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Control of Neural Cell Behavior

Edi Meco* and Kyle J. Lampe*

Department of Chemical Engineering, University of Virginia, Charlottesville, VA, United States

Biomaterial scaffolds mimic aspects of the native central nervous system (CNS)
extracellular matrix (ECM) and have been extensively utilized to influence neural cell
(NC) behavior in in vitro and in vivo settings. These biomimetic scaffolds support NC
cultures, can direct the differentiation of NCs, and have recapitulated some native NC
behavior in an in vitro setting. However, NC transplant therapies and treatments used
in animal models of CNS disease and injury have not fully restored functionality. The
observed lack of functional recovery occurs despite improvements in transplanted NC
viability when incorporating biomaterial scaffolds and the potential of NC to replace
damaged native cells. The behavior of NCs within biomaterial scaffolds must be directed
in order to improve the efficacy of transplant therapies and treatments. Biomaterial
scaffold topography and imbedded bioactive cues, designed at the microscale level,
can alter NC phenotype, direct migration, and differentiation. Microscale patterning in
biomaterial scaffolds for spatial control of NC behavior has enhanced the capabilities
of in vitro models to capture properties of the native CNS tissue ECM. Patterning
techniques such as lithography, electrospinning and three-dimensional (3D) bioprint-
ing can be employed to design the microscale architecture of biomaterial scaffolds.
Here, the progress and challenges of the prevalent biomaterial patterning techniques
of lithography, electrospinning, and 3D bioprinting are reported. This review analyzes
NC behavioral response to specific microscale topographical patterns and spatially
organized bioactive cues.

Keywords: lithography, three-dimensional bioprinting, electrospinning, biomaterials, neural stem cells

INTRODUCTION

Tissue Damage in the Central Nervous System (CNS)

Tissue damage in the CNS caused by injury and disease cannot be fully repaired through endogenous
healing mechanisms. For therapeutic treatments of CNS injury and disease to be successful they
need to address a variety of challenges that are specific to the individual injury or disease, but can
be broadly defined as replacing dead neural cells (NCs), remodeling the extracellular matrix (ECM)
to a healthy state, and restoring nervous system functionality. In the autoimmune disease multiple
sclerosis (MS), for instance, immune cells infiltrate the CNS and cause demyelination of neuronal
axons (Correale et al., 2015). In the aftermath of this demyelination, the axons deteriorate and neu-
ronal death occurs, leading to reactive astrogliosis (Correale et al., 2015). During reactive astrogliosis
astrocytes form inhibitory glial scars around the demyelinated lesion and prevent both remyelination
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of damaged axons and axonal regeneration (Correale et al., 2015).
The therapeutic needs for successful tissue regeneration of this
particular disease are to replace dead neurons and oligodendro-
cytes, remodel the inhibitory scar tissue to allow for infiltration
of endogenous cells, and prevent further immune cell infiltration
into the CNS. A related sequence of events occurs in ischemic
stroke, where the blood supply to the CNS is blocked, leading
to hypoxia. Unlike MS, where preventative medicine is used to
inhibit immune cell infiltration and mitigate tissue damage, tis-
sue damage in ischemic stroke is difficult to prevent because it
only takes approximately 4 min for the adenosine triphosphate
(ATP) concentration to be fully depleted (Krause et al., 1988).
Most of the cell death occurs during reperfusion, when blood
flow returns to the CNS and the oxygen concentration sud-
denly elevates (White et al., 2000). Re-established metabolism
of oxygen causes the overproduction of reactive oxygen species
(ROS), leading to lipid peroxidation of unsaturated fatty acids on
the cell membranes, increasing their permeability, and causing
apoptosis (White et al., 2000; Lipinski, 2011). This is followed
by reactive astrogliosis and formation of a glial scar around the
original oxygen deficient region (Huang et al., 2014). Successful
therapeutic treatment of damaged tissue after ischemic strike
would replace dead NCs and remodel the inhibitory scar tissue
to allow for infiltration of endogenous cells. There is a significant
difference in the types of cells that need to be replaced when
comparing ischemic stroke, which indiscriminately leads to NC
death within a region, to diseases like MS which targets specific
cell types. Unlike MS and ischemic stroke, tissue damage in the
form of cell necrosis occurs immediately after a mechanical insult
in spinal cord (SC) contusion injury (Yuan and He, 2013). Cell
debris and ROS cause cytotoxicity in the microenvironment,
and subsequently apoptosis of surrounding cells (Macaya and
Spector, 2012). Over the course of several days to months after the
initial injury, reactive astrocytes, in conjunction with infiltrating
periphery cells in some instances, form glial scar tissue in the area
of the mechanical insult (White et al., 2000; Macaya and Spector,
2012). Treatment of CNS tissue damaged by SC contusion injury
requires ECM remodeling to remove the cytotoxic cell debris
and excess ROS before cells in the injury lesion can be replaced.
The mechanisms of NC death are different in each case, but the
requirements for effective treatments can be broadly defined as
remodeling the ECM to remove cytotoxic and inhibitory aspects,
replacing damaged cells, and recovering functionality.

Reparative Effects of Endogenous NCs

Interest in developing NC transplant therapies to treat tissue
damage caused by CNS injury and disease is derived from
evidence that endogenous NCs have reparative effects on dam-
aged tissue (Cooke et al., 2010). After ischemic stroke in the rat
stratium via middle cerebral artery occlusion (MCAO), new
neurons derived from proliferating neural precursor cells (NPCs)
in the subventricular zone (SVZ) were observed (Arvidsson et al.,
2002). Similar results occurred in mice with an ipsilateral cer-
ebral cortex infarction induced by MCAO, where the number of
Nestin-positive cells in the ischemic region increased (Nakagomi
et al., 2009). When extracted and cultured, the Nestin-positive
cells from the ischemic region displayed neural stem cell (NSC)

properties in vitro (Nakagomi et al.,, 2009). NSC populations,
derived from ependymal cells, were also discovered in mouse
SC after a transverse dorsal funiculus incision (Barnabé-Heider
et al,, 2010). These findings have led researchers to transplant
NCs as therapies to heal CNS tissue damage in both the brain
and SC. However, most of the NCs transplanted to the injury
environment do not survive and cells that do survive do not
display integrative behavior. Only 2-4.5% of mouse NPCs
transplanted into rats after traumatic brain injury survived 24 h
after the transplant (Bakshi et al., 2005). In addition, the caspase
activity of transplanted NPCs that survived was higher in injured
rats than sham surgery controls, indicating that the population of
cells that survived was apoptotic in the CNS injury environment
(Bakshi et al., 2005). While transplanted cell viability is higher if
the transplant is performed 1 week postinjury (Hill et al., 2006;
Walker et al., 2015), NCs alone do not restore functionality to
preinjury baselines.

It is important to highlight distinctions between NC popula-
tions used to research in vitro and in vivo models because there
is a wide range of capabilities of each cell line. Mature NCs such
as neurons do not contain the capacity to self-renew or further
differentiate and are typically not used because in vitro cell
cultures cannot be maintained. NSCs can self-renew indefinitely
and exhibit multipotent differentiation, while NPCs and neural
progenitor cells have a limited capacity to self-renew and have a
restricted capacity to differentiate (Seaberg and Van Der Kooy,
2003). Typically NPCs display unipotent differentiation behavior
while neural progenitor cells maintain multipotent differentia-
tion, but these descriptions are not rigid rules so overlap between
NPCs and neural progenitor cells does exist in literature. Neural
precursor and progenitor cells are preferred over NSCs for trans-
plant therapies because their differentiation is more controlled,
resulting in less heterogeneous cell cultures. Many NC lines are
derived from neuronal tumors because these cell lines are immor-
talized and are relatively easy to grow and maintain in in vitro cell
cultures (Gordon et al., 2013). The capabilities and limitations of
NC lines are discussed by other reviews (Seaberg and Van Der
Kooy, 2003; Dell’Albani, 2008; Murry and Keller, 2008; Politis and
Lindvall, 2012; Gordon et al., 2013). Here, we will focus on the
microscale architecture design of biomaterial scaffolds and how
NCs respond to that architecture.

Bulk Biomaterials for Tissue Repair

Biomaterial scaffolds are designed to be biocompatible and
influence cell behavior, making them promising tools for
developing CNS tissue treatment therapies. Implantation of
biomaterials into CNS injury lesions has helped improve cell
infiltration and functional recovery (Shrestha et al., 2014). A
collagen and PuraMatrix hydrogel transplanted into a 5-mm
gap thoracic (T9-T11) rat SC transection increased animal
Basso, Beattie, and Bresnahan (BBB) scores over phosphate-
buffered saline (PBS) controls 4 months postsurgery (Kaneko
et al,, 2015). Neuronal and astrocyte infiltration into the injury
lesion increased in animals with the collagen and PuraMatrix
biomaterial scaffold. A similar endogenous cell response
occurred when implanting a fibronectin-based scaffold into
2-mm gap thoracic (T7-T9) rat SC transection (King et al,
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2003, 2006). Axons infiltrated the fibronectin scaffold and were
myelinated by Schwann cells 4 weeks postinjury (King et al.,
2003). Animals with the fibronectin scaffold also had early and
aggressive macrophage infiltration into the lesion site, which
was speculated to provide trophic support for axon infiltration
(King et al., 2006). Biomaterial scaffolds have also been utilized
to transplant NCs into damaged CNS tissue. NCs transplanted
with biomaterial scaffolds have improved posttransplant
viability and improve functional recovery over the standalone
scaffold and NC transplantations. Improved functional recovery
from a 10-mm gap thoracic (T9-T10) SC hemisection injury on
African green monkeys was observed when implanting human
NSCs seeded on a poly(lactide-co-glycolide) (PLGA) scaffold
(Pritchard et al., 2010). Implanting the PLGA scaffold improved
the left hindlimb neuromotor score 44 days postinjury over no-
treatment controls, and incorporating human NSCs into the
PLGA scaffold led to further improvement. Similar results were
found when human NSCs in a fibrin scaffold were transplanted
into a complete 2-mm long thoracic (T3) rat SC transection,
where the inclusion of human NSCs with the fibrin scaffold
improved hindlimb locomotion BBB scores 8 weeks postinjury
over untreated controls (Lu et al., 2012b). While implanting
NCs with biomaterial scaffolds has been shown to promote CNS
tissue recovery in animal models, regeneration is still limited
and functionality cannot be restored to the preinjury state.
Biomaterial scaffolds need to be designed with greater control
over NC behavior to improve the efficacy of transplant therapies.

Microscale Architecture in Biomaterials

Current biomaterial design strategies are focused on control-
ling NC behavior at the microscale level (less than 1 mm in
size). The goals for controlling microscale architecture within
biomaterial scaffolds are to direct NC behavior toward clinical
therapy needs and to investigate how NCs interact with the
ECM. The microscale architecture within biomaterials has a
significant impact on cell behavior and differentiation (Gunther
et al., 2015; Lynam et al., 2015; Dye et al., 2016). Chitosan-
based hydrogels were fragmented into varying microscale sizes
(Figure 1A) and incorporated into thoracic (T8-T9) rat SC
bilateral dorsal hemisection injury model (Chedly et al., 2017).
The hydrogel transplants improved endogenous cell infiltration
into the injury lesion (Figures 1B-D) and the degree of cell
infiltration depended largely on the chitosan fragment size.
Hydrogels with 20-um chitosan fragments (Figure 1D) led
to robust endogenous cell infiltration while hydrogels with
150-pm chitosan fragments (Figure 1C) had limited cell infil-
tration 4 weeks postinjury. In addition, scaffolds with 150-pm
fragments did not have infiltration of axons and few glial cells,
while scaffolds with 20-pum fragments had robust infiltration of
both. While the microstructure alterations were not designed
to direct endogenous NC behavior in a specific way, these
results illustrate the significance scaffold microstructure on
NC behavior for clinical applications. For SC injury, a clinical
goal is to guide axons through the injury lesion, which was
only achieved by the hydrogel with 20-um fragments. These
results provide motivation for exploring techniques that allow
greater control over material architecture and cell positioning

to guide tissue growth. The prevailing techniques used to design
microscale architecture in biomaterial scaffolds for influence
over NC behavior are lithography, electrospinning, and three-
dimensional (3D) bioprinting (Figure 2).

LITHOGRAPHY
Lithographic Techniques

Several lithographic techniques are used to pattern biomaterial
scaffolds: photolithography, soft lithography, stereolithography,
and two-photon lithography (sometimes referred to by the
more general term multiphoton lithography in literature).
Photolithography refers to techniques that pattern a photoresist
onto a substrate using a photomask and a light source, usually
in the ultraviolet (UV) wavelength range (Jang et al., 2016).
The substrate is the biomaterial housing and the photoresist is
a material that is chemically responsive to the presence of light
within a specific wavelength range. A photomask is used to cre-
ate a pattern by shielding parts of the photoresist material from
the light source. The process can be repeated to create multiple
layers with differing patterns. Since most of the processing is
cytotoxic, for biological research the photoresist is patterned,
washed, and cells are seeded on top of the material afterward.
Stereolithography is similar to photolithography except the pho-
toresist material is replaced with a photocurable polymer resin
or solution (Wang et al., 2017). The polymer resin or solution
is solidified in the presence of a light source. Patterns are made
either by using a photomask or a mobile laser light source. Soft
lithography is a technique used in conjunction with photolithog-
raphy. First a patterned stamp or mold is made from materials
such as polydimethylsiloxane (PDMS) using photolithography
(Turunen et al., 2013). The patterned stamp is then placed on
the substrate and the voids created by the stamp’s pattern are
filled with a biomaterial of interest, called ink. The benefits of
patterning using soft lithography are that the ink solidification
chemistry does not need to be light based and the processing
can be biocompatible. Two-photon lithography is an extension
of photolithography and stereolithography because it is used to
pattern the same materials, either a photoresist or photocurable
polymer, with a different light source. The UV light source is
replaced with a femtosecond pulsed infrared (IR) laser, such as
titanium:sapphire lasers, going through an objective lens to focus
the beam. The laser wavelength is twice that of the maximum
absorbance wavelength of UV light-based chemistry; therefore,
two of these lower energy photons are required to generate
the same free radical (Ciuciu and Cywinski, 2014). Since the
process of absorbing two photons requires a high light intensity,
absorbance only occurs at the objective lens focal point, allowing
for patterning in the z-direction of a UV light responsive mate-
rial. The advantage of two-photon lithography is the increased
resolution in the z-direction, which allows for patterning in
three dimensions. In contrast, photo- and stereolithography
techniques require repeating the processing to create multiple
layers for design of 3D structures. Lithography-based techniques
have been successfully used to organize biomaterial topography
and spatially immobilized ECM materials.
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FIGURE 1 | (A) Chitosan solution gelled by contacting with ammonia vapors and then fragmented mechanically into differing average microscale architecture.
(B-D) Immunostaining of spinal cord lesion site 4 weeks postinjury/injection for neurofilament (NF), astrocytes (GFAP), and cell nuclei (DAPI). (B) Lesion only, (C)
lesion with chitosan-FPHS hydrogel implant with 150-um average fragment size, and (D) lesion with chitosan-FPHS 20-um average fragment size. Smaller
fragments result in greater presence of NF in the lesion site. (B,D) Scale bar = 240 pm and (C) Scale bar = 300 ym. Reproduced with permission of Chedly et al.

(2017), Copyright 2017, Elsevier.

Grooves on Scaffold Surfaces

Lithographic patterning of grooves into biomaterial surfaces
has been extensively shown to direct NC alignment, migration,
and differentiation (Dos Reis et al., 2010; Haring et al., 2017).
Astrocytes seeded onto a polystyrene mold patterned with
channels that were 10-pm wide and 3-pum deep using photoli-
thography, and subsequently coated with laminin, had elongated
process extensions that aligned with the grooves (Recknor et al.,
2004). In the non-patterned surface astrocytes had rounded
cell bodies and process extensions were not oriented toward a
particular direction. Adult hippocampal progenitor cells behaved
in a similar manner by aligning processes with patterned chan-
nels on a laminin-coated polystyrene scaffold (Oh et al., 2009).
In addition, cells seeded onto the patterned scaffold had longer
process extensions than those on the non-patterned surface.
Differentiation down the neuronal, oligodendrocyte, and astro-
cyte pathways was similar for cells seeded on both the patterned

and non-patterned polystyrene surfaces, indicating that this
effect was not caused by a difference in the cell differentiation. The
dimensions of the grooves are important for being able to control
both differentiation and alignment. Dorsal root ganglion (DRG)
cells seeded onto the surface of a coumarin-based biomaterial
scaffold that was patterned into square pillars using a modified
stereolithography technique did not show robust alignment with
the grooves (McCormick et al., 2014). This could be because the
grooves were very shallow, with 20 nm being the largest depth
tested. Other studies have investigated the effects of groove width
on NC behavior. Adult human NSCs aligned better on smaller,
5-pum wide, channels than on larger, 60-um wide, channels when
seeded onto patterned PDMS channels coated with poly-L-lysine
(Béduer et al., 2012). However, more cells seeded on the PDMS
scaffold with larger channels differentiated down the neuronal
lineage, and had more neurites per cell. Similar results were found
when radial glia cells were seeded on polymethylmethacrylate
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FIGURE 2 | Schematic of 3D bioprinting, electrospinning, and lithography techniques. The type of 3D bioprinter is chosen based on biomaterial rheological
properties. Electrospun fibers are patterned by changing the collector. Lithography patterning is done by adjusting light-based techniques or using a mold.
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(PMMA) scaffolds patterned with 2- and 10-um wide channels,
where cells aligned with the grooves and migrated along the
channels (Figure 3) (Mattotti et al., 2012). Patterning channels
on the scaffold surface can also affect the behavior of NCs encap-
sulated within the biomaterial scaffold. Bone marrow-derived
stem cells encapsulated in alginate gels with 500-um wide surface
microchannels had a fourfold decrease in the glial cell to neuron
differentiation ratio when compared to non-patterned hydrogels
(Lee et al., 2015). Simulations of oxygen and water transport into
the alginate hydrogels indicated that the surface microchannels
improved oxygen and water diffusion into the scaffolds. The
decrease in the glial cell to neuron differentiation ratio was
attributed to better nutrient transport in hydrogels with the
surface microchannels. Lithographic patterning can also be used
to spatially orient bioactive motifs to direct NC behavior.

Immobilization of Bioactive Motifs

Lithographic techniques have been developed that can spatially
immobilize proteins and ECM molecules onto the polymer
network of biomaterial scaffolds. A prevalent theme in the lit-
erature is the microscale attachment of adhesive ECM proteins
and peptide sequences, such as arginine-glycine-aspartic acid
(RGD), which can be used to direct cell migration and the
extension of processes (Hahn et al., 2005; Huval et al., 2015).
DRG cells seeded on the surface of an agarose scaffold migrated
and extended processes into the interior of the scaffold when
RGD was immobilized within the agarose scaffold (Luo and
Shoichet, 2004a,b). The RGD polypeptide was incorporated
into the agarose hydrogel by first functionalizing agarose with
2-nitrobenzyl-protected cysteine. The nitrobenzyl group was
cleaved to expose a free thiol group when UV light was shined
onto the agarose scaffold. The free thiol group subsequently
reacted with a maleimide-modified RGD polypeptide dissolved
in the scaffold encompassing solution. RGD attachment onto the
agarose scaffold was constrained to cylindrical sections down the
z-axis by using a photomask with open circles. The versatility of

this method was demonstrated by achieving the similar results
on a hyaluronic acid (HA)-based scaffold (Musoke-Zawedde and
Shoichet, 2006). Adhesive motifs can also be used to direct where
NCs attach on biomaterial surfaces. LRM55 astroglioma and
primary rat hippocampal neurons seeded onto an acrylamide-
based substrate with immobilized fibronectin, laminin, and the
IKVAV polypeptide sequence (separately) only attached to the
fibronectin, laminin or IKVAV portion of the scaffold (Hynd
et al,, 2006, 2009). Soft lithography was used to immobilize
the adhesive motifs into a crosshatch pattern. Primary rat hip-
pocampal neurons extended processes preferentially along the
grid pattern and were found to have functional synapses 10 days
post seeding. Similar results were achieved when hybrid mouse
neuroblastoma and rat glioma cell cultures were seeded onto a
bovine serum albumen (BSA)-modified collagen scaffold surface
with immobilized matrigel (Nagamine et al., 2015). Matrigel
was immobilized into a crosshatch pattern and cells migrated
to the nodes of the matrigel pattern, extended processes along
the matrigel grid 15 h after seeding. Although most research has
focused patterning motifs that promote adhesion, the techniques
described here are versatile and can be expanded to immobilize
other proteins.

The biological activity of immobilized proteins depends on the
immobilization process and the specific protein tolerances to the
processing environment(s). Photolithography was used to test if
the activity of two known axon inhibitor proteins, semaphorin
6A and ephrin-B3, was affected by immobilizing them onto an
agarose-based hydrogel (Curley et al., 2014; Horn-ranney et al.,
2014). The technique involved creating a mold from poly(ethylene
glycol) (PEG) designed in the shape of a well attached to a channel
that splits into two separate channels. The mold was then filled
with 2-nitrobenzyl-protected cysteine-modified-agarose solu-
tion, similar to the chemistry described above. Semaphorin 6A
or ephrin-B3 were immobilized onto one of the two channels by
exposing the scaffold to UV light and using a photomask. The
second channel did not contain immobilized protein and was
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FIGURE 3 | Radial glial cells seeded on (A) unpatterned PMMA surface and (B) PMMA surface with 2-um wide channels. Cell nuclei stained with TO-PRO-S (blue)
and neurons stained with beta tubulin lIl (red). (C) Particle tracks of neuronal trajectories over 3 h in unpatterned PMMA (top) and PMMA with 2-um wide channels
(bottom). Scale bar = 200 um. Reproduced with permission of Mattotti et al. (2012), Copyright 2012, Elsevier.
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used as a control. DRG explants from the lumbosacral, thoracic,
and cervicothoracic regions were placed inside the well and the
direction of their process extensions was used to determine if
the immobilized proteins maintained biological activity. DRG
explants from the lumbosacral region did not extend processes
into the channel with immobilized semaphorin 64, indicating
that the immobilized protein was still biologically active. However,
processes from thoracic and cervicothoracic DRG explants were
not inhibited by semaphorin 6A. In addition, Ephrin-B3 did not
inhibit the process extensions from any of the DRG explants. These
results demonstrate one of the weaknesses of photolithography,
where the process of immobilizing proteins can denature them.
However, it is unclear what part of the immobilization process
(exposure to UV light or the chemical reaction) had deleterious
effects. Another chemical reaction scheme available to immobi-
lize proteins onto biomaterial scaffolds uses UV light to cleave a
nitrobenzyl ester bond and expose an alkoxyamine that can react
with aldehyde groups on proteins in the encompassing solution
(DeForest and Anseth, 2011, 2012; DeForest and Tirrell, 2015).
This scheme was used to immobilize collagenase to a PEG-based
scaffold and the immobilized collagenase activity was quantified
to be 24% of the soluble enzyme. In addition, immobilized mouse
anti-6xHis monoclonal antibody attached to the PEG scaffold
retained sufficient bioactivity to recognize a secondary antibody.
Finally, vitronectin was immobilized in the PEG scaffolds and
encapsulated human mesenchymal stem cells only differentiated
in regions where the protein was attached. These studies demon-
strate that proteins can be spatially immobilized onto biomaterial
scaffolds, but the process does affect biological activity.

Microscale Design in 3D Space

While most lithographic processes are used for surface-based
patterning and protein immobilization on biomaterial scaffolds,
there have been several advances that have allowed for pattern-
ing in three dimensions. The design of biocompatible materials
that are sensitive to UV light has allowed for encapsulating NCs
inside biomaterial scaffolds using stereolithography. PC12 cells
encapsulated in methacrylate-modified gelatin hydrogels pat-
terned as a crosshatch survived the gelation process and could
differentiate 14 days post encapsulation (Zhu et al., 2016). A

similar process was used to encapsulate PC12 cells in an
acrylate-modified PEG (PEGDA) hydrogel, where cells could
differentiate 3 days post encapsulation (Jhaveri et al., 2006).
Combining cytocompatible materials with two-photon lithog-
raphy has allowed for the design of biomaterials with sophis-
ticated 3D architecture (Maruo et al., 1997). Channels with a
denser concentration of PEG were created by first crosslinking
a large molecular weight PEGDA to form a bulk hydrogel, then
leaching in a small molecular weight PEGDA into the scaffold,
and finally exposing specific regions in the bulk hydrogel to a
two-photon laser for a second round of crosslinking (Hahn et al.,
2006). Fluorescent BSA was then leached into the PEG scaffold
to demonstrate that regions exposed to the two-photon laser
did not allow for BSA diffusion because of the denser network
created by crosslinking the small molecular weight PEGDA. The
same technique was used to add adhesive domains to the scaffold
in various 3D spatial patterns by attaching the RGD polypeptide
to the small molecular weight PEGDA before leaching it into
the scaffold (Hahn et al., 2006). Two-photon lithography was
also used to create a PEG-based scaffold patterned with tunnels
inside the scaffold (Livnat et al., 2007). Encapsulated DRG pref-
erentially migrated through the tunnels over 4 days. Two-photon
lithography has been combined with other chemical processes
to spatially orient bioactive motifs. BSA was immobilized
into an HA-based hydrogel in the shape of a spiral using two-
photon lithography (Seidlits et al., 2009). The adhesive IKVAV
polypeptide was then linked to the immobilized BSA using an
avidin-biotin complex. DRG encapsulated in the scaffold and
near the immobilized IKVAV polypeptide extended processes
toward the IKVAV protein and followed designed spiral pat-
tern. Proteins have been immobilized onto biomaterial scaffolds
with a 3D resolution of a couple of microns, which allows for
influencing single cell behavior. BSA was immobilized to a PEG-
based scaffold with a resolution of 1 um X 1 um in the xy-plane
and 3-5 um down the z-axis (DeForest and Tirrell, 2015). A
similar resolution of 0.5 pm radially and 1-2 pm down the z-axis
was achieved for the immobilization of the IKVAV polypeptide
(Seidlits et al., 2009). Biomaterial scaffold architecture can be
designed at the microscale level by utilizing a combination of
lithographic techniques with cytocompatible materials.
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ELECTROSPINNING

Electrospinning Techniques

The electrospinning process involves pumping a polymer solu-
tion through a charged needle (Pham et al., 2006; Kishan and
Cosgriff-Hernandez, 2017). Enough voltage is applied to the
needle tip to cause droplets of the polymer solution to overcome
the surface tension and emerge from the needle tip in the form
of a liquid jet. The liquid jet then undergoes bending instability
and rapidly whips into multiple expanding loops. During this
whipping process the polymer solution stretches and thins into
micrometer and nanometer fibers, and solvents evaporate. The jet
is ultimately collected on a grounded or oppositely charged plate
that is a variable distance away from the needle tip. The distance
of the collector from the needle tip is selected to allow enough
time for solvents to evaporate fully and to control the diameter
of the fibers. There are several parameters that require careful
tuning in order to electrospin a polymer solution into fibers:
polymer solution viscosity, conductivity, and flow rate, applied
voltage to the needle, and the temperature and humidity of the
environment.

Electrospun fibers are patterned by changing the collector
used to gather the polymer (Figure 2). A flat plate collector
produces fibers with a random orientation. A rotating mandrel
is used to align fibers in a singular direction (Matthews et al.,
2002). Increasing the speed of the mandrel improves fiber
alignment but also affects the mechanical properties of the bulk
scaffold formed. Another way to align fibers is to collect them
using two conducting electrodes separated by an insulating gap
(Lietal., 2004). The gap causes the electrostatic forces to become
directional and the fibers align in-between the two electrodes.
This method of fiber alignment is limited to thin fiber scaffolds
because the fibers carry a charge. As more fiber layers are added
the collector starts to behave like a flat plate and subsequent fiber
layers become randomly oriented. There are workarounds to this
limitation that involve gathering the fibers layer-by-layer and
combining them into a single-scaffold post electrospinning (Orr
et al,, 2015). Electrospun fibers can also be aligned by using two
parallel magnets as a collector (Yang et al., 2007). This method is
not limited to thin layered scaffolds but does require magnetizing
the polymer solution. More sophisticated patterns can be created
by adjusting the topography of the collector. Researchers have
gathered polyurethane-based fibers on a PDMS collector with
a square grid pattern etched onto the surface (Dempsey et al.,
2010). The resulting scaffold had aligned fibers along the grid
lines and random fibers in the square sections.

NCs on Aligned Fibers

The alignment of electrospun fibers has a robust effect on NC
behavior. Researchers seeded human neural progenitor-derived
astrocytes (hNP-AC), human astrocytoma cell line U373, and
human neuroblastoma cell line SH-SY5Y on aligned polycapro-
lactone (PCL) and PCL/collagen-blended fibers (Gerardo-Nava
et al., 2009). All three cell types had elongated cell bodies in
alignment with fiber direction, extended processes in that direc-
tion, and migrated preferentially in parallel with the aligned.

These findings were consistent on both PCL and PCL/collagen-
blended fiber scaffolds. Human umbilical mesenchymal stem
cells (hUMSCs) displayed similar behavior when seeded onto
aligned fibrin fibers by orienting actin filaments with the fiber
orientation (Figure 4E) (Yao et al, 2016). When hUMSCs
were seeded on randomly aligned fibrin fibers they expressed
actin filaments in a random orientation, but their morphology
did differ from cells cultured on tissue culture plastic controls
(Figures 4C,D) (Yao et al., 2016). Alignment of electrospun fib-
ers influences both the direction of NC process extensions and
promotes longer processes. DRG seeded on randomly oriented
polypyrrole tube fibers extended neurites radially (Xie et al.,
2009). By comparison, DRG seeded on aligned polypyrrole tube
fibers extended neurites in the directions of the fibers, and dis-
played a longer maximum neurite length. The effects of aligned
fibers are robust and can be repeated across many NC lines.

Fiber Material Composition

Most biocompatible materials are difficult to electrospin into
fibrous scaffolds and some cell lines do not adhere to commonly
electrospun polymers like PCL. As a result, many electrospun
fiber scaffolds used to seed NCs are either blended with native
ECM proteins and polymers or coated with a bioactive material.
The effects of material composition on NC behavior are cell line
dependent. The adhesion and migration rate of hNP-AC was
improved on the PCL/collagen-blended fibers when compared
to the PCL fibers (Gerardo-Nava et al., 2009). In contrast, U373
cells did not display a difference in migration rate or adhesion
behavior when seeded on PCL/collagen-blended and PCL fiber
scaffolds. SH-SY5Y neuroblastoma cells had an increased meta-
bolic activity when seeded on PCL/hyaluronan-blended fibers
over PCL fibers (Entekhabi et al., 2016). Electrospun fibers made
from PCL blended with gelatin increased C17.2 NSC neurite
length over PCL fiber scaffold controls (Ghasemi-Mobarakeh
et al.,, 2008). Fibers made from conductive biomaterials, such
as polypyrrole, have gained interest because electrical stimula-
tion also promotes process extensions. Applying an electrical
stimulation to randomly oriented and aligned polypyrrole
nanotubes increased the DRG maximum neurite length over
unstimulated controls (Xie et al., 2009). Electrical stimulation
can also increase the number of processes NSCs extend. The
percentage of PC12 cells seeded on silk fibroin fibers coated with
reduced graphene oxide that extended neurites increased after
applying electrical stimulation (Aznar-Cervantes et al., 2017).
The increase was comparable to the increase in number of cells
with neurites observed when adding soluble nerve growth factor
to the media. In addition, multiple rounds of electrical stimula-
tion did not further promote more PC12 cells to extend neurites.
NC behavior can also be directed by controlling the electrospun
fiber diameter.

Fiber Diameter

The distance between the charged needle tip and the fiber
collector can be adjusted to control fiber diameter. Several 2D
studies have investigated the impact of fiber diameter on NC
behavior. Hippocampus-derived adult rat NSCs were seeded on
laminin-coated poly(ethersulfone) fibers with 0.283-, 0.749-,
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FIGURE 4 | Human astrocytoma cell line U373 cultured on (A) poly-L-lysine substrate for 4 days and (B) aligned PCL fibers for 7 days. Arrows indicate (A) process
extensions and (B) fiber orientation. Reproduced with permission of Gerardo-Nava et al. (2009), Copyright 2009, Future Medicine Ltd. Human umbilical cord
mesenchymal stem cells cultured on (C) tissue culture plastic, (D) randomly oriented fibrin fibers, and (E) aligned fibrin fibers for 1 day. Arrow indicates fiber
orientation. Reproduced with permission of Yao et al. (2016), Copyright 2016, Royal Society of Chemistry. (A,B) Cell nuclei (blue), GFAP (green), vimentin (red), and

scale bars = 100 um. (C-E) Cell nuclei (blue) and F-actin (red).

50pm

and 1.452-um diameters (Christopherson et al., 2009). In pro-
liferation media conditions, an increase in fiber diameter led to
reduced NSC migration, spreading, and proliferation. Under
differentiation media conditions, NSCs on 0.283-um diameter
fibers preferentially differentiated into oligodendrocytes, while
NSCs on 0.749- and 1.452-pm diameter fibers preferentially dif-
ferentiated down a neuronal lineage. Differences in electrospun
fiber diameter have also been utilized to elucidate oligodendro-
cyte myelination behavior. Researchers seeded oligodendrocyte
precursor cells on poly(L-lysine)-coated polystyrene fibers with
diameter ranges of 0.2-0.4 and 2-4 um (Lee et al, 2012). In
part, fibers served as artificial axons, and a higher percentage of
the cells cultured on the larger diameter fibers wrapped myelin
around the fibers than cells cultured on the smaller diameter
fibers. This suggests that axon diameter is an influencing factor
in determining which axons are myelinated by oligodendrocytes
and which axons are not in the CNS. While electrospinning has
been successfully utilized to direct NC behavior on biomaterial
scaffolds in 2D culture systems, it has been difficult to translate
those results to three dimensions.

Fibers in 3D Scaffolds

The effects of electrospun fibers have also been investigated in
3D biomaterial scaffolds. Fibers produced by the electrospin-
ning process do not fully mimic the 3D nature of native tissue.
Electrospun fibers are too densely packed to allow for cell

infiltration into the biomaterial scaffold. The effects of fiber
topography, material composition, and orientation on NCs are
limited to surface effects. However, researchers have developed
several techniques to incorporate electrospun fibers in 3D bio-
material scaffolds. A simple way to do this is to gel a hydrogel
scaffold on top of the fibers. Researchers gelled a Puramatrix-
based hydrogel on top of aligned PCL fibers and investigated if
human pluripotent stem cell-derived neuron (hPSC) could sense
the presence of the fibers (Hyysalo et al., 2017). hPSCs seeded on
top of a 15-um thick Puramatrix hydrogel could not sense the
aligned PCL fibers at the bottom and extended processes with
random orientation. hPSCs encapsulated inside the Puramatrix
hydrogel and within 10 um of the fibers did align processes along
the PCL fiber axis. Cells further away from the PCL fibers, yet
still inside the gel, extended processes with a random orienta-
tion. A similar study was conducted using stereolithography to
gel a square grid patterned PEGDA hydrogel on top of aligned
PCL and PCL/gelatin fibers (Lee et al., 2017). Primary cortical
neurons and NSCs seeded on top the PEGDA hydrogel did orient
process extensions with PCL/gelatin fiber alignment. Although
there was no mention of how thick the PEGDA hydrogel was,
it suggests that NCs do not need to be in direct contact with
aligned fibers to direct behavior. Similar results were obtained
by placing PCL, PCL/gelatin, and laminin-coated PCL aligned
fibers in the center of HA-based hydrogels using soft lithography
(McMurtrey, 2014). Encapsulated SH-5Y5Y neuronal cells grew
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into large spherical clusters away from the fiber layer and had
an elongated phenotype at the fiber layer. NCs at the fiber layer
extended processes in the direction of the fiber orientation. The
average neurite length was quantified and shown to be highest
in HA hydrogels with laminin-coated PCL fibers, indicating that
cell adhesion to fibers plays a critical role in their behavior. In
order get a more uniform cell response across the z-axis of 3D
biomaterial scaffolds, researchers have stacked multiple fiber lay-
ers in-between hydrogel layers. A single-scaffold layer consisted
of aligned poly-L,p-lactic acid fibers placed on top of a thin
collagen gel with cells seeded on top of the fibers (Weightman
et al., 2014). Astrocytes, oligodendrocytes, and oligodendrocyte
precursor cells had elongated cell bodies in alignment with fiber
direction and extended processes in that direction. It is unclear
if this stacking method truly represents a 3D culture system
because cells cannot migrate through the individual fiber layers.
The effects of electrospun fibers on directing NSC behavior have
been consistent across the in vitro literature, and researchers have
begun incorporating them into animal studies.

Fiber Scaffolds In Vivo

The implementation of electrospun fiber-based biomaterial scaf-
folds into animal models has not yielded similar results to in vitro
experiments. Poly(e-caprolactone-co-ethyl ethylene phosphate)-
aligned fibers were incorporated into a collagen hydrogel and
implanted into a C5 rat SC incision injury (Milbreta et al., 2016).
Endogenous cell response to a collagen scaffold without fibers, a
collagen scaffold with fibers in parallel with the SC longitudinal
axis, and a collagen scaffold with fibers at an angle to the SC
longitudinal axis was analyzed. Collagen scaffolds with fibers
had more neurite infiltration and longer neurites 12 weeks post
implantation when compared to the collagen scaffold without
fibers. However, aligning the fibers in parallel to the SC longi-
tudinal axis did not further improve endogenous cell response.
Similar results were found with the implantation of aligned and
randomly oriented fibrin fibers into a 4-mm gap thoracic (T9-
T10) SC hemisection injury (Yao et al., 2016). Endogenous cell
infiltration into the aligned fibers did follow the fiber orientation
4 weeks post implant, but total cell infiltration was similar into
both randomly oriented and aligned fibrin scaffolds. From these
animal studies, it is unclear as to whether or not fiber alignment is
important in vivo. Researchers have also investigated the effects of
fiber surface charge on endogenous cell infiltration. Polyurethane
fibers were plasma coated with films of positive, negative and
neural relative surface charge and implanted into rat dorsum for
5 weeks (Sanders et al., 2005). Cell infiltrations into the implants
were similar for all conditions, and the study did not investigate
infiltrating cell morphology. NCs have also been incorporated
with electropun fiber-based scaffolds in vivo. Dopaminergic
neurons encapsulated in a xyloglucan hydrogel with short
poly(r-lactic acid) fibers were injected into the ventral midbrain
of Parkinsonian mice (Wang et al., 2016). There was no difference
in transplanted cell viability between xyluglucan scaffolds with
and without fibers. Taken together, these findings indicate that
the incorporation of scaffolds made from electrospun fibers into
animal models have not confirmed in vitro findings and more
investigation is necessary.

3D BIOPRINTING

Bioprinting Techniques

Three-dimensional bioprinting is defined as the layer-by-layer
positioning of biomaterials, biochemicals, and cells with spatial
control to build a bulk 3D structure. Computer-aided design
software is used to control the placement of materials in a syringe,
or print head, onto a substrate in the x-, y-, and z-directions. 3D
bioprinting techniques have the potential to mimic the complex
micro-architecture of tissue because the biomaterial scaffolds
are built using an additive approach and multiple print heads
with different biomaterials can be combined to create a single
construct (Figure 5). The vast majority of printed biomaterial
scaffolds are patterned using the inkjet and microextrusion
printing techniques (Murphy and Atala, 2014; Johnson et al.,
2016; Ratheesh et al., 2017). Inkjet bioprinting is used to print
controlled volumes and works best when printing low-viscosity
materials or cells. There are two types of inkjet 3D printing heads,
thermal and piezoelectric actuated, that provide similar benefits.
Thermal inkjet printing is done by electrically heating the print
head to produce a pulse of pressure. Although the localized heat
generates temperatures in the range of 200-300°C, the short time
frame of heating (~2 ps) only results in a material temperature
increase of 4-10°C (Cui et al., 2010). While cells can survive the
thermal stress, the technique may be incompatible with biomate-
rials, such as agarose, that undergo a thermal transition to gel or
solidify. Piezoelectric actuator inkjet printing is done by applying
a voltage to change the actuator shape and produce a droplet of
controlled volume. This printing technique does not alter the
printed material properties but the mechanical stress produced
by the actuator change in shape can induce some cell membrane
damage (Chang et al., 2008). Microextrusion 3D printing is used
for higher viscosity biomaterials or high cell density applications
because inkjet printers are prone to clogging under those condi-
tions. Instead of printing controlled volumes, microextrusion 3D
printing applies a force to break the material up into beads in the
print head. The force is applied either pneumatically or mechani-
cally with a piston or screw assembly. While there are advantages
and disadvantages to each print head set up, they are not limiting
for printing biomaterial scaffolds. Microextrusion printers do not

FIGURE 5 | (A) Lateral view of 3D printed alginate gel matching anatomical
features of the cortex and cerebellum with microscale resolution. (B) Top view
with black dye dripped on alginate gels. Scale bars = 1 cm. Reproduced with
permission of Hinton et al. (2015), Creative Commons Copyright (CC-BY).
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have the resolution of inkjet printers and cell viability is lower in
some cases (Smith et al., 2004; Cui et al., 2012), but the technique
is usable with a larger variety of biomaterials. Ultimately, the
print head is selected based on the biomaterial physical proper-
ties because scaffold resolution is currently limited by how well
biomaterials maintain the printed structure and not the print
head capabilities.

For biomaterial applications, the 3D printing process works
best with materials that exhibit yield stress and shear thinning
rheological properties (Truby and Lewis, 2016). Materials going
through the printing process undergo three stress profiles: low
stress while the material is inside the syringe, high stress when
the material flows through the print head, and low stress when
the printed material is on the stage. Yield-stress materials exhibit
two types of responses to stress: when a small stress is applied
they deform elastically, maintaining their structure, and when a
high stress is applied they deform plastically, causing the mate-
rial to flow. The transition between the two responses, called the
yield point, is material dependent. Any viscous material can be
pushed through a print head, but only materials with yield-stress
rheological properties will maintain the printed structure on the
stage (Malek et al.,, 2017; Siqueira et al., 2017). Most yield-stress
materials also exhibit shear thinning behavior, which helps shield
cells from the high shear forces caused by traveling through the
print head (Thakur et al., 2016).

Strategies for Biomaterial Printing

Bioinks are materials that can be 3D printed, maintain their
structure, and are cytocompatible. Most biomaterials do not
exhibit favorable rheological properties for 3D printing so
bioinks are developed by simple mixing of existing materials
that individually exhibit desired properties, or through chemi-
cal modification of existing biomaterials (Lee et al., 2009; Shim
etal., 2011; Diamantides et al., 2017). Cortical human NSCs were
encapsulated in 3D printed blend of alginate, carboxymethyl-
chitosan, and agarose (Gu et al., 2016). The bioink maintained
the printed crosshatch structure initially through the cooling of
agarose and was subsequently soaked in a calcium chloride solu-
tion to crosslink the alginate component. Encapsulated NSCs had
an initial cell viability of ~75% and were able to differentiate into
neurons and glial cells. Similar results were found with a bioink
of sodium alginate, fibrinogen, and gelatin (Dai et al., 2016). The
bioink was soaked in calcium chloride and thrombin solutions
after printing to crosslink the sodium alginate and fibrinogen
components, respectively. Glioma stem cells encapsulated in the
bioink had an initial cell viability of ~85% and could differentiate
into glial and NCs. Cells encapsulated in the printed bioink had
a higher resistance to the cancer drug temozolomide than two
dimensional controls, highlighting that cells in native 3D tissue
do not behave similar to cell cultures on surfaces. This study also
demonstrated the potential of 3D printing to form hierarchical
structures because the crosshatch structure at the microscale level
was used to form a bulk scaffold in the shape of a tube. Materials
can also be mixed during the printing process. Alginate, matrigel,
and human NSCs were printed through a coaxial syringe with
three chambers (Alessandri et al., 2016). Human NSCs and
matrigel were surrounded by alginate to form capsules and

were printed into a calcium chloride bath for crosslinking. Cells
extended neurites within the capsules indicating that they were
still functional. Ideally, this system would not require alginate to
hold the capsule structure of the NSCs in matrigel, but matrigel
does not have favorable physical properties for 3D printing. In
addition, the chemical structure of matrigel is not well defined
so it would be difficult to chemically modify the structure reli-
ably for 3D printing applications. Biomaterials with well-defined
chemical structures do not have this limitation and have been
chemically modified to alter their rheological properties for 3D
printing.

Most biomaterials do not exhibit favorable rheological proper-
ties for 3D printing so researchers have transformed the rheo-
logical properties of biomaterials by functionalizing them with
moieties that form physical crosslinks (Lu et al., 2012a; Shepherd
et al,, 2012; Ouyang et al., 2016). An example of this involves
supramolecular bonding of adamantane and p-cyclodextrin
moieties, which assemble into a complex at low stress and disas-
semble when exposed to high stress (Ouyang et al., 2016). HA
scaffolds were formed using supramolecular bonds by modifying
the HA macromer with adamantine and p-cyclodextrin sepa-
rately, and mixing of the two modified HA solutions together to
form the scaffold (Ouyang et al., 2016). Modified HA was suc-
cessfully printed into a crosshatch pattern, but the scaffold could
only maintain the crosshatch structure when few layers were
printed. In order to prevent the scaffold from collapsing from the
stress caused by overlaying layers and maintain the crosshatch
pattern at higher printing heights, HA was further modified with
methacrylate groups. HA hydrogels crosslinked with both the
supramolecular assembly and chemical methacrylate bonds, after
being exposed to UV light, maintained their printed structure for
up to one month with as many as 16 printed layers. This study also
highlights the importance of gelation kinetics for maintaining
printed structure integrity. Only the scaffolds that were exposed
to additional UV light in the presence of a photoinitiator after
the printing process was complete maintained their structure for
1 month. This indicated that UV exposure during the printing
process did not fully crosslink methacrylate groups. Crosslinking
kineticsareimportant considerations for 3D printing biomaterials.

Researchers have investigated inducing fast gelation kinetics
in biomaterials to avoid requiring yield-stress rheological proper-
ties to maintain the printed structure. Gellan gum was printed
using a coaxial syringe needle set up, with the gellan gum solution
in the inner syringe ring and a crosslinking solution on the outer
ring (Lozano et al., 2015). The material was not printed into a
pattern, instead layers with and without encapsulated primary
cortical neurons were alternately printed on top of each other.
Encapsulated primary cortical neurons had a viability of 70-80%,
differentiated into neurons and glia, and extended processes
into up to 100 pm into layers without cells 5 days after printing.
Waterborne polyurethane, which undergoes gelation through
a temperature transition at 37°C, was successfully 3D printed
by mixing with soy protein isolate to reduce the gelation time
and printing onto a heated stage (Hsieh et al., 2015; Lin et al,,
2016). Up to eight layers were printed into a crosshatch pattern,
and encapsulated murine NSCs had high viability 3 days after
printing. However, cell metabolic activity was lower than tissue
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culture polystyrene controls, indicating that the printing process
had a negative impact on the murine NSCs.

Bioprinting Bioactive Molecules

The 3D bioprinting technique is not limited to printing bioinks
with cells, proteins, and other bioactive molecules can also be
incorporated. Growth factors incorporated with bioinks maintain
protein bioactivity after being printed. Fibroblast growth factor-2
(FGF2) and ciliary neurotrophic factor (CNTF) were printed onto
polyacrylamide hydrogels, and primary fetal NSCs were subse-
quently seeded onto the hydrogels to demonstrate that the growth
factors remained biologically active after printing (Ilkhanizadeh
et al., 2007). Soluble FGF2 promotes proliferation and NSCs
seeded on portions of the gel with FGF2 did not differentiate into
glial cells. Soluble CNTF promotes differentiation and NSCs did
differentiate into glial cells when seeded on portions of the hydro-
gel with CNTE. The amount of NSC differentiation into glial cells
could be spatially controlled by printing a concentration gradient
of CNTF across the polyacrylamide scaffold. 3D bioprinting has
the potential to be utilized as a local drug delivery mechanism
because the printed pattern affects cumulative drug release. The
chemotherapeutic drug 5-fluorouracil was printed with a bioink
composed of PLGA and PCL (Yi et al., 2016). The cumulative
release of the drug from the printed scaffold depended on both
the printed pore structure and the number of printed layers in
the z-direction. Combinations of bioinks with growth factors
have directed NSC behavior. A fibrin hydrogel was printed with
vascular endothelial growth factor (VEGF) and placed next to a
collagen gel with murine NSCs encapsulated (Lee et al., 2010).
The NSCs migrated and proliferated toward the fibrin hydrogel
when VEGF was incorporated and did not do so when fibrin was
printed without VEGE

FUTURE PERSPECTIVES

Advances in microscale patterning of biomaterial scaffolds have
allowed researchers to investigate NC behavior in response to both
physical and biochemical environmental cues. Topographical
cues such as grooves and aligned fibers can direct NSC differ-
entiation and neural process extensions. Similar effects can also
be biochemically induced by spatially patterning adhesive motifs.
Microscale patterning of biomaterial scaffolds has been per-
formed predominantly by the use of lithography, electrospinning,
and 3D bioprinting techniques. The final goal remains to develop
microarchitecture to direct NC behavior for in vivo therapeutic
treatments and tissue regeneration, and the immediate challenges
for further developing each technique vary significantly.
Lithography has been successfully implemented to pattern
grooves on surfaces, channels within biomaterial scaffolds, and
spatially immobilize proteins to scaffolds. It has proved to be
a powerful tool for developing in vitro models to mimic some
aspects of native tissue at the microscale level. However, it will
be challenging to translate the techniques developed for in vitro
models to in vivo applications. The use of light as a source for
patterning at the microscale level is inherently limited to thin
or transparent scaffolds. Optically transparent materials, such
as PEG, can be patterned well using light but scaffolds made

from proteins, such as collagen, are optically dense and cannot
be patterned deep within the scaffold. This limitation will be
significant when attempting to translate these scaffolds to large
animal studies and clinical trials because the biomaterial scaffolds
will need to be scaled to appropriate sizes. In addition, current
protein immobilization techniques require incubating the bio-
material scaffold in the protein of interest and then using a light
source to initiate the immobilization reaction. This has limited
application in vivo because it takes hours for large proteins, such
as growth factors, to diffuse into the scaffold and the process
requires several rinse steps. For this technique to be used in a
transplant in vivo the scaffold must be designed in vitro and then
transplanted. While applicable for acellular “device” implants, this
method has several drawbacks when incorporating NC into the
scaffolds. For example, encapsulated NCs may uptake the protein
during the incubation step and not allow for the protein to be
dispersed throughout the scaffold as desired for immobilization.
These issues do not limit investigating the effects of microscale
architecture on NC behavior in in vitro models but do hamper
translation into in vivo studies.

Electrospinning of fibers into an aligned orientation affects
a wide range of cell lines in a similar fashion in a 2D setting.
NCs elongate cell bodies, extend processes, and migrate prefer-
entially in alignment with fiber scaffold orientation. However,
electrospun fibers have not yet been translated into homogene-
ous 3D biomaterial scaffolds, and differences in NC behavior
have been observed when moving from 2D culture systems
to 3D culture systems (Lampe et al., 2010; Bozza et al., 2014;
Park et al., 2014; Shin et al., 2014). Current attempts at creating
3D biomaterial scaffolds from electrospun fiber are limited to
layering a fiber mesh sandwiched between gels or in-between
another biomaterial and NCs. While the bulk material is 3D,
this method does not allow for cells to readily embed past a
single layer in the z-direction because electrospun fiber meshes
are generally too dense for deep cell infiltration. Cell infiltration
into the fiber mesh can be improved by electrospinning sacrifi-
cial fibers alongside the main fiber material (Baker et al., 2008).
The sacrificial fibers are dissolved in solution after electrospin-
ning, leaving behind a more porous fiber mesh. Attempts at
incorporating electrospun fibers into animal studies have not
induced similar NC behavior as observed in vitro (Sanders
et al., 2005; Milbreta et al., 2016; Wang et al., 2016; Yao et al.,
2016). The challenge for the field is to recapitulate the desired
NC behavior observed on 2D fiber meshes into 3D biomate-
rial scaffolds. Collector topography has been used to pattern
fiber scaffolds into more sophisticated patterns than simply
aligning fibers (Dempsey et al., 2010; Kishan et al., 2017), and
may become a useful tool in creating a porous 3D fiber mesh.
The alignment of fibers has the potential to direct NC process
extensions in vivo, which has many applications like aligning
neural synapses along a damaged SC. However, this potential
using electrospun materials has yet to be realized in a 3D culture
system. The problem can be tackled by either improving the
porosity of the electrospun fibers, incorporating cells in the
electrospinning process (Stankus et al.,, 2006; Zanatta et al,,
2012), or by combining electrospinning with another technique
such as 3D bioprinting.
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Three-dimensional bioprinting has the most potential for
developing tissue-like biomaterial scaffolds because it is an
additive process. However, 3D bioprinting of scaffolds is cur-
rently limited by the available biomaterials. The printing process
requires cytocompatible materials that exhibit yield stress and
shear thinning rheological properties. Research has focused on
blending biomaterials with materials that exhibit the desired
rheological properties, or modifying biomaterials chemically.
However, simple blending of materials and chemical modifica-
tions have many limitations. For example, the blend ratios have
a drastic impact on the rheological properties of bioinks created
by simply mixing materials. Adding a new protein or bioactive
cue to the mixture may alter the rheological properties of the
bioink enough to where it is no longer printable (Shim et al.,
2011). Chemical modifications are limited to materials that have
a well-defined chemical structure and materials such as collagen
are challenging to modify reliably and repeatable. The current
challenge is developing biomaterials with favorable properties
for 3D printing. A universal way to tackle these issues is to use
a sacrificial material to act as a mold to contain the biomaterial
scaffold until it is solidified through crosslinking (Hinton et al.,
2015). Using sacrificial materials allows for 3D printing a plethora
of biomaterials with differing crosslinking kinetics but also slows
down the printing process since the sacrificial material needs to
be printed in conjunction to the desired biomaterial. The devel-
opment of suitable biomaterials for 3D bioprinting will remain a
challenge in the field for the foreseeable future.

A major challenge in tissue engineering is to develop micro-
scale architectures that will lead to therapeutic treatments of
CNS injury and disease. Microscale architecture can be used
to spatially direct NC differentiation, process extensions, and
migration. However, the field is uncertain as to how NC behavior
should be directed and which NC line should be used for thera-
peutic treatments. For example, for repair of SC contusion injury
it is important to replace damaged neurons, but that is not the
only cell type required to restore functionality. When designing a
biomaterial scaffold, should NSC be directed solely toward a neu-
ronal pathway or are other cell types, such as oligodendrocytes
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