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Three-dimensional neural tissue engineering has made great strides in developing neural disease models
and replacement tissues for patients. However, the need for biomimetic tissue models and eﬀective
patient therapies remains unmet. The recent push to expand 2D neural tissue engineering into the third
dimension shows great potential to advance the ﬁeld. Another area which has much to oﬀer to neural
tissue engineering is stem cell research. Stem cells are well known for their self-renewal and diﬀerentiation potential and have been shown to give rise to tissues with structural and functional properties
mimicking natural organs. Application of these capabilities to 3D neural tissue engineering may be highly
useful for basic research on neural tissue structure and function, engineering disease models, designing
tissues for drug development, and generating replacement tissues with a patient’s genetic makeup. Here,
we discuss the vast potential, as well as the current challenges, unique to integration of 3D fabrication
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strategies and stem cells into neural tissue engineering. We also present some of the most signiﬁcant
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recent achievements, including nerve guidance conduits to facilitate better healing of nerve injuries, functional 3D biomimetic neural tissue models, physiologically relevant disease models for research purposes,
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and rapid and eﬀective screening of potential drugs.

1.

Introduction

Recent progress in the field of neural biology and tissue engineering oﬀers a deeper understanding of stroke, spinal cord
injuries, traumatic brain injuries, and neurodegenerative disorders. However, much remains unknown and clinical treatment options remain limited for the 15 million stroke cases
per year,1 over 35 million people living with Alzheimer’s
disease,2 the 1% of the world population with Autism Spectrum
Disorder,3 and others suﬀering from neurological injuries and
diseases worldwide. The power of tissue engineering lies in the
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application of life science knowledge into engineering designs
to give rise to cutting-edge biotechnology. A prime example of
this intersection between biology and engineering research is
neural tissue engineering, a field which stands to gain a great
deal from implementing the recent progress in stem cell
research and three-dimensional (3D) neural tissue engineering.
Here, we closely examine the intersection of three-dimensional (3D) tissue engineering, neuroscience, and stem cell
biology. We discuss the vast potential, as well as the challenges, unique to the integration of these distinct areas of
research (section 2). We examine a variety of tissue engineering
strategies which take advantage of a wide range of fabrication
techniques and combine these techniques with knowledge of
stem cell biology and neuroscience to engineer neural tissues
(section 3). Finally, we present several of the most innovative
and important recent achievements which advance the field of
neural tissue engineering: (i) engineering therapeutic nerve
guidance conduits to facilitate better healing of nerve injuries
(section 4), (ii) developing functional 3D tissue models to
mimic nervous system tissues (section 5-A), (iii) designing
physiologically relevant disease models for the purpose of
better understanding neurological disorders (section 5-B), and
(iv) screening potential drugs to treat disease and injury to
the nervous system (section 5-C). Current research aims to
engineer biomimetic neural tissues either as a replacement for
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damaged or disease tissues or as platforms to study neural
tissue structure and electrical function.
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2. Motivation and approach to the
challenge of neural tissue engineering
In vitro tissue models oﬀer huge potential across many fields
of medicine. Such artificial constructs which closely mimic
natural tissues have the potential to serve as a replacement for
tissues in the body to cure or treat a variety of medical
issues.4,5 However, in light of current challenges, alternative
applications have been proposed for engineered tissues as
models for biological research, drug screening, and preclinical
testing of materials and therapies.4 Even though animal
models are widely used and essential in preclinical trials,
translating results from animals to humans may be limited in
certain cases.6–8 Engineered tissues oﬀer a low-cost, reproducible, and high-throughput alternative to current methods.
Engineered tissues also aﬀord the ability to use human cells,
making engineered models as close to the clinical stage as
possible without the use of human subjects. Use of stem cells
enables patient-centered therapies while 3D approaches
enable replication of 3D cellular structures, recreation of tissue
functionality, and control over stem cell diﬀerentiation.
2.1

Engineering tissues for in vitro research

Tissue engineering strategies allow in vitro tissue formation in
a way that mimics the natural developmental process to form
3D complex tissue structures, which can ultimately contribute
to our basic understanding of developmental biology and
tissue structure and function. There is also potential to create
disease models using human stem cells to accurately recreate
diseased conditions for the purpose of understanding the
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disease and developing eﬀective therapies.9 One application
with the potential for significant economic impact is in vitro
drug screening.10 The cost associated with the discovery and
development of each drug candidate is estimated to be
between $800 million to $1 billion,11 partly due to ineﬀectiveness of animal models at predicting the human response to a
drug. In some cases, preclinical trials are successful in animal
models but fail in clinical trials, partly due to ineﬀectiveness
of animal models at predicting the human response to a
drug.7 In other cases, such as fibromyalgia syndrome, no
animal models exist to replicate the attributes of human
disease.8 Therefore, in vitro disease models which use human
cells from subjects carrying the disease may be developed to
closely mimic the diseased tissues and oﬀer a promising platform for rapid and eﬃcient screening of clinical therapies (discussed further in section 5).
2.2

Stem cells as a source of other cell types

Stem cells have the ability to self-renew indefinitely, allowing
researchers to obtain large numbers of cells with the same
genotype as the patient for high-throughput testing.9 Their
diﬀerentiation potential makes it possible to obtain diﬀerent
cells types and create organoid models from a small number
of isolated cells. Since all cells derived from the stem cells
carry the donor’s genome, it is possible to regenerate entire
tissues which can be used to replace degenerated or damaged
tissues with low risk of rejection or be used in vitro as a model
of the in vivo tissue. Stem cells harvested from patients with a
disease of interest can be used to create disease models as a
viable alternative to current transgenic animals and transformed cell lines. Genetic modification of stem cells, such as
knockout models where a particular gene is removed, can help
to examine the role a specific gene plays in genetic disorders at
the tissue level. Neurodegenerative disease research stands to
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gain significantly from application of stem cells because diﬀerentiation protocols are well developed for neural cell types compared to others and because only a limited number of primary
human neurons can be isolated directly from a patient.9
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2.3

Replicating natural 3D cellular structure in vitro

It is well known that cells in the human body adhere strictly to
a higher order of spatial distribution and often exhibit spatial
polarity. This higher order characterizes tissues and organs
and allows complex functions to take place – most notably, in the
nervous system. Thus, replicating the 3D spatial distribution of
diﬀerent cell types and the relative orientation of individual cells
is crucial to generating accurate models of these tissues. Complex
biomimetic 3D structures cannot fully form in traditional 2D
cell cultures, necessitating a shift of neural tissue engineering
eﬀorts into the third dimension in the interest of more accurately
modeling the organization and structure of the tissues.12
Embryoid bodies formed from mouse embryonic stem cells
(ESCs) diﬀerentiated into neural progenitors have been cultured on 3D fibrin scaﬀolds, revealing enhanced cell proliferation and diﬀerentiation compared to 2D culture (on top of
the same scaﬀold).13 It has been shown that in 3D microenvironments, neural stem cells (NSCs) migrate randomly, grow
longer neurites, and retain their undiﬀerentiated state more
than in 2D cultures.14
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An example of the importance of 3D culture in forming
natural architecture is highlighted in a study aiming to regenerate brain cortical neurons.15 In 2D in vitro cultures, these
cells exhibit polarity and spatial patterns in the form of
rosettes. But, in 3D, self-organization of cortical progenitors
and neurons can take place to form cortical-like cytoarchitecture with time-dependent spatial patterning similar to that in
vivo (Fig. 1). Other studies have observed rosette formation
from human ESCs in 3D culture systems of degradable poly
(α-hydroxy esters) as well as formation of 3D vascular structures in the presence of neurotrophins.16
Recent interest in creating organoid models borrows its
approach from developmental biology in that it aims to reengineer the process of embryogenesis rather than simply engineering the end-stage tissue.17 This approach calls for
replication of the embryonic microenvironment and makes
use of stem cells’ unique, innate capability for self-organogenesis. The relatively recent advent of induced pluripotent
stem cells (iPSCs) oﬀers yet another viable source of stem cells
for tissue engineering. Neural crest stem cells (NCSCs) have
been derived from both ESCs and iPSCs and show great
promise for cell therapies and neural tissue engineering.18
NCSCs were shown to accelerate regeneration of sciatic nerves
when seeded in nerve conduits, which served as a bridge for
transected sciatic nerves, and to diﬀerentiate into Schwann
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Fig. 1 Spatial patterning of cells in 2D and 3D. (A) Comparison of 2D and 3D models for neural tissue, demonstrating key aspects of corticogenesis
in 2D, but more biomimetic spatial patterning and cytoarchitecture formation within 3D cultures. (B) Representation of the 3D spatial patterning of
diﬀerent cell types in vivo. SV: subventricular zone; ISVZ: inner subventricular zone; OSVZ: outer subventricular zone. Reprinted from Trends in
Neurosciences, 37/6, J. van den Ameele, L. Tiberi, P. Vanderhaeghen, I. Espuny-Camacho, Thinking out of the dish: what to learn about cortical
development using pluripotent stem cells, 334–332 2014, with permission from Elsevier.51

cells (SCs) and help form the myelin sheath around nerve
axons.18
Using 3D scaﬀolds also provides opportunities to temporally control the tissue regeneration processes. The degradation rate of the scaﬀold may be tuned to temporally control

neural regeneration. One study tuned the degradation rate of
polyethylene glycol (PEG) hydrogels to control the rate at
which embryonic neural cells extend processes in 3D culture,
giving control over the time scale of neural process extension
between 1 and 3 weeks.19
2.4
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3D approaches enable recreation of tissue function

Cells are intimately connected to surrounding cells through
intercellular signaling and closely regulated by interactions
with the extracellular matrix (ECM). The great advantage of the
recent shift from traditional 2D monolayer culture to
biomimetic 3D microenvironments is that such conditions
facilitate these complex interactions more so than 2D cultures.
According to the organizing principle proposed by Bissell and
colleagues, cell–cell and cell–ECM signaling defines a tissue’s
specificity and drives homeostatic regulation.20 These interactions with the surrounding microenvironment are known to
influence progression through a cell’s life cycle, including proliferation, migration and apoptosis.12,20 Cell–cell and
cell–ECM interactions are also crucial for proper tissue formation in the developmental stages.4 This necessitates use of
3D culture methods to allow accurate replication of the developmental process for studying the progression of nervous
system development as well as proper adult structures.
The eﬀects of 3D culture compared to 2D are evidenced by
a recent study where diﬀerentiated human NSCs were cultured
in an inert 3D scaﬀold (Alvetex scaﬀold circles) and compared to
those cultured on a comparable 2D surface.21 The NSCs in the
3D scaﬀold formed spontaneously functional 3D networks
(unlike those in 2D conditions). The study also noted a significant diﬀerence in gene expression between the two conditions,
specifically in genes coding for neuronal function, ECM, and
cytoskeleton. In another scaﬀold, PuraMatrix™, human ESC-
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derived neural cells grew into more branched structures when
encapsulated in the matrix than when grown on top of the same
material, even forming spontaneously functional 3D networks.22
3D culture conditions are of particular value in neural
tissue models because they facilitate the formation of 3D
neural networks characteristic of the cytoarchitecture found in
cortical tissue. 2D studies fail to replicate the extension of
neural processes in 3D. 3D scaﬀolds, however, have been
shown to facilitate improved development of functional
network connectivity and neural synapses.23,24 In order to
model network dynamics in the 3D space (compared to
previous studies of 2D neural networks grown on rigid substrates), a recent study used 3D networks coupled to microelectrode-arrays to demonstrate the diﬀerence between 2D and
3D network dynamics.25 Compared to 2D networks, 3D neural
networks showed morphology, connectivity, and ECM more
closely mimetic of the in vivo situation, spatial segregation of
signals, and greater complexity. The 3D networks also exhibited a time delay between an external electrical stimulation and
propagation of that signal to lower layers to evoke an electrical
response signal. Observed variability in the time delay between
stimulation and response in the presence of synaptic blockers
demonstrates synaptic reverberation and amplification
through the layers (as opposed to low synaptic connectivity or
density), verifying that the 3D system generated functionally
interconnected neuronal networks.
2.5

Eﬀect of 3D environment on stem cell diﬀerentiation

A consideration which is specific to the use of stem cells is
the influence of the microenvironment on diﬀerentiation.
Thus, in vitro 3D scaﬀolds which contain these cells must be
designed to mimic the in vivo conditions in order to
regulate stem cell behavior as it is in natural tissues. It is
known that in 2D cultures, substrate stiﬀness greatly influences neural stem cell diﬀerentiation.26–28 Studies suggest that
mechanical cues are sensed by the actin cytoskeleton and
transduced by the RhoA pathway to influence diﬀerentiation.29
Thus, in order to take full advantage of the range of cell types
which a stem cell is capable of generating, it is necessary to
pursue a range of 3D scaﬀolds with various mechanical properties which favor diﬀerentiation of these cell types.
One culture system used collagen to maintain high viability,
allow migration, and induce diﬀerentiation into neurons,
astrocytes, and oligodendrocytes by optimizing the concentration of the collagen peptide.30 Compared to previous results
regarding the eﬀect of 2D substrate stiﬀness on stem cell behavior, similar results have been replicated with mesenchymal
stem cells (MSCs) in 3D thixotropic gels.31 A study of NSCs
encapsulated in alginate hydrogels revealed that a low hydrogel
modulus (around 183 Pa, which is similar to that in brain
tissues) promoted greater proliferation as well as neuronal
diﬀerentiation than stiﬀer hydrogels.32 A controlled study used
neural progenitor cells (NPCs) encapsulated in hyaluronic acid
to characterize the eﬀect of mechanical properties on diﬀerentiation.33 The study reported that NPCs cultured in low-modulus
scaﬀolds (1.5 kPa, similar to that measured in neonatal rat
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brains) diﬀerentiated into a neuronal lineage. In contrast, NPCs
in scaﬀolds of greater stiﬀness, similar that of the adult brain,
diﬀerentiated mostly into astrocytes. Another study used alginate to expand stem cell lines while retaining pluripotency and
observed diﬀerentiation under a range of culture conditions.34

3. Applied 3D fabrication techniques
There exists an incredible amount of technology established
for fabricating such 3D scaﬀolds for tissue engineering
applications.35–49 This work has strengthened our understanding of the eﬀect of fabrication techniques and culture conditions on stem cell behavior, particularly for neural cell
diﬀerentiation. One popular application of the 3D techniques
described herein is to develop culture systems in vitro, generally for the purpose of controlling stem cell diﬀerentiation
and organization and ultimately functional tissue formation.
Another application which is gaining popularity is the nerve
conduit to facilitate regeneration of peripheral nerves; this
application will be discussed in detail in section 4.50 Here, we
review 3D fabrication techniques which have shown promise
in using stem cells for neural tissue engineering.
3.1.

Vascularization

Despite the recent successes reported in 3D neural tissue
engineering, there remains a challenge associated with the
shift from traditional 2D to 3D for long-term culture. Cells
cultured in 3D scaﬀolds do not have immediate access to
the oxygen and nutrients needed to survive, nor are they able
to successfully expel wastes and CO2 as in traditional 2D
monolayer cell cultures. Thus, large 3D tissues cannot grow
past a certain thickness in traditional culture conditions,
making it impossible to replicate and study the later stages of
development in vitro.51 One study using adipose-derived stem
cells (ASCs) transplanted into a nerve conduit were not viable
in significant quantities after 14 days, limiting the success of
the otherwise promising study, which indicated improved
axonal growth and SC proliferation in the first few days.52
This problem has been addressed in one study, which
achieved long-term viability in 3D culture beyond 13 weeks
by optimizing the culture of ESC-derived cortical neuroepithelium cells to improve oxygen delivery throughout the
culture.15 This approach involved formation of aggregates with
a transforming growth factor beta (TGFβ) inhibitor and a Wnt
inhibitor for 18 days to cause telencephalic diﬀerentiation.
This was followed by suspension culture under 40% O2 conditions in the presence of a chemically defined lipid concentrate. This protocol also included addition of fetal bovine
serum, heparin, and a low concentration of Matrigel (1%) on
Day 35, use of a high O2 penetration dish after Day 56, and an
increase in Matrigel concentration to 2% with addition of a
B27 supplement on Day 70 to achieve long-term maintenance
of ventricular zone progenitor cells. Another study53 used a
similar but much simplified system54 in which the aggregates
were attached and cultured in Neurobasal medium sup-
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plemented with N2, B27 and L-glutamine under normal culture
conditions. Cultures were examined at day 50 and 70 after diﬀerentiation; results revealed the formation of synapses in these
long-term cultures, suggesting that some cells could mature
under basic 3D aggregation cultures.53 In another approach,
methacrylamide chitosan (MAC) has been conjugated with perfluorocarbons (PFCs), which take up and release oxygen at
optimal levels to facilitate proliferation and enhanced neuronal
diﬀerentiation of neural stem/progenitor cells (NSPCs).55
A more recent study which is discussed in more detail in
section 5.2 revealed the formation of cerebral organoids in cultures using a spinning bioreactor to improve the absorption of
nutrients in the 3D aggregation system.56
Future work in this area, such as strategies for introducing
vasculature, will help improve long-term viability in 3D
tissues.57,58 These strategies involve facilitating vasculogenesis
and angiogenesis, or the formation of new blood vessels, from
existing vessels or endothelial cells by using optimized
scaﬀolds, patterning cells, and delivering growth factors and
signaling molecules.59,60 Other novel techniques for vascular
tissue engineering include assembly of microscale cell-laden
hydrogel constructs,61 use of microfluidic platforms,62 electrospinning fibrous meshes,63 as well as scaﬀold-based techniques to either pattern vessels into synthetic scaﬀolds
( prevascularization) or take advantage of existing architecture
in natural scaﬀolds.64 A recurring theme in many of the
studies discussed in this section is an eﬀort to encourage
mass transport for oxygen and nutrient delivery in the interest
of achieving long-term viability in 3D cultures.
3.2.

Porous scaﬀolds

Porous scaﬀolds oﬀer a significant advantage for 3D tissue
engineering because they create a higher surface area on
which cells can attach and grow. Interconnected porous structures allow for mass transport of nutrients, waste, and biofactors and also facilitate cell infiltration and migration. Pore
size is also a factor to consider: several studies have reported
that a smaller pore size leads to greater diﬀerentiation while
larger pore sizes favor cell proliferation.65 One hypothesis is
that the cells reach confluency earlier in scaﬀolds with smaller
pores, and thus lower surface area, which inhibits proliferation
and initiates diﬀerentiation.65
Human bone marrow MSCs were shown to diﬀerentiate
more eﬀectively in 3D terpolyesters of 3-hydroxyalkanoates
scaﬀolds than in 2D; pore sizes in the range of 30–60 μm were
tested and smaller pores were found to increase diﬀerentiation.66 3D macroporous cellulosic hydrogels have been used
to promote human MSC growth, with a 14-fold demonstrated
increase in cell proliferation over a period of 7 days.67 The
same study demonstrated that nearly all of the MSCs diﬀerentiated into neurons and glial cells on this scaﬀold after 14 days
induction, as supported by PCR.
To increase pore size in photo-crosslinkable MAC scaﬀolds,
D-mannitol crystals have been used as a porogen, a material
admixed into a hydrogel and subsequently dissolved from the
cured hydrogel to leave pores in the scaﬀold.68 Using 20%
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crystals increased the pore size over 2-fold (attaining 7600 ± 1550 µm2 pores) compared to control scaﬀolds
(which had 3150 ± 220 µm2 pores), increasing the oxygen
diﬀusion in the scaﬀold. NSPCs were cultured on this scaﬀold
and found to diﬀerentiate to neural cell types, with the most
significant diﬀerentiation occurring on the more porous (20%
D-mannitol) scaﬀolds.
In the cryogelation method, a polymer or monomer is
frozen such that ice crystals are formed and act as a porogen.69
After complete gelation, the cryogel is thawed at room temperature to melt the ice crystals and washed to remove unpolymerized monomers, leaving an interconnected pore structure.
This technique has been applied to neural tissue engineering
by using dextran or gelatin scaﬀolds linked to laminin with an
optimal pore size of 80–100 µm, providing mechanical support
to developing nerve tissue with 3D complexity. The scaﬀold
allowed infiltration of seeded cells and delivery of morphogens
to cause stem cell diﬀerentiation and served as a platform for
development of 3D neural-like tissues.70 Stem cells from
human umbilical cord blood were seeded onto the scaﬀold
and exposed to medium for neural commitment for 7–10 days
followed by neural diﬀerentiation medium for 7–14 days,
resulting in diﬀerentiated neuron-like and glial lineage cells.
When implanted into rat brain tissue, the facilitated infiltration of host neuroblasts into the scaﬀolds.
Another method of pore generation is freeze-drying in
which a scaﬀold is dissolved and dispersed in a solvent, which
is then frozen and sublimated under a vacuum to remove the
solvent and leave behind a porous scaﬀold. This method gives
control over pore size by controlling the pH and freezing rate.
This method has been applied to chitosan/gelatin scaﬀolds to
observe the eﬀect of pore size on NSPCs.71 Chitosan/gelatin
scaﬀolds which were hybridized with hyaluronic acid and
heparan sulfate were shown to have a 96% porosity with
90–140 μm interconnected pores. Addition of hyaluronic acid
and heparan sulfate to the scaﬀold improved cell adhesion,
facilitated long-term growth, and enhanced neuronal diﬀerentiation compared to control chitosan/gelatin scaﬀolds. Another
porous chitosan scaﬀold, also fabricated using the freezedrying technique, exhibited a similar highly porous, interconnected structure.72 The scaﬀold was found to facilitate growth
and survival of dental pulp stem cells and enhance diﬀerentiation into nerve cells when exposed to diﬀerentiation media.
In thermally induced phase separation, a polymer is dissolved in a solvent and the sample is cooled to decrease the
solubility of the polymer and induce phase separation into a
polymer-rich and a polymer-poor phase. The sample is
then freeze-dried to cause the solvent to sublime, forming a
porous polymer scaﬀold. A highly porous poly (D,L-lactic acid)
scaﬀold, formed via thermally induced phase separation,
has been used to culture mouse ESCs and was shown to
enhance diﬀerentiation into neural cells compared to in 2D
cultures .73
Conductive scaﬀolds present a promising trend, as electrical stimulation has been shown to aﬀect the migration,
diﬀerentiation, and proliferation of NSCs.74,75 A 3D porous
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graphene foam was developed as a conductive scaﬀold which
promoted diﬀerentiation into predominantly neurons as well
as astrocytes and maintained the active proliferation state (as
measured by upregulation of Ki67) compared to 2D graphene
films.76 The conductive properties of the graphene were
capable of stimulating the cells via capacitive charge injection
with voltage in the range of −0.2 to +0.8 V.
3.3.

Fibrous scaﬀolds

Fibrous scaﬀolds show promise for neural tissue engineering
because, based on 2D tests, they have the ability to orient and
align neurites and encourage directed growth.77 3D nanofibrillar scaﬀolds, which closely mimic the geometry and porosity
of natural basement membranes, have been shown to enhance
proliferation and self-renewal of mouse ESCs.78 Nanofibers
may be formed through self-assembly, which occurs spontaneously without external guidance; in some cases, this
material may be injected into a tissue cavity and will form a
3D hydrogel under physiological conditions.
A range of functional motifs were conjugated to a selfassembling peptide, RADA16, to generate “designer” peptide
nanofiber scaﬀolds and observe their eﬀect on mouse NSCs.79
Functionalization with certain bone marrow homing motifs
was shown to enhance survival and proliferation and to
promote neuronal diﬀerentiation. Later, RADA16 self-assembling peptides were optimized for NSC culture at a concentration of 0.5%, which has an optimal stiﬀness for NSC culture
of 10–1000 Pa.80,81 RADA16 functionalized with diﬀerent functional motifs: bone marrow homing motifs was shown to
promote NSC proliferation while RGD was optimal for NSC
diﬀerentiation, resulting in neurons, astrocytes, and oligodendrocytes after 5 days of culture on the scaﬀold. The motifs
used can be easily varied by dissolving the desired peptides in
aqueous solution followed by self-assembly into nanofiber
scaﬀolds; diﬀerent scaﬀolds can elicit a desired response from
stem cells within this scaﬀold. Another study functionalized
RADA16 with an IKVAV motif, which oﬀered guidance to direct
adhesion of encapsulated NSCs as well as neuronal diﬀerentiation.82 When injected into rat brain defects, the hydrogel
supported survival and diﬀerentiation of the encapsulated
NSCs. The NSCs also reduced glial astrocyte formation, which
can be a barrier to neural regeneration.
Nanofibrillar scaﬀolds may be formed using a process
called electrospinning, in which a liquid material, often a
polymer solution, is electrically charged, causing a charged jet
of solution to eject toward a receiving substrate. As the solvent
evaporates, nanofibers are deposited on the substrate in a
non-woven mat with controllable fiber diameter and porosity.83 Nanofiber diameter plays an important role in stem cell
behavior. Rat NSPCs demonstrated a 20% increase in neuronal
diﬀerentiation when cultured on 749 nm laminin-coated
electrospun Polyethersulfone fibers compared to cultures on
standard tissue culture polystyrene.84
Another technique is microfluidic spinning, in which a
microfluidic chip is used to engineer continuous fibers with
tunable control over complex morphological, structural, and
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chemical features.85 By digitally coding microfluidic flow rates
of diﬀerent components, hydrogel microfibers were generated
with varying chemical composition, spindle knots, gas
bubbles, and tapering with grooved surfaces. Rat embryonic
neurons were found to grow and extend along the axis of
smooth and grooved fibers. A significant improvement in
neuronal alignment and extension was seen on nano-grooved
fibers compared to smooth fibers.
3.4.

Decellularized scaﬀolds

Decellularized scaﬀolds, or scaﬀolds derived from removing
the cellular components from tissue samples using detergents,
retain the natural ECM proteins and biomolecules as well as
their 3D architecture. This oﬀers a notable advantage over the
natural and synthetic scaﬀolds described previously, where
these features need to be artificially reproduced through
various fabrication and culture techniques, but also introduces
complications with biocompatibility and sample-to-sample
variability. Proliferation (as reported by proliferation marker
Ki67) was enhanced in 3D scaﬀolds compared to 2D. Decellularized mouse brain sections (1.5 mm thick) were shown to be
conducive to murine NSC survival and growth for up to
7 weeks and formation of a 3D maze-like interconnected
cellular structure.86 Cells were observed to retain their stem
cell properties when stimulated with mitogens, epidermal
growth factor (EGF), and human FGF-2 to trigger cell division.
3.5.

Immobilization of growth factors

Use of biomolecules and growth factors is a well-established
approach to deliver signals to cells either in vitro, through
addition to the culture medium, or in vivo, through any one of
many proposed drug delivery strategies. Immobilization of
such growth factors within the 3D scaﬀold allows the molecules to be delivered more specifically to the targeted cells and
remain localized over time to continue delivering the biomolecular signal. In one study, brain-derived neurotrophic factor
(BDNF) was immobilized on electrospun poly-ε-caprolactone
nanofiber scaﬀolds.87 Results of this study indicate that NSC
proliferation and diﬀerentiation into neurons and oligodendrocytes was enhanced by BDNF when it was immobilized
onto the scaﬀold compared to when it was dissolved in the
culture media. Another study used a layer-by-layer self-assembly method to pattern BDNF into heparin/poly-L-lysine (PLL)
polyelectrolyte multilayers electrospun poly-ε-caprolatone
nanofibers.88 This layer-by-layer spatial distribution of the
growth factor resulted in higher cell number and longer
neurite outgrowth of neural progenitor cells compared to
scaﬀolds without BDNF and scaﬀolds where BDNF was physically adsorbed.
Another study immobilized biotin-rat interferon-γ (IFN-γ), a
cytokine shown to influence diﬀerentiation into neurons, on
photocrosslinkable MAC modified with streptavidin via biotinstreptavidin binding.89 Neuronal diﬀerentiation was enhanced
in the presence of IFN-γ both immobilized on the scaﬀold and
dissolved in the medium compared to control scaﬀolds
without the growth factor. Further, growth factor-immobilized
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scaﬀolds were shown to give rise to a more neuronal-committed cell population as evidenced by elevated expression of
βIII tubulin and nestin compared to culture with soluble
growth factor (where cells expressed βIII tubulin and nestin as
well as an oligodendrocyte marker, RIP) and control scaﬀolds
(where little diﬀerentiation was observed).
An extension of this work assessed diﬀerentiation in vivo
using IFN-γ in addition to platelet derived growth factor-AA
(PDGF-AA) and bone morphogenic protein-2 (BMP-2) to signal
diﬀerentiation into neurons, oligodendrocytes, and astrocytes,
respectively.90 The scaﬀolds were implanted subcutaneously in
mice and after 28 days, growth-factor immobilized scaﬀolds
induced greater diﬀerentiation than adsorbed and control
scaﬀolds. Further, cells in IFN-γ-immobilized scaﬀolds formed
neural rosette-like arrangements and neural tube-like
structures.
Proteins and growth factors may also be patterned in 3D
scaﬀolds to direct cell attachment, growth, and diﬀerentiation
with spatial control. One such method used a photoactive
agarose hydrogel and photochemically patterned fibroblast
growth factor-2 (FGF-2) via either disulfide bonding of cysteine
groups in FGF-2 to photoexposed agarose thiols or human
serum albumin bound to these photoexposed thiols followed
by stable conjugation of FGF-2 to the albumin binding domain
of the protein.91 This method can be applied to a broad range
of proteins and growth factors which express this albumin
binding domain. This method and others which enable spatial
patterning of proteins have potential to give rise to powerful
neural tissue engineering strategies for producing neural
tissues with spatial complexity.
3.6.

3D bioprinting

3D bioprinting techniques for neural tissue engineering are
particularly promising because this method provides ultimate
control over the 3D architecture and spatial arrangement of
cells. Direct cell printing is one method which has been used
to pattern rat embryonic neural cells in collagen hydrogel.92 In
this technique, a collagen precursor was printed in a layer,
then embryonic neurons and astrocytes are printed in the
same manner, and the process was repeated to construct a 3D
construct in a layer-by-layer manner. Another study printed
murine NSCs in collagen and vascular endothelial growth
factor (VEGF)-releasing fibrin hydrogels with high viability
(92.89+/−2.32%).93 The results showed that cells printed
within 1 mm of the VEGF-releasing areas of the construct
migrated toward those areas over a distance of 100 μm in
3 days in contrast to control gels with no VEGF, in which cells
did not proliferate or migrate. This indicates sustained release
of growth factor from the fibrin gel over the 3-day period.
3.7.

Magnetic levitation

Magnetic levitation is a unique approach to attaining a desired
spatial arrangement of cells for 3D tissue engineering. In this
method, cells were suspended in a hydrogel with bacteriophage, magnetic iron oxide, and gold nanoparticles.94 Murine
NSCs were mixed into the hydrogel in a media solution,
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causing the components to either enter the cell or bind to the
membrane. When an external magnetic field was applied, the
cells and hydrogel levitated to the air-medium interface. After
incubation for 12 hours, the cells were shown to form multicellular assemblies showing characteristic branching morphogenesis, a developmental process implicated in tissue formation.95
3.8

Microfluidic flow

Microfluidic approaches oﬀer precise and repeatable spatiotemporal control over the cell culture microenvironment,
which is critical to understanding and controlling neural stem
cell behavior.96 One microfluidic device was designed to apply
fluid flow to align 3D encapsulated mouse NSCs cultured in
the device.97 Consistent fluid flow was applied as Matrigel was
undergoing gelation within the microfluidic channel, producing an ECM with 70% of the structures aligned. This enabled
growth of primary rat cortical neurons and mouse NSCs with a
high degree of orientation in the neuronal processes. Other
useful applications of microfluidic devices to stem cells
include maintenance of steady-state culture conditions over
time as well as generation of gradients of growth factors as
they are delivered to the cells.96 Considering the rapid
advancements in biological micro-electro-mechanical systems
(BioMEMS) and the broad range of capabilities being developed, it is likely that this approach, combined with further
application of stem cells, will serve as a platform for future
innovation in the field of 3D neural tissue engineering.

4. Nerve conduits for in vivo nerve
regeneration
Since there are limited nerve regenerative therapies available
clinically to treat lesions and injuries to peripheral nerves,
nerve guidance conduits (tubes) present a potential treatment
option to bridge large gaps between severed nerve ends, facilitating peripheral nerve regeneration while preventing infiltration by surrounding cell types.50 These conduits provide a
cylindrical tubular vessel in which these 3D scaﬀolds and fabrication strategies developed in vitro (described in the previous
section) can be patterned to aﬀect neurite regeneration and
extension through the defect and ultimately reconnection of
the severed neurite ends in vivo. Recent research in the interest
of improving the eﬀectiveness of this therapy has made use
of stem cells seeded within the tube as well as several of the
various 3D fabrication techniques described previously
(Fig. 2). Future work taking advantage of these two powerful
approaches will be able to bridge nerve defects more quickly
and restore more sensory and motor function than possible
with current therapies.
4.1.

Stem cells seeded in nerve conduits

Bone marrow stem cells (BMSCs) are widely used for regenerative therapies because they are easily harvested from the
patient, reduce the risk of rejection, and are able to diﬀerentiate into multiple cell lineages. BMSCs may be seeded in
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Fig. 2 Engineering strategies for nerve guidance conduits. External guides for nerve guidance conduits are fabricated into (A) hollow tubes or (B)
ﬂat membranes which are rolled into tubes and secured. Internal ﬁllers for nerve guidance conduits include injectable hydrogels, porous matrices,
and oriented matrices used to (C) ﬁll the tube cavity or (D) create two or more layers of diﬀerent ﬁllers. Reprinted from Progress in Neurobiology,
Chiono and Tonda-Turo, Trends in the design of nerve guidance channels in peripheral nerve tissue engineering, 2015, with permission from
Elsevier.127

nerve guidance conduits to enhance regeneration and, in one
study, were found to survive and maintain their phenotype for
6 weeks when seeded in polyglycolic acid tubes and implanted
in vivo for facial nerve regeneration in a rat model.98 BMSCs
seeded in chitosan nerve guidance tubes have been shown to
survive and proliferate on the scaﬀolds for 8–16 weeks
in vivo in a rat model.99 This study concluded that BMSCs
enhance peripheral nerve regeneration across an 8 mm gap. A
later study by the same group found that nerve functionality
(as quantified by the sciatic nerve function index in rat
models) and the number and size of fibers in the defect were
improved in chitosan tubes containing BMSCs, approaching
the regenerative success observed in rats which received autografts100 (which serve as the current gold standard for peripheral nerve regeneration). Addition of a laminin coating to
the chitosan tubes improved BMSC adhesion, thus enhancing
the ability of the cells to suppress the inflammation and fibrotic response to chitosan over long-term in vivo transplantation
in rats, ultimately facilitating peripheral nerve regeneration
over a 10 mm defect.101
BMSCs have also been seeded in polycaprolactone nerve
guidance conduits. MSCs in these conduits were shown to
prevent decrease in denervation in muscle when implanted
into mice in vivo as evidenced by relatively high levels of creatine phosphokinase in MSC-treated conduits compared to
conduits without cells.102 These results indicate that the cells
help to maintain tissue activity, likely through the release of
various trophic factors, ultimately improving functional recovery in mice. A later study by the same group revealed a significant increase in myelinated fibers when BMSCs were seeded in
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polycaprolactone conduits and implanted into mice,103 consistent with the findings for BMSC-seeded chitosan conduits.
Bone marrow-derived cells (BMDCs) also show promise for
facilitating nerve regeneration when seeded inside nerve guidance tubes. One study seeded resorbable collagen guidance
tubes with BMDCs and found that motor function of mice
which received sciatic nerve grafts with BMDC-seeded tubes
recovered motor function faster than mice which received guidance tubes without cells.104 The number of myelinated fibers
and the total myelinated area was found to be higher in the
group which received BMDC-seeded grafts. Another study
found that when BMDCs were co-seeded with SCs in a collagen
nerve guidance tube implanted in vivo in mice, the BMDCs
transdiﬀerentiated into SCs.105 Consistent with the previous
study, the BMDCs were found to enhance sciatic nerve
regeneration.
ASCs have also been used as a stem cell source. One study
found that autologous ASCs improved axon growth, nerve
reinnervation, and functional recovery when seeded in a decellularized artery conduit compared to use of the artery conduit
alone when implanted in an 8 mm facial nerve defect in a rat
model.106 Another recent study tested diﬀerent adult stem cell
types, including ASCs and dental pulp stem cells (DPSCs),
co-cultured with SCs within microporous nerve conduits.107
In vitro studies revealed synergistic nerve growth factor (NGF)
production in co-cultured conduits with ASCs and SCs. When
implanted in vivo in rat models to bridge a 15 mm sciatic
nerve defect, conduits with ASCs and SCs resulted in the greatest functional recovery. Further, conduits seeded with DPSCs
and SCs promoted better functional recovery than those
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seeded with DPSCs alone, highlighting the positive eﬀects of
co-culturing multiple cell types.
Another recent approach to improve peripheral nerve regeneration is to harvest donor MSCs and diﬀerentiate them
into neural cells prior to seeding into nerve conduits. This
approach may be used to obtain an alternative source for SCs,
which are known to play an important role in nerve regeneration, as it is diﬃcult to obtain large quantities of cells due to
donor site morbidity and low proliferation rate.108 SC-diﬀerentiated MSCs have been seeded in a decellularized human vein/
muscle conduit and implanted in vivo in mouse models.108 In
this study, MSCs were diﬀerentiated into SC-like cells. In vivo
results indicate that the muscle-stuﬀed vein was biocompatible
and biodegradable, fully degrading after 8 weeks post-implantation. The scaﬀold was found to be completely replaced by
the diﬀerentiated MSCs seeded on it after these 8 weeks. A
later study by these authors seeded neural-diﬀerentiated MSCs
into a collagen-coated polylactic-glycolic acid conduit.109 This
conduit was also shown to facilitate cell attachment, survival,
and proliferation of cells when implanted sub-muscularly in
mice. ASCs have also been used with this approach. ASCs,
after being diﬀerentiated into SC-like cells and seeded in an
allogenic artery conduit, were shown to enhance facial nerve
regeneration in rat models better than undiﬀerentiated cells
and nearly as well as SCs.110 ASCs have also been diﬀerentiated
into neurosphere-like cells on a chitosan-coated plate prior to
seeding into a chitosan-coated silicone tube.111 This approach
also resulted in an improvement in the number of myelinated
axons formed in the tube as well as myelin thickness and functional recovery when used in vivo in rat models to bridge a
10 mm sciatic nerve defect.
Stem cells may also be transfected to induce production of
certain neurotrophic factors known to enhance peripheral
nerve regeneration. One study used this method to transfect
NSCs with BDNF or glial cell line-derived neurotrophic factor
(GDNF).112 When implanted in vivo into a sciatic nerve defect
in rat models, GDNF-transfected NSCs improved the degree of
myelination, regenerated tissue mass, number of blood vessels
in the defect area, as well as functional recovery compared to
the same non-transfected cells.
4.2.

3D scaﬀolds for nerve conduits

3D scaﬀolds prove particularly useful for encouraging alignment and directional growth of neurites within a nerve
conduit in order to bridge the defect more quickly. One study
used fabricated poly (D,L-lactide) conduits with microlithography to etch 3 μm grooves in a silicon wafer, soft lithography to create polydimethylsiloxane (PDMS) submasters,
and solvent casting to create micropatterned grooves.113 NSCs
were seeded on the scaﬀold and 84.7% of NSCs were aligned
within 72 hours of seeding. Alignment of NSCs resulted in
upregulation of NGF and BDNF expression on the micropatterned conduits, which is possibly regulated by the cytoskeletal
rearrangement associated with alignment. This altered gene
expression may have contributed to nerve regeneration, resulting in functional recovery of a 10 mm sciatic nerve gap in 6
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weeks. Another study also seeded NSCs on a micropatterned
aligned scaﬀold formed from two layers.114 The outer layer was
a porous micropatterned film fabricated by casting a copolymer with PEG as a porogen on an etched silicon wafer
with square grooves and perpendicular walls. The inner layer
was an aligned fibrous mat fabricated by electrospinning of a
co-polymer. NSCs were seeded on the films and mats and
allowed to proliferate, then the tubular constructs were formed
by rolling the micropatterned film around the aligned fibrous
mat. NSCs were shown to align and elongate in the direction
of fiber alignment, wrapping around the fibers in bundles, in
contrast to unoriented clusters formed on randomly oriented
fibers. Astrocytes were also seeded and observed to align in the
same orientation while supporting NSC alignment.
Another approach to obtaining 3D scaﬀolds for nerve conduits is deriving decellularized scaﬀolds from harvested
tissues. An allogenic artery was used in two studies, obtained
by treating the artery tissue with trypsin-EDTA and Triton
X-100 detergent, then crosslinking with ethyl-3 (3-dimethylaminopropyl) carbodiimide (EDC) to reduce degradation
rate.106,110 The decellularized allogeneic artery conduits were
implanted with ASCs which were either undiﬀerentiated106 or
diﬀerentiated into neural-like cells.110 These conduits supported attachment and proliferation of seeded cells, degraded
at a moderate rate, and did not cause an inflammatory
response. Another study used human vein and muscle tissue
decellularized via liquid nitrogen immersion and hydrolysis
with hydrochloric acid.108 The acellular tissue provided a
stable living nerve conduit with high biocompatibility and biodegradability over 8 weeks when implanted in vivo.
Bioactive conduits may also be produced by conjugating
biomolecules to the scaﬀold. For example, one group immobilized acidic fibroblast growth factor 1 (FGF-1) on microporous/
micropatterned poly (D,L-lactic acid) conduits via open air
plasma treatment.115 Conduits were grafted with chitosan,
which has antimicrobial qualities but is mechanically weak,
and gold nanoparticles (nano Au), which served to reinforce
the chitosan scaﬀold. This nanocomposite provided an ECMlike environment to support nerve regeneration while also promoting sustained release of the FGF-1, which has been shown
to promote growth and have neuroprotective properties. Immobilization of FGF-1 using this approach preserved the bioactivity of the molecule compared to tubes without the
nanocomposite, ultimately improving regeneration and functional recovery when seeded with NSCs and implanted in a
15 mm defect.

5. Recent progress in functional 3D
tissue formation using stem cells
5.1. Modeling human cortical tissue development, structure,
and functionality
Combining multiple cell and 3D scaﬀolding techniques has
proven to be eﬀective in modeling human cortical tissue. One
approach uses a 3D culture system to screen potential cells for
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their therapeutic eﬀects for chronic neurological injury and
disease.116–118 The 3D culture system proposed was shown to
maintain astrocytes in a state which more closely mimics their
behavior in vivo than 2D cultures.116,117 Astrocytes we co-cultured with a range of stem cell types to examine astrocyte reactivity, which is associated with glial scarring and is known to
limit neural regeneration.118 Of three stem cell therapies evaluated using the platform developed here, NCSCs from hair
follicles, diﬀerentiated SC-like ASCs, and bone marrow MSCs,
only the bone marrow MSCs caused significant astrocyte
activation.
Another approach to engineering human cortical tissue is
to replicate the developmental process over time in vitro. Development occurs “inside out;” that is, neurons formed in the
proliferative zone migrate radially outward to form layer 6 first,
then continuing in this manner until layer 2 is formed (with
layer 1 originating from the cortical plate and having very few
neurons). The cortex is ultimately composed of a 2–3 mm
thick layer of gray matter with a folded, convoluted structure
and neurons comprising excitatory ( pyramidal) and inhibitory
neurons. Neurons form a highly organized and interconnected
network, with the layered structure reflecting on the radial
organization to facilitate input and output signaling, a theme
common across all of the diverse areas within the cortex.51,119
One study replicated the developmental process of the telencephalon by culturing human iPSCs in suspension with
rostral neutralizing factors.54 Though previous studies had
shown diﬀerentiation into anterior forebrain-like tissue, this
study aimed to mimic the transcriptional activity which gives
rise to the telencephalon. Results showed that the transcriptional activity of these cells during diﬀerentiation closely
mimics that in the early stages of dorsal pallium development
in humans and the approach produced a self-organized multilayered 3D structure in 8–10 weeks in vitro. Further presence of
synaptic vesicles, neurotransmitter receptors, transporters, and
astroglial diﬀerentiation suggested early synapse formation.
A later study also observed self-organization of cortical-like
higher order 3D structures formed from human ESCs cultured
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in a 3D suspension culture containing Matrigel.15 The structure exhibited axial polarity and inside-out layering reminiscent of cortical development (Fig. 3). Outer radial glia (oRG)like progenitors were developed on day 91 of culture (13 weeks,
or the equivalent of the second trimester), implying that the
development rate was similar to that of a fetus.

5.2.

Application to disease modeling

A recent study has developed cerebral organoids from human
stem cells in a 3D culture system developed using Matrigel,
growth factors to improve growth conditions, and a spinning
bioreactor which enhances absorption of nutrients.56 These
organoids were used to model microcephaly, a neurological
disease caused by abnormal brain development which is
associated with a significantly smaller head than normal
(hypoplasia).120 iPSCs were derived from skin fibroblasts from
a patient with microcephaly and used to form organoids.56 In
the early stages of development (day 22), the area of neuroepithelial regions was smaller, with an increased number of
diﬀerentiated neurons compared to controls derived from
“normal” iPS cells (obtained commercially), indicative of premature neural diﬀerentiation in microcephaly patients. Compared to the control organoids, the radial glia from the
microcephaly patient-derived stem cells were fewer in number
and showed little horizontal orientation. The horizontal orientation of the spindle as observed in control organoids is
crucial for normal symmetric expansion of NSCs during development, so the lack of horizontal orientation in microcephaly
samples gives insight regarding the disease phenotype. The
overall size of the organoids formed was smaller than those
formed with control cells, reminiscent of the hypoplasia
characteristic of microcephaly. The study also attempted to
rescue the microcephaly phenotype by adding cyclin-dependent kinase-5 Regulatory Subunit Associated Protein-2
(CDK5RAP2) protein via electroporation on day 12. The result
was formation of organoid regions with larger neuroepithelium compared to the tissues electroporated with GFP only.

Fig. 3 Comparison of natural development and experimental results obtained by Kadoshima, et al. (A) Cortical Lamination at mid-gestation, (B)
Self-assembled laminar cortical structure formed using previous culture techniques. (B) The experimental results seen after long-term culture.
Reprinted with permission from PNAS.15
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Models with RNAi knockdown of CDK5RAP2 also indicated
premature neural diﬀerentiation, consistent with observations
in the microcephaly model. Both of these experiments support
the conclusion that the microcephaly phenotype is specific to
loss of the CDK5RAP2 protein, demonstrating the value of
using tissue engineered disease models to study diseases in
vitro. Future studies may aim to generate disease models from
both microcephaly patients as well as age-matched controls to
further study the disease in vitro.
Alzheimer’s disease, the most common form of dementia,
is characterized by memory loss, disorientation, and memory
changes, progressively worsening over time.121 The molecular
hallmarks of the disease include amyloid-β plaques and neurofibrillary tangles (aggregates of hyper-phosphorylated tau
protein), which were replicated in a novel 3D Matrigel-based
Alzheimer’s disease model which expresses both of these features.122 Human NSCs were transfected with lentivirus vectors
to overexpress human β-amyloid precursor protein (APP) or
APP and presenilin 1 (PSEN1) with familial Alzheimer’s
disease mutations; increased levels of amyloid-β isoforms and
accumulations of insoluble amyloid-β aggregates were found
in these cells after 6 weeks. Treatment with the γ-secretase
modulator SGSM41, however, decreased the level of amyloid-β
aggregates. In addition to higher neuronal and glial diﬀerentiation in 3D culture compared to 2D, this study also reported
elevated levels of 4-repeat adult tau isoforms using 3D culture
conditions. Tau levels were found to be increased in cells with
familial Alzheimer’s disease mutations, which, like amyloid-β,
were decreased in the presence of the γ-secretase inhibitor
DAPT. These results imply that the presence of aggregated
phosphorylated tau is driven by amyloid-β aggregation, which
is consistent with the amyloid hypothesis of Alzheimer’s
disease. These results validate this Alzheimer’s disease model
as a platform for further studies in this area and oﬀers valuable insight into disease pathology.

5.3.

Tissue models for drug screening

The drug discovery and development process involves a comprehensive process of screening around 10 000 potential compounds, honing in on the most promising compounds,
extensive in vitro and in vivo testing, and ultimately United
States Food and Drug Administration approval, ultimately narrowing the study down to a single safe and eﬀective drug
(Fig. 4).123 However, many drugs which show promise through
the preclinical stage fail at the clinical trial stage; only about
8% of compounds from the preclinical stages successfully pass
the clinical trial phases and are approved for marketing.124 In
light of the large time investment (10–15 years11) and high
costs associated with clinical trials (an estimated $15.2 million
for Phase I, $23.4 million for Phase II, and $86.5 million for
phase III),124 more accurately assessing safety and eﬃcacy at
the preclinical stages can significantly reduce the cost of drug
development due to failed clinical trials.
One recent study has addressed this need by creating a
microarray platform which enables high-throughput toxicology
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assays which oﬀer the capability to assess the toxicity of
chemical compounds, including new drug candidates, to stem
cells as well as their diﬀerentiated progeny.125 This group
seeded human NSCs and diﬀerentiated glial cells into the 3D
microarray platform by embedding the cells in alginate and
spotting on a glass slide with a microcontact microarray
spotter in a 6 × 8 × 8 array of 60 nl spots over previously patterned 60 nl alginate-only spots. To demonstrate the ability to
test toxicity of diﬀerent compounds using this platform,
human NSCs and diﬀerentiated glial cells were challenged
with one of 5 compounds with a range of doses for 24 hours:
neurotoxicants (cadmium chloride, retinoic acid and dexamethasone), an anti-proliferative anti-cancer agent (5-fluorouracil), or a non-toxic control compound (acetaminophen).
Acetaminophen was verified to have a high IC50 value (low toxicity) and the toxicity of the neurotoxicants and anitproliferative
agents was found to be consistent with previous studies using
human NSCs. Further, a significant diﬀerence was observed in
the IC50 values of both dexamethasone and acetaminophen
between stem cells and diﬀerentiated cells. This study demonstrates that cell type-specific toxicity assays have potential to
determine the eﬀect of potential new drugs and other chemical compounds on neural cells at diﬀerent stages of development in a high-throughput manner.

6. Conclusion and future directions
Here, we have reviewed relevant 3D fabrication techniques
which have proven to be useful for the generation of 3D neural
tissue models with stem cells. These scaﬀolds include porous
scaﬀolds, nanopatterned structures, scaﬀolds designed specifically to facilitate proper structure and function of neural
tissue, and several unique fabrication strategies which oﬀer
greater control over the 3D engineered tissue construct. It is
likely that a combination of several of these approaches combined with the application of stem cells will generate significant innovation in the area of 3D neural tissue engineering.
There is also promise in tunable scaﬀolds, such as elastin-like
protein hydrogels which may be designed with a range of elastic
moduli and ligand densities,126 as well as “designer” scaﬀolds
which can be functionalized with a variety of signaling molecules.79 We have discussed an application of such techniques
which has seen recent in vitro success: nerve guidance conduits,
which are used to clinically bridge the gap between critical
defects in the peripheral nervous system and promote axonal
regeneration. These conduits have been shown to be greatly
improved by seeding of stem cells as well as incorporation of 3D
scaﬀolding within the conduit. Further application and optimization of these powerful 3D fabrication techniques and use of
stem cells, particularly strategic combinations of two or more of
these strategies, will likely advance the field of neural tissue
engineering one step closer to clinical applications.
We have also discussed recent novel applications of
stem cells to 3D neural tissue engineering. Self-organizing
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Fig. 4 Drug development process. The drug development process begins with assessing around 10 000 compounds and identifying lead compounds for use in pre-clinical trials. Compounds that succeed in this phase proceed to clinical trials with increasing numbers of participants in each
phase. Of the approximately 10 000 compounds tested, only one will obtain Food and Drug Administration approval. Reprinted with permission
from: reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Drug Discovery, copyright 2008.123

cortical tissue models give insight into the developmental processes of cortical tissue. These in vitro models oﬀer a powerful
tool to further understand neural tissue development with the
ability to conduct monitoring, imaging, and sampling of living
tissue and better control the culture environment. Use of stem
cells from patients carrying diseases allows a similar study of
abnormal development of diseased tissues as well as readily
available, accurate models of abnormal tissues to test potential
therapies. Further applications of these 3D neural tissue and
disease models include screening potential drugs as well as
improving the eﬃciency of the drug development process.
These applications may soon replace animal models for neural
research and disease therapies, as animal model studies can
produce inaccurate results due to cross-species diﬀerences in
tissue development and structure, disease pathogenesis, and
response to drugs. Translation of current cutting-edge studies
carried out using 2D models can be readily extended to 3D
models to continue progress in these areas.
Great potential lies in translating current advancements in
2D tissue models to 3D cultures, which create a more biomimetic environment and thus produce more physiologically
relevant results. Future work in modeling of human neural tissue
will focus on optimizing 3D culture methods, like those described
here, in order to improve the biomimicry of both development
and ultimate structure. The ability to closely study the self-organization process will give better insight into the developmental
process of the human brain in vitro and shed light on the processes and pathways within the brain which remain a mystery. In
addition, improving culture methods to extend the culturing
period beyond 13 weeks will give information about the late
stages of more complex cortical development.

This journal is © The Royal Society of Chemistry 2016

The conclusions drawn from recent studies using disease
models have given insight into the underlying mechanisms
associated with microcephaly and Alzheimer’s disease.
However, these only hint at the potential knowledge that may
be gained by further studies using accurate models of these
and other diseases. Further advancements in 3D neural tissue
models using stem cells will allow use of cells from patients
carrying a particular disease to generate a relevant disease
model and further understand the developmental and structural abnormalities associated with the disease. These models
may also be used to develop and test therapies specific to such
diseases. Some abnormalities may be due to patient-specific
mutations, so the use of a patient’s stem cells to generate a
neural tissue model creates a vehicle for the advent of personalized medicine. In this way, physicians will ultimately be able
to understand even the rarest disorders, and therefore treat
these disorders with therapies targeted toward a specific
patient. Further potential for disease modeling of developmental disorders lies in use of stem cells from diseased
patients in previously described models which replicate the
developmental process of human cortical tissue.15,54 For
example, the human iPSCs used previously54 may be derived
from patients with genetic diseases in order to closely study
the developmental process leading to such diseases as Down
syndrome and Fragile X syndrome. This approach may aid
in hope of pinpointing therapies to intervene in diseased
developmental processes.
Future work in drug screening will focus on comparison of
3D engineered tissues to subjects in order to validate the correlation between in vitro and in vivo models. It is also possible to
determine the eﬃcacy of disease models by comparison with
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healthy disease models. One critical feature of drug screening
tissue models will be adaptability to high-throughput testing.
It will also be important to develop models of other tissues,
such as liver and kidney, to watch for adverse side eﬀects of a
particular drug on the body and thus predict in vivo safety.
A long-term goal of using stem cells for 3D tissue engineering is application to personalized regenerative medicine. Using
a patient’s own stem cells to regenerate a damaged or diseased
tissue will decrease the rate of transplant reduction and reduce
issues associated with limited donor supply and donor site
morbidity. Furthermore, use of 3D fabrication techniques
will facilitate formation of biomimetic structures and, thus,
proper organ function, ultimately improving the quality of life
for those with developmental diseases, neurodegenerative
disorders, and injuries to the nervous system.
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