ 0.44 555%5
c 229
8 2997
@ %%
a 222
SRRAA
© 9593,
A
S 0.2 192471
= 4444
7 9534,
) ;

3D-GF 3D-HG 3D-CG 3D-HG

b

Relative Synapsin-1 protein level

2.0+

1.54

1.0

| *
TN

SN

SASSSESASANANENSAN NSNS NN NN

NESSN

R

R

ASSAASTARALAREAAASAARAAAR S S SO NS NN

X

}
SA3RETERRR AR AN AR

3D-HG

Figure S7. Quantification of the expression of synapsin-1 of NPCs in different graphene

scaffolds after 14-day differentiation. (a) Mean fluorescent intensity of synapsin-1

immunostaining measured in arbitrary units. (b) The quantitative analysis of Western blot.

Data is shown as mean ==SEM; one-way ANOVA and a Dunnett test; *p < 0.05, **p < 0.01.
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Figure S8. Schematic illustration of the procedure designed to visualize the contact of cells in

3D-HG and cells on glass.

Figure S9. A typical image of NPCs on objective micrometer (Divisions = 10 pum.) obtained
by an inverse research microscope (Eclipse TS100, Nikon, Japan). The average diameter of

NPCs is 9.94 + 0.18 pm (average + S.E.M, n =100 cells).
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Figure S10. Proliferation state of NPCs in 3D-HG with different skeleton widths after 7 days
of culture. (a) From left to right: the proliferating NPCs indicated by EdU-positive cells
(green); all nuclei are counterstained with DAPI (blue); the bright field images of 3D-HG
with different skeleton widths; merged images. (b) Percentage of EdU-positive cells in (a). (c)
Effect of graphene skeleton widths on cell proliferation investigated by the WST-1 assay.
Statistical analyses performed with one-way ANOVA and a Turkey test indicate no

significant difference, error bars are presented as the means = S.E.M.
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Figure S11. Percentage of GFAP-positive cells in Figure 6a. Statistical analyses performed

with one-way ANOVA and a Turkey test indicate no significant difference, error bars are
presented as the means = S.E.M.
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Figure S12. Histogram of elastic stiffness. Dashed line in plot represent Gaussian fits to data.
Atomic force microscopy (AFM, Dimension Icon, Bruker Corporation, Germany) in tapping
mode was utilized to detect the elastic modulus of 3D-HG with different skeleton widths[3].
The estimated Young’s moduli were obtained using Nanoscope Analysis (v 1.90) under DMT

model. Young's modulus values obtained from random 50 sections for each scaffold were
used to plot Gaussian distribution curves.
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Conclusion and Future Perspectives

In summary, the researches during my PhD aimed to construct more physiologically
relevant microenvironments in vitro to mimic the complex of brain connections and
develop feasible physical cues on the regulation of neuronal network to meet the
customized applications in neural tissue engineering. Firstly, I have fabricated a 3D
monolithic porous GCNT web with fully geometric, mechanical and electrical
interconnectivity by in situ CVD growth of interconnected CNT web into the GF pores.
The 3D GCNT web provides a novel biomaterial to construct a 3D cortex-like network
which responds to dense neuronal network and functional activity closer to the in vivo
conditions. The cortex-like network allows to study brain connectivity and neuronal
dysfunction and, further, to construct an ideal glioma infiltration model to map the 3D
overall invasion, which could be an additional and more visible technology for
preclinical therapeutic approaches screening. Therefore, our system is not only a novel
platform for live cell imaging achievement but also a new route towards the findings of
improved methods to eradicate tumours without affecting the host’s cells. On the other
hand, there are also some limitations in this work. We presented “cortex-like” in the
published paper but "cortex-like" didn't mean that we have built a cortex model having
six layers for different functions. It meant dense neuronal network and functional
activity closer to the in vivo conditions. Indeed, it is really a huge and difficult program
to build a six layers cortex in vitro and for sure our work is far away from this goal. For
the formation of brain organoid and understanding the neural processing, we need much
more efforts not only from researchers in the field of materials and neurobiology but

also biochemistry, mathematics and computer.

The fully interconnected 3D GCNT web provides a hierarchical microarchitecture that
support for cell growth and nano interface between neurons and CNTs. To further
explore the modification of 3D graphene foam, my collaborators and I fabricated three-
dimensional bacterial cellulose-graphene foam (3D-BC/G), which was prepared via in

situ bacterial cellulose interfacial polymerization on the skeleton surface of porous
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graphene foam. The addition of bacterial cellulose into graphene foams have the ability
to remarkably enhance the biocompatibility, proliferation, differentiation and formation
of neural network differentiated from neural stem cells. Moreover, primary cortical
neurons cultured on 3D-BC/G formed an intensely-active neuronal network with higher

network activity than that formed on 3D graphene foam.

One of the primary goals of neural tissue engineering is to guide neurite growth in a
desired direction, therefore, to pattern the alignment of the neuronal growth and
network formation is highly valued.®® We investigated the ordered growth of neurons
and alignment of neuronal network formation on the support of graphene in 3D for the
first time. The fabricated 3D-OG with the pore size of 20 um, the skeleton width of 20
um and the 90° orientation angles of building blocks presented high neuronal culture
compatibility, where neurons and glia grew along the skeleton geometry and formed
functional network. Compared to standard neuronal culture on coverslip, 3D-OG
structure didn’t affect the relative abundance of neurons and glial cells but induced
astrocytes exhibiting much more in vivo like morphologies. Moreover, many more
bipolar neurons were found on 3D-OG scaffolds because of the ordered graphene
skeleton. We also found that neurons were more active on 3D-OG scaffolds and cellular

communication occurred along the graphene skeleton over a long distance.

All together, these results indicated that graphene and CNT scaffolds possessed high
biocompatibility for neural culture. They could support the neurons to form a dense
neuronal network and promote the electrical activity of neuronal network. By positive
regulation of the structures to fabricate heterostructures with micro support of graphene
foam and nano interface of CNT and bacterial cellulose, we further improved the
properties of graphene and CNT scaffolds to reconstruct in vitro neuron connections
closer to in vivo microenvironment. Thus, they can be not only applied to build in vitro
models better mimicking physiological and pathological conditions but also used for
the screening of drugs against a variety of diseases. We carried out the study of glioma
infiltration in the 3D cortex-like network constructed by 3D GCNT webs, which

presented an ideal tool to study 3D biological processes in vitro representing a pivotal
127



step towards precise and personalized medicine. Future developments already in
process include the analysis of the 3D motion of malignant glioma from patients in our
model and the comparison of ECM secreted by different kinds of malignant glioma
cells. The application of 3D GCNT web in cancer model construction also represents
an important step towards precise and personalized medicine. Indeed, it is possible to
derive cortical cells from the stem cells of a patient and to screen drugs that can block
the infiltration of brain cancer cells obtained from the same patient. Moreover, 3D
ordered graphene structures provided geometrical cues in neurons, leading to
directional neurite outgrowth and consequently increasing neuronal network
connections, which leads to significant process in designing scaffold—tissue interfaces
and ultimately the development of customized neuro-prosthetics in tissue engineering
and regenerative medicine. To further regulate the behaviours of neurons in vitro, we
plan to develop more physical cues on the 3D culture platforms to achieve direct
electrical stimulation or even magnetoelectrical, photoelectrical, thermoelectrical

stimulations so that neuronal cultures could be non-contact-manipulated.
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