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Abstract

There is little remedy for the devastating effects resulting from neuronal loss caused by neural
injury or neurodegenerative disease. Reconstruction of damaged neural circuitry with stem cell-
derived neurons is a promising approach to repair these defects, but controlling differentiation and
guiding synaptic integration with existing neurons remain significant unmet challenges.
Biomaterial surfaces can present nanoscale topographical cues which influence neuronal
differentiation and process outgrowth. By combining these scaffolds with additional molecular
biology strategies, synergistic control over cell fate can be achieved. Here, we review recent
progress in promoting neuronal fate using techniques at the interface of biomaterial science and
genetic engineering. New data demonstrates that combining nanofiber topography with an induced
genetic program enhances neuritogenesis in a synergistic fashion. We propose combining
patterned biomaterial surface cues with prescribed genetic programs to achieve neuronal cell fates
with the desired sublineage specification, neurochemical profile, targeted integration and
electrophysiological properties.
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Current challenges in stem cell regeneration of neural circuits

Embryonic stem cells are pluripotent cells capable of self-renewal and differentiation into
many cell types. Given the appropriate cues, these cells may differentiate toward neural
cells, making them promising candidates for replacement of neurons lost through injury or
degenerative disease?4. Positive outcomes following stem cell therapy have been reported
in a host of neural disease models, including multiple sclerosis, Alzheimer’s and Parkinson’s
diseases, and clinical trials are underway3-4. With the advent of induced pluripotent and
direct conversion technologies, where somatic cells are reprogrammed to create the
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characteristics of embryonic stem cells or functional neurons, respectively, a potentially
unlimited source of cells which is unfettered by limitations surrounding cell source has
emerged®”/.

Despite incredible progress and the untapped potential for stem cell therapy to treat neural
injury and disease, integration with, and reconstruction of, native neural circuitry remain
elusive goals. Fundamental questions remain regarding the mechanism of stem cell
influence and their ability to efficiently, effectively, and safely repair damaged neural
circuitry. Tumor formation by uncommitted progenitors raises significant safety concerns, as
highlighted by the discovery of a donor tissue-derived brain tumor in a boy four years after
he was transplanted with fetal neural stem cells to treat an inheritable neurodegenerative
disorder®. Functional integration of grafted cells with host tissue is rarely reported in animal
models, and this is cited as a barrier to clinical trials? ®-11, Often, the degree of functional
improvement seems irreconcilable with the number of surviving, integrated cells following
transplantation, lending credence to alternative, non-replacement mechanisms of stem cell
effects (i.e., neurotrophic factor release or abatement of inflammation)10: 1214, Even once
differentiated and integrated into the host tissue, the ability of stem cell-derived neurons to
readily fire action potentials in response to a stimulus is questionable, with some
morphologically “mature” neurons reportedly lacking the ability to fire action potentials
from their relatively depolarized resting potentials1®-18, Sufficient control of neuronal
phenotype and function are barriers to progress in the field®. Defining not only a neural
lineage from a stem cell, but also the desired neuronal subtype (defined as a neuronal cell
with a specific physiological function)2?, is a formidable challenge. There are hundreds of
distinct neuronal subtypes in the mammalian nervous system according to some estimates,
and otherwise morphologically homogenous cells can present diverse biophysical properties
necessary for encoding information21-22, Nevertheless, the tools available to tackle these
challenges continue to expand and evolve rapidly, and particularly exciting advances in
controlling stem cell fate are being made at the interface of materials science and genetic
engineering.

Cell fate is progressively restricted as the cell transitions from a stem cell to a committed
neural progenitor; extrinsic environmental cues work in concert with intrinsic genetic
programs both before and after cell cycle exit to determine neuronal fate and subtype
specification23. Remarkable progress has been made in recent years in the use of targeted
biomaterial and molecular biology-based approaches to coax stem cells to a desired neuronal
fate. Combining strategies from these fields may allow for the creation of prescribed
patterns of neuronal fate specification and synapse formation, yielding the de novo creation
of neuronal circuits with defined lineages. The convergence of surface engineering and
genetic programming techniques creates a new design space for regenerating neural circuits,
understanding their development, and directing their integration with existing networks. In
this review, we examine the state-of-the art in genetic engineering and materials science in
neurodifferentiation of stem cells, and we propose combining strategies from these fields to
efficiently achieve patterns of neurons with specified fates.
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Surface-mediated effects on gene expression and stem cell fate

Engineering the topography of biomaterial substrates to determine cell fate takes advantage
of the natural contact-mediated signaling events that occur in the cellular environment24-27.
Within tissues, cells contact and interact with a three-dimensional macromolecular complex
known as the extracellular matrix (ECM). ECM is a fibrous acellular matrix comprised of
glycosaminoglycans and proteoglycans, fibrillar proteins (collagen and other glycoproteins),
and adhesive proteins (fibronectin, laminin) which interact with surface receptors (integrins)
in the cell membrane28. ECM was once believed to spontaneously generate life but later
came to be viewed as a passive supporting structure following the emergence of cellular
theory in the 1800’s2. In recent years, ECM is increasingly conceptualized as a dynamic
regulator of the local tissue environment, providing topographical cues, creating patterns of
bound growth factors and controlling the content of the soluble milieu that cells
interface?’-28. 30, ECM plays an essential role in every stage of development beginning with
the zona pellucida in fertilization, and an ever-expanding litany of genetic studies
demonstrates its role in the formation of a variety of tissue types and developmental
processes2> 28, In some sense, the view of ECM has come full circle, as it is now viewed as
an active participant with its cellular counterparts in organogenesis.

Beyond its role as a structural support for tissue growth and migration, cues provided by
ECM contact mediate cell viability, proliferation, and differentiation in a variety of cell
types, and ECM presents chemical and mechanical cues which affect stem cell
differentiation? 31-33 Chemical signals include the presentation of adhesive proteins and
bound growth factors and cytokines which have downstream effects on cellular
differentiation?®. For example, integrin p1 is known to play important roles in
neurodevelopment, and scaffold-mediated neuronal differentiation can be inhibited by
integrin B1 functional blocking antibodies34-35. Laminin a5 is required for normal
differentiation and localization of cranial sensory and trunk sympathetic ganglia, as
evidenced by abnormalities in mutant mice36. ECM can bind growth factors, and Nakajima
et al. demonstrate that while ECM proteins such as laminin and fibronectin displayed
negligible effects on stem cell differentiation, increased neuronal differentiation occurred in
a synergistic manner when growth factors were immobilized onto these matrix proteins3”. In
addition to these types of chemical effects, there is growing evidence for direct mechanical
effects of ECM on stem cell fate. Matrix stiffness, as characterized by the elastic modulus of
the material, has been linked to lineage specification. This work is based on the fact that the
elastic modulus of various tissues in the human body ranges widely from relatively soft
materials including brain tissue (~ 1 kPa) to rigid connective tissues exceeding 1 GPa38-39,
In their seminal study, Engler et al. demonstrated the sensitivity of differentiating
mesenchymal stem cells to the stiffness of the extracellular environment: soft material (0.1-
1.0 kPa) promoted neuronal differentiation, stiffer material (~11 kPa) produced muscle cells,
and the stiffest material (~34 kPa) was osteogenic3?. Furthermore, modulating adhesive
protein presentation and matrix architectures can affect the lineage specification of
differentiating human embryonic stem cells as shown by the identification of specific ECM-
mimetic hydrogel compositions that favored either endothelial or osteogenic
differentiation0.
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The mechanisms governing the influence of the mechanical and topographical effects of the
extracellular environment on stem cell differentiation are only beginning to be understood.
While effects are often broadly attributed to integrin clustering, focal adhesion formation,
and changes in cellular tension via mechanotransductive signals, recent reports have shed
new light on the specific molecular pathways involved. Du et al. demonstrated that
increased neuronal differentiation on soft substrates was related to increased internalization
of B1 integrins via caveolar/lipid raft-mediated endocytosis*!. Blocking this pathway
reduced neuronal differentiation on the soft substrates (modulus <1 kPa). Keung et al.
reported new mechanisms underlying the effects of substrate stiffness on neuronal
differentiation of neural stem cells*2. Cells plated on laminin-coated polyacrylamide gels
that were relatively soft (100-700 Pa modulus) favored a neuronal lineage while cells on
stiffer substrates adopted glial fates. This effect was apparent whether or not the media
formulation included retinoic acid (a soluble cue known to promote neurodifferentiation).
Atomic force microscopy showed a monotonic increase in cellular stiffness with increasing
substrate stiffness, and this effect was derivative of increased activation of the
mechanotransductive Rho family of GTPases (specifically, RhoA and CdC42). Neuronal
differentiation could be “rescued” on stiffer substrates by inhibiting downstream signaling
cascades initiated by Rho GTPases but not by inhibiting other mechanotransductive proteins
such as myosin light chain kinase, Src, or focal adhesion kinase. Given the crossover
between Rho GTPases and integrin internalization pathways, these results may be related to
a common mechanism, perhaps related to the fact that the actin cytoskeleton must be
destabilized to enable neuronal differentiation and neuritogenesis#3-44,

Additional mechanisms of ECM effects on differentiation involve mechanotransduction of
cytoskeletal changes to nuclear events. As a result of integrin clustering, topography cues
are transduced to nuclear signaling events via cytoskeletal linkages#>=48. In fact, elements of
the nuclear scaffold may directly bind transcription and splicing factors, providing a
potential direct link between cytoskeletal remodeling and gene expression*®. Changes in cell
shape increase intranuclear calcium concentration, providing an additional candidate
pathway for substrate topography and mechanical properties to alter gene expressiont’. As
understanding of the biological signaling mechanisms responsible for substrate-mediated
effects on cell fate expands, the intelligent design of material surfaces to promote neuronal
differentiation, as well as subtype specification, from stem cells will improve. Synergy
between genetic approaches and substrate design will require the activation of non-
redundant, complementary signaling cascades.

By presenting cells with a nanoscale surface architecture similar to ECM, polymer substrates
influence stem and progenitor cell fate through multiple mechanisms, yielding an opportune
tactic for regenerating neural tissue*®. To date, several strategies have been developed to
construct polymer scaffolds with defined, nanoscale surface features for tissue engineering
applications®®. With a growing appreciation for the ability to control stem cell fate through
topographical cues, new methods for fabricating a variety of surface features have emerged
in recent years, including self-assembly and multiphoton lithography38: 50-52, Moreover, the
emerging field of “cell membrane engineering” presents opportunities for improving
interactions of individual cells with scaffolds through artificial incorporation of adhesive
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moieties within the cell membrane®3. In this review, we focus on the fabrication and effects
of two families of two-dimensional topographies commonly studied in the literature: fibrous
scaffolds and pillar arrays. A survey of the effects of these substrates on stem cell fate is
presented in Table 1. Methods to modify surface chemistries, substrate stiffness and the
presentation of adhesive ligands have been reviewed elsewherel9: 26, 54-55

Micro and Nanofiber Arrays

Electrospun polymer nanofiber scaffolds are perhaps the most widely studied means of
achieving a surface with defined topography in neural tissue engineering to date. The basic
procedure is as follows: a polymer solution is fed through a spinneret at the end of a
reservoir syringe, and an applied voltage causes the elongation of the solution droplet at the
end of the spinneret (the “Taylor cone”) via electrostatic interactions. If the applied electric
field exceeds a critical value, the solution erupts from the droplet into a steady stream which
travels mid-air to a collector. If the collector is attached to a spinning wheel, various degrees
of fiber alignment can be achieved by adjusting the rotational velocity. A long list of natural
and synthetic polymer materials have been electrospun into nanofibers, and the list continues
to expand>6. Nanofibers have been successfully electrospun from numerous materials of
synthetic and natural origin: for example, common degradable synthetic polymers such as
poly-L-lactic acid (PLLA) and polycaprolactone (PCL), as well as natural materials such as
silk fibroin, gelatin and collagen have all been used in electrospinning. The relative
simplicity of this method, combined with its versatility, has made it a popular and powerful
technique for scaffold fabrication.

Several process variables can be manipulated in the course of nanofiber fabrication to yield
different fiber diameters and degrees of fiber alignment, including solution concentration,
flow rate, applied voltage, needle size, and the distance between the syringe needle and the
collector57-59. Altering surface geometry, in turn, can produce downstream effects on cell
morphology and physiology. For example, a variety of process parameters, including
solution concentration, strength of the applied electric field, and flow rate all affect fiber
diameter57-58. 80 Fiber diameter affects the viability, neurite outgrowth and differentiation
status of attached stem cells (Table 1)61-62, |jkewise, numerous studies demonstrate
alignment of neural process outgrowth with the direction of nanofiber orientation; this
phenomenon has been demonstrated in neural stem cell lines and primary neurons®2-64,
Increasing the rotational velocity not only increases fiber alignment but also improves the
bulk material properties of the scaffold (as reflected by an increase in tensile strength)®5.
Fiber alignment and acceleration of process outgrowth are useful characteristics for guiding
integration with the desired target tissues®2: 66,

Nanofibers constructed out of a variety of materials have been shown to enhance neuronal
differentiation of stem and progenitor cells®1-63. 67-68  Additionally, mitosis of
undifferentiated neural stem cells is reduced on nanofiber substrates in comparison to tissue
culture plastic8t. Further, culture on nanofiber substrates has been shown to promote the
establishment of polarity of embryonic neurons®6: 69, Neural progenitors seeded onto aligned
nanofiber arrays show a bipolar morphology with increased neurite length, whereas several
shorter processes are observed on randomly oriented fibers®2. Nanofiber substrates are a
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powerful tool for promoting neuronal fate and guiding neurite growth of differentiated stem
cells.

Pillar, pit, and groove topographies

Several groups have used lithography techniques, which afford the ability to create micro-
and nanoscale features with relative ease and low cost, to create arrays of pillars, pits, and
grooves on polymer surfaces’%-75. Soft lithography is the most common technique, where
the basic fabrication method uses photolithography to create a master pattern on which an
elastomeric material is cast (typically, poly(dimethylsiloxane), PDMS)78. Following curing,
the elastomer may be used to pattern another surface (as in microcontact printing), create a
mold on which another polymer is cast (replication molding), or serve as the cell culture
substrate itself. As such, soft lithography is a versatile platform for the creation of a variety
of topographies with a high degree of control over surface geometry.

Submicron features created by lithographic methods enhance neuronal differentiation from
embryonic stem cells and progenitors in a manner reminiscent of nanofiber topography
effects’2. Likewise, reduced proliferation and effects on cellular alignment are evident’®.
Increased expression of neuronal markers in mesenchymal stem cells following plating on
grooved PDMS surfaces has been reported’2. Similarly to nanofiber substrates, the
dimensions of the geometries produce effects on neuronal differentiation81: 73 77, In a study
which systematically evaluated the differentiation of embryonic stem cells on a library of
504 surface architectures created on silicon substrates, the authors concluded that micron-
scale lateral dimensions (1-6 um) of the pillars and the gaps between them yielded optimal
maintenance of the undifferentiated state, while submicron-scale vertical heights of the
pillars (0.6—1 um) resulted in spreading thought to favor differentiation’8. However, the
mechanisms underlying geometric control of neuronal differentiation are still being
explored.

Unifying principles of geometric influence on neuronal fate

In a recent paper, Li et al. surmise that, “...the selection of biomaterials for tissue
engineering applications is a trial-and-error iterative process without general principle.””®
Indeed, analyzing the broad spectrum of data for global themes in surface cues is
complicated by the wide variety of surface chemistries presented by a litany of materials and
coatings studied, as well as the entangled interplay between topography and surface
chemistry80. Studies of topography effects on stem cell fate typically survey a range of
feature sizes and geometries and catalogue observed effects on phenotype. The outcome of
such studies is often the identification of an optimal scaffold to produce a particular
phenotype within the subset of surfaces sampled. The lack of systematic approaches and
continuity between studies make understanding the mechanisms of topography effects
extraordinarily difficult, making the rational design of material surfaces to promote a
specific stem cell fate a significant challenge. Furthermore, the identification of specific
signaling pathways involved in topography effects is necessary to develop synergistic
strategies, which ideally target non-redundant pathways.

Biomacromolecules. Author manuscript; available in PMC 2014 April 21.
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Recent studies approach this issue by screening a vast library of various surface features for
effects on a particular cell type8 81-82, The initial report using this strategy probed the
effects of 1,700 polymer chemistries on human embryonic stem cells®L. While strategies like
this represent an important advance in understanding topography effects, comparison of
topographies across two studies which simultaneously analyze hundreds of surface features
fails to yield clear unifying principles or mechanisms (Figure 1). Markert et al. surveyed 504
topographies on embryonic stem cell differentiation and proliferation. Analysis indicated
that structures with narrow lateral dimensions (“X” = 1 micron) yielded the highest colony
numbers for series “A-J” topographies, but this effect was diminished when the vertical
height was decreased from 1.6 to 0.6 microns (see Figure 1A). The “K” series tended to
have low colony numbers. Unadkat et al. surveyed the effects of 2,176 randomly generated
surface geometries on mesenchymal stem cell fate in a “materiomics” approach inspired by
screening methods used for drug discovery82. Visual inspection reveals little apparent
similarity between the four topographies identified as increasing proliferation (Figure 1B).
The authors’ analysis indicated that parameters representing the “fraction of the total energy
contained in the feature after applying discrete Fourier transformation that is present in
sinusoids with wave number approximately 1.5 and 1” were predictive of increased
proliferation. Simple predictive rules for topography design have yet to emerge.

Nonetheless, certain surface features seem to predict a neuronal fate from stem cells
irrespective of the material properties of the underlying substrate. Scaffolds presenting
aligned grooves or nanofibers with lateral dimensions on the order of hundreds of
nanometers (~250-750 nm) favor cellular elongation in the direction of alignment, reduced
proliferation, enhanced expression of markers of neuronal differentiation and acceleration of
neurite outgrowth (Table 1)61-63. 68, 72-73,75 These results are consistent and span
mesenchymal stem cells, neural stem cell lines, and embryonic stem cells plated on a variety
of polymer materials (Table 1). While mechanisms are unclear, the encouragement of a cell
shape which mimics that found in nature, i.e., increased anisotropy or elongation, seems to
be a requisite outcome of guiding neuronal lineage commitment in stem cells®2-83, It is
possible that cell shape affects integrin clustering, turnover and associated Rho GTPases, as
well as actin cytoskeleton stability and dynamics. However, a linkage between these
mechanisms and underlying topography effects on neural lineage specification of stem cells
has yet to be determined.

While topography cues are sufficient to enhance expression of neuronal markers from a
subpopulation of attached embryonic stem cells, the resulting cell population is still a
heterogeneous mixture of undifferentiated and differentiated cells. Xie et al. report that
~20% of retinoic acid-treated embryoid bodies express TUJ1 after plating on nanofibers,
whereas expression of this neuronal marker was absent without nanofibers83, Recent data
from our laboratory indicates that ~40% of embryonic stem cells attaching to polystyrene
nanofibers express a neuronal marker (B111-tubulin, TUJ1) but do not extend neurites (Figure
2A-C). While aligned, microscale surface topography enhances neuronal differentiation
from stem cells, the majority of cells adopt a non-neuronal fate. Recently, a variety of
combinatorial strategies have been explored to improve outcomes, where multiple cues are
presented to stem cells to promote a neuronal fate in a synergistic fashion.
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Emerging opportunities for synergy

Topography is increasingly combined with additional attributes in order to further fine-tune
stem cell fate in a potentially synergistic fashion. Elastic modulus is one potential feature to
explore, as there exists compelling evidence for differentiation of mesenchymal stem cells to
neurogenic, osteogenic, or myogenic fates by tuning scaffold stiffness to mimic the elasticity
of those tissues39. To some degree, fabrication restricts the combination of rigidity and
topography achievable; creating micro- and nanoscale features requires material stiffness
exceeding a few hundred kPa84. The practical implication is that it is very difficult to mimic
both the dimensions and elastic modulus of the extracellular environment of the brain.

A second potential opportunity for synergistic control of stem cell fate is through the release
or attachment of neurotrophic factors or other bioactive ligands to a defined material
surface. McKay and colleagues have demonstrated that application of specific growth
factors can determine the lineage of multipotent stem cells, where platelet-derived growth
factor promotes neuronal differentiation, and thyroid hormone and ciliary neurotrophic
factor favor glial fates®>. The ability to incorporate neurotrophic factors into polymer
scaffolds has been demonstrated by several research groups86-88. Attaching brain-derived
neurotrophic factor to PCL nanofiber scaffolds increased the neuronal differentiation of
attached neural stem cells8. However, very few studies have combined growth factor
delivery with topography for the specific purpose of promoting a neuronal fate from stem
cells.

A third possibility for synergistic control over neuronal fate involves the conductivity of the
scaffold material. Conductive scaffolds retain the ability to differentiate stem cells into
neurons through topographical cues while offering electrical interfacing as a complementary
mode of influence over stem cell fate. Electrical stimulation is known to promote neuronal
differentiation from embryonic stem cells and enhance neurite extension in neuronal cells,
and while the mechanisms are still being explored, increased calcium influx appears to play
an important role8%-90_ The nanofiber materials used incorporate carbon nanotubes®1-92 or
conductive polymers such as polyaniline (PANi)?3, polypyrrole (PPy)%, or poly(3,4-
ethylenedioxythiophene) (PEDOT)%. Increased neurite outgrowth (>40%) has been
observed in pheochromocytoma-12 (PC-12) cells cultured on poly(lactic-co-glycolic acid)
(PLGA) films and nanofibers coated with PPy when these scaffolds were electrically
stimulated®: 94, A similar report indicates increased neurite extension on electrically
stimulated nanofibers for stem cell-derived neurons plated on composites of PANi and
PLLAZ, Interestingly, reports suggest that the intrinsic electrical conductivity of these
materials promotes differentiation and neuronal growth even in the absence of active
stimulation®7-98_ Effects have been proposed to be attributable to alterations in the
surrounding ionic environment and membrane transport®2,

The combination of microscale topography with additional mechanical, neurotrophic, or
electrical cues are all promising strategies for controlling stem cell fate. Meanwhile, the
induction of specific genetic programs is perhaps the most effective and efficient method to
determine a neuronal fate. Using genetic and surface cues to synergistically control stem cell
fate is a promising and comparatively understudied method.
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Combined delivery of topographical and genetic cues to promote neuronal

fate specification

The combination of surface cues with genetic manipulation presents a broad array of
possibilities for engineering stem cell fate decisions. The effects of the surface architecture
may be direct, as in the case of vector-releasing substrates, or indirect, as shown by recent
reports demonstrating topography effects on transfection efficiency. We explore recent
developments in both of these strategic areas, beginning with a primer on genetic
engineering strategies.

Strategies for transgene delivery

There are several potential methods of forcing the expression of specific genes in a
population cells, and they can be broadly categorized into viral and non-viral delivery
systems (“vectors”). Some key assessment criteria when choosing a vector system include:
(1) the safety and predictability of the cellular/organism response, (2) the amount of genetic
information that can be delivered (“cargo” or “payload” size), (3) the efficiency of
transformation in terms of the percentage of the cell population expressing the transgene, (4)
the ability to excise the gene delivery system without leaving mutations (“reversibility™),
and (5) the duration of the expression. Viral means of transferring genetic material are often
highly efficient (yielding transgene expression in 20%-80% of infected embryonic stem
cells in some reports), but their limited cargo size restricts the ability to selectively transform
cells of specified lineages?9-190, Different types of viruses have different properties; i.e.,
adenoviruses have a larger packaging capacity than lentiviruses and retroviruses, but their
use in vivo has raised significant safety concerns arising from early failures and unexpected
lethal inflammatory responses in isolated clinical trials100-101 Alternatively, several non-
viral means of transferring genetic material to host cells exist, with new and ingenious
means of removing any trace of vector material from the transformed cell becoming
increasingly available®%-100, Non-viral strategies may employ transposons (mobile DNA
elements), plasmids (circular, self-replicable double-stranded DNA), short-interfering RNA
molecules (siRNAS), cell-penetrating peptides, or bacterial artificial chromosomes (DNA
constructs) to deliver a transgene. Non-viral transfection typically employs lipofection or
electroporation techniques as the means of encouraging cellular uptake of the vector by
endocytosis or the creation of transient pores in the cell membrane (respectively).

Methods of gene delivery are further categorized into reversible and irreversible systems.
Irreversible systems leave the vector in the host cell or cause mutations that remain even
after the transgene is excised. The clinical applicability of irreversible systems is dubious,
given the propensity for unwanted mutagenesis'%2. Recently, transposon systems have
emerged as a promising platform for reversible gene delivery. In these systems, a plasmid
delivers a transposon to the cell, which then integrates into the genome in what can be
described as a ‘cut-and-paste’ regime. The “Sleeping Beauty” system, so-named for its
“awakening” following an extended evolutionary “sleep,” was the first transposon shown to
be capable of gene transfer in mammalian cells1%3. This system was followed by the
“PiggyBac” transposon system, which was recently modified to be fully reversible and
feature a large payload capacityl®0. These features are particularly valuable in stem cell
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applications, where lack of unwanted mutagenesis and control of cell fate are of preeminent
importance for safety reasons. A larger cargo capacity enables the inclusion of additional
measures of genetic control; for instance, sequences can be included which enable the
identification and selection of transformed cells or allow gene expression to be controllably
turned on or off. These types of controls are particularly valuable when funneling a
heterogenous stem cell population to a neuronal fate via forced gene expression.

Genetic control of neuronal fate

Genetic programming of neuronal fate is initiated by proneural genes of the basic helix-
loop-helix (bHLH) class of transcription factors%4. These factors promote neuronal fate
while inhibiting gliogenesis194-105, Their expression results in a lengthening of the cell
cycle, reducing proliferation and favoring differentiation1%6. The expression of bHLH
transcription factors is transient, yielding progenitors that are later terminally differentiated
via downstream signaling events. The expression of specific bHLH factors not only gives
rise to a generalized neuronal fate but also can determine specific neuronal subtypes. During
development, spatiotemporal expression patterns of different combinations of bHLH genes
underlies the adoption of distinct neuronal fates at specific locations along the neuraxis197.

That a given bHLH protein may be required for the development of different areas of the
nervous system at different stages of development indicates that the resulting subtype
depends, in part, on contextual cues'98. As an example, the bHLH transcription factor
Neurogenin-1 is required for the development of proximal cranial sensory neurons as well as
the small diameter fibers of the dorsal root (spinal) ganglial®®-110, Likewise, the bHLH
transcription factor Atoh1(Mathl) is required for the development of a variety of neuronal
subtypes but is also necessary for the formation of non-neuronal cells including intestinal
secretory cells, touch-sensitive Merkel cells in the skin, and sound-sensing inner ear hair
cells108. 111 The expression of bHLH genes is under the control of regulatory pathways
which lend themselves to extrinsic manipulation. For instance, expression of a proneural
gene in one cell inhibits expression in the neighboring cell in a process known as “lateral
inhibition”112, A recent report implicates lateral inhibition and the associated Notch-
signaling pathway in the specification of sensory receptor cells and neurons from inner ear
stem cells via differential effects on the bHLH factors required for genesis of those cell
types!13. Thus, neural fate is under the regulatory control of cell-cell contact, a cell density-
and Notch-dependent variable which is manipulable by scaffolding conditions114-115,
Proneural gene expression may also be affected by growth factors, presenting another
potential means of extrinsic control through controlled releasel16. The regulation of intrinsic
genetic programs by context-dependent signaling pathways lends itself to bioengineering
strategies to act synergistically with induced genetic cues to promote a specific neural fate.
In addition to providing these contextual cues by presenting defined topographical features
and surface chemistries, polymer substrates can be used directly for gene delivery, and they
can enhance transfection efficiency through topography cues. These substrates can present
the combined genetic and environmental signals required for cell fate specification.
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Direct gene transfer from polymer substrates

Vector release from a polymer scaffold to cells adhered to its surface is an effective strategy
for transforming cells, and the materials used are often amenable to electrospinning or soft
lithography techniques1’. Not only does this approach allow for localized vector delivery,
which may enhance transfection!18, but it also enables patterned delivery of a variety of
genetic sequences!19-121 These traits could be leveraged for creating neuronal circuits from
stem cells which recreate the diversity found in native tissue?L. Vector release from
scaffolds has been achieved by the controlled release of plasmids from commonly used
degradable biocompatible polymers such as PLGA or through incorporating genetic material
onto a cell culture surfacel?2-125 Reported transfection efficiencies and cellular viabilities
tend to be comparable or superior to those offered by traditional, “bolus” approaches to
delivering non-viral vectors. For instance, gene transfer from DNA/calcium phosphate
nanocomposites on a polystyrene surface achieved transfection efficiencies comparable to a
commercially available transfection reagent!22, More recently, nanoparticles have been used
to deliver siRNAs in order to achieve gene silencing!?!: 126, Here, the technology enables
targeted “knock-down” of the genes of interest, and combination with microprinting
methods can be used to deliver siRNAs in a defined patternl?1. Likewise, microfluidic
systems have been used to create spatial patterns of genetic material onto tissue culture-
treated plastic and polymer scaffolds with microscale channels119-120, Scaffold release of
SiRNA can be used to determine stem cell fate; release of sSiRNA from three-dimensional
scaffolds promoted a mesoderm lineage and downregulated genes associated with an
endoderm lineage in human embryonic stem cells2”. However, proof-of-concept of these
knockdown strategies are typically carried out in model cell lines, and applying this type of
technology to determine a neuronal fate from a stem cell population and assessing efficacy
invivo have yet to be accomplished.

Indirect effects of topography on cell fate and transfection efficiency

In addition to providing a depot for vector delivery, the surface features of polymer
substrates may directly enhance cellular responsiveness to genetic manipulation. Studies by
Kong and colleagues showed that surface stiffness and ligand presentation enhance non-viral
transfection of preosteoblast cells seeded in hydrogels128-129, These effects were attributed
to increased cellular proliferation associated with increased density of adhesive ligands on
the stiffer substrates, where the resulting effects on transfection efficiency were presumably
due to enhanced exposure of the nucleus during mitosis. However, recent reports indicate
that topography increases transfection efficiency irrespective of effects on proliferation. As a
proof-of-concept, attachment to microscale topographies increased transfection efficiency in
fibroblasts and mesenchymal stem cells’% 130 Adler et al. created pitted PDMS substrates
with a variety of feature dimensions and inter-feature spacings, yielding surfaces that ranged
in appearance from relatively smooth to mesh-like substrata’®. The mesh-like surfaces
increased non-viral transfection efficiency of plated fibroblasts by ~25% in comparison to
smoother surfaces after normalizing to cell number. The authors suggest that cell spreading
effects on endocytosis underlie these results. Likewise, Teo et al. demonstrated increased
expression of green fluorescent protein-encoding plasmids by mesenchymal stem cells when
these cells were plated on micro- and nanopillar poly(methyl methacrylate) (PMMA)
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surfaces30, The accompanying data showing related increases in the uptake of fluorescently
labeled dextrans by fibroblasts and mesenchymal stem cells corroborates the idea that
topography effects on endocytosis increase non-viral transfection efficiency. While the fact
that integrins are a key regulator of endocytosis is well-documented3: 131, the application to
controlling stem cell fate has not yet been realized. One can envision using topography cues
from a bioengineered scaffold to enhance the uptake of vectors designed to force the
expression of neural lineage-determining transcription factors in stem cells. Such a scaffold
would promote a defined neuronal fate while using topography cues to enhance and guide
neurite outgrowth. Furthermore, it may be possible to deliver a pattern of multiple proneural
vectors from a surface to attached stem cells, resulting in a network of neurons with distinct
sublineages. With an ability to deliver and enhance uptake of genetic material in prescribed
patterns, determine a neuronal fate, and accelerate and guide neuritogenesis, the ability to
combine topographic and genetic cues in a single substrate to create diverse neuronal
circuits from stem cells is achievable.

Potential synergy between topography and genetic transformation

The duplicity of certain ‘required’ transcription factors in the development of disparate types
of neurons in different parts of the body implies that intrinsic genetic programs and extrinsic
contextual cues act in a coordinated manner to determine neuronal fate specificationl08. A
combination of genetic engineering and biomaterials-based strategies may be designed to
recapitulate these developmental programs in stem cells. This strategy has been used to
enhance the differentiation of mesenchymal stem cells into an osteogenic lineagel32-133,
This approach has yet to be exploited for the creation of neural circuits from stem cells.

Our group recently collected evidence that illustrates the potential to combine topography
and gene expression to promote neuronal fate from a population of embryonic stem cells in a
synergistic fashion. We plated stem cells with inducible overexpression of the proneural
bHLH transcription factor Neurogenin-1 (Neurogl) onto polystyrene nanofibers and
assessed the neuronal differentiation and neurite elongation after a three day time period in
vitro (Figure 2). This stem cell line, created by Matt Velkey and colleagues, reportedly
yields ~60% neuronal differentiation (as indicated by TUJ1 expression) three days after
doxycycline induction of Neurogl, and these cells bear many similarities to auditory
neurons!# 134-135 \We observed a similarly rapid, efficient generation of TUJ1 positive cells
following induction in cells plated on either polystyrene nanofibers or polystyrene films
(Figure 2B). Meanwhile, synergistic effects on neurite outgrowth were observed (Figure 2C-
D). Interestingly, fiber topography elicited TUJ1 expression in cells in the absence of dox
(Figure 2B), but these cells did not extend neurites. This indicates that fiber topography is
sufficient to promote a marker of neuronal progenitor fate from an embryonic stem cell
population but is ineffective in efficiently promoting neuritogenesis in the absence of a
proneural genetic program, at least in this relatively short time frame. To the best of our
knowledge, these data represent the only report combining genetic and surface cues to
influence the neuronal fate of embryonic stem cells to date. The potential for synergy in fate
specification and maturation opens new possibilities in neuroengineering, but the way
forward will rest on a better understanding of how each factor governs downstream
signaling events.
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Synergy from combined genetic, chemical, and contact cues offers the exciting possibility
that we may one day custom-design neurons with highly specified phenotypic traits. Only
then may we reproduce the rich diversity of neuron subtypes found in the human nervous
system. To achieve this, we must understand the mechanisms that specify fate and fine-tune
physiological traits. Normal neurogenesis is a tightly orchestrated process involving spatial
and temporal patterns of gene and protein expression, diffusible signals, and a dynamic
extracellular landscape. Driving stem cells to a desired neural subtype will be most effective
when a combination of cues work together, but these cues must be chosen based on a priori
knowledge of the signaling pathways engaged. Practically speaking, the goal is not to
recreate a general cellular niche but to derive a particular cellular phenotype with all of the
morphological and physiological traits necessary to promote functional integration and
replacement of damaged or missing neural tissue. This approach requires that we move past
simple mimicry of basic, first-order properties like neurite extension and spike generation.

Many questions remain if we are to push toward higher-order phenotypic traits. For
example, how will combinations of proneural cues modulate the expression of surface
receptors, which ultimately guide neurite outgrowth and synaptogenesis? How can these
cues be combined to specify axodendritic polarity and neurite arborization? Can surface
features enhance or limit myelination? Will combined cues alter spike patterns (phasic,
tonic, or bursting) leading to changes in temporal coding of a stimulus? Are certain stem cell
sources more suitable for manipulation by combinations of cues than others, and what
relative advantages in terms of safety and ease of reprogramming do the differing sources
offer (e.g. embryonic stem cells, adult induced pluripotent stem cells, or lineage-restricted
neural stem cells)? And, given the achievement of higher-order phenotypic traits in vitro,
how will results translate to the in vivo environment, which presents its own complex array
of extrinsic soluble and topographical cues? On the last point, what will be the various
challenges posed by specific neural circuits within the body, in terms of accessibility, ease
of genetic manipulation, permissibility of the extracellular environment, and complexity of
the cellular circuits involved? The challenges posed by the in vivo environment are
highlighted by mixed reports of transplantation survival and therapeutic efficacy of cell
scaffolds implanted in the nervous system37. Ultimately, success will require understanding
the interaction of the extracellular environment of the host tissue with the genetic and
topographical signaling cues imposed upon the stem cell population by the chosen vector
and scaffold.

At the core of many of these questions and challenges lies a more fundamental issue,
namely, whether combinations of proneural cues will work synergistically to enhance some
traits while diversifying phenotype in other areas. Hints from literature suggest that
common, master-controlling pathways are initiated by both nanofibers and chemical neural
induction. The combination of retinoic acid and a nanofiber substrate potentiates Wnt/p-
catenin signaling, possibly because both of these factors upregulate a key proneural
transcription factor, NeuroD1138, NeuroD1 is immediately downstream of several proneural
bHLH proteins, including neurogenins!3?, suggesting that genetic, chemical, and substrate
cues could indeed combine to enhance activation of specific signaling pathways. However,
Whnt signaling is only one of several major cellular pathways that influence differentiation
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and physiology. While potentiating Wnt signaling, combined factors may independently
activate or inhibit a variety of other pathways leading to desirable or undesirable features. It
is clear that systematic investigations of fate specification cannot focus on subsets of
downstream events, whether signaling molecules or phenotype traits. One can envision
large-scale parametric screens that methodically chip away at the possible combinations, but
a matrix that explores major bHLH inducers, diffusible chemical factors, and various
substrate topologies and chemistries quickly becomes unwieldy. Instead, we suggest a
systems biology approach that incorporates the genes, proteins, and pathways activated by
individual induction factors and then combine these factors to maximize expression of key
phenotypic markers.

Conclusions and perspectives: synergistic effects of combined approaches

to create prescribed networks of neurons from stem cells

Replacement of damaged neurons with stem cells will require directed differentiation of
those cells into neurons of a specific sublineage combined with guided, functional
integration of these cells with existing neural circuitry. This is a formidable challenge which
demands an exquisite level of control over all aspects of cellular behavior. Native nervous
tissue is beautiful in its diversity and complexity, and depending upon the particular
peripheral nerve or central circuit of interest, the creation of motor and sensory fibers,
excitatory and inhibitory cells, spatial gradients in excitability, unique patterns of dendritic
arborization or polarity, and hundreds of synaptic connections on a single cell could be
required. We envision rationally designed strategies, inspired by normal developmental
processes, which combine intrinsic and extrinsic cues to achieve neuronal cell fates from
stem cells with the desired subtype specification, neurotransmitter profile, targeted
integration and electrophysiological properties (Figure 3). The ultimate goal is to re-create
neural circuitry to a level which is commensurate with the pre-injured state. The combined
delivery of fate-determining genes with lineage-defining and process-guiding substrate cues
is an emerging strategy for gaining control over stem cell fate. Understanding the
mechanisms underlying topographical cues will accelerate the development of approaches to
determining stem cell fate. A coherent strategy for unraveling the underlying biological
complexity requires comprehensive global profiles of the genes, proteins, and cellular
pathways involved in fate specification. The overlap between engineered substrates and
stem cell biology must enter the omicsera, including transcriptomic, proteomic, and
physiomic descriptions of derived neurons. Advances in next-generation sequencing offer
unprecedented views into the biology of stem cell-derived neurons, including the complete
sequencing of expressed mMRNAs, the identification of novel gene products not cataloged on
microarray platforms, and information on non-coding RNASs (e.g. microRNAs) that may act
on large families of target genes and pathways40-142, Even so, a systems biology approach
cannot stop here. Some neural traits will be more specific to protein levels than transcript
levels, since the relationship between these is not always straightforward or predictivel43.
As a consequence, transcriptomic views of fate specification must be combined with global
profiles that give proteomic and physiological insights into the biology of derived neurons
and ultimately the biology of cell systems once introduced into host tissue. Such an
approach will require the assimilation of a broad spectrum of observations analyzed with
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sophisticated data-mining tools, necessitating combined expertise in stem cell biology,
neurophysiology, bioengineering, and bioinformatics. Armed with improved methods of
gene delivery and scaffold fabrication and state-of-the-art tools for dissecting the cell
system, the reconstruction of neural circuitry is a realistic and attainable goal.
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Figure 1.
Topographies which result in a given cellular outcome (increased proliferation) vary widely. Nanofibers similar to those shown

in SEMs in (A) tend to favor reduced proliferation (Scale = 10 pm in left panel, 1 um in higher magnification image in right
panel). Markert et al. report that structures with narrow lateral dimensions (“X” = 1 micron) yielded the highest colony numbers
for series “A-J” topographies, although the schematics illustrate a variety of feature patterns (B). SEM images of PLA surfaces
with the greatest mesenchymal stem cell proliferation show a variety of surface features (C) (Scale = 50 pm). Part (B) is
reproduced with permission from ref 78 Copyright 2009 Mary Ann Liebert. Part (C) is reproduced with permission from ref 82
Copyright 2011 National Academy of Sciences.
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Figure2.

Synergistic effects of induced bHLH expression and nanofiber topography on neurite outgrowth from stem cell-derived neurons.
Stem cells were plated on polystyrene nanofiber scaffolds or films and either Dox-induced to overexpress Neurogl or left
uninduced. Neuronal differentiation and neuritogenesis were quantified using an automated image analysis program136 to
analyze neurites. Dox-induction produces a similar percentage of neuronal cells with or without fiber topography (B), but

combining induced Neurogl with a fiber substrate increased neurite outgrowth in a synergistic manner (C and D). Scale = 100
pumin (A).
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-Guided process outgrowth
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-Targeted synaptic integration
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Future vision for the de novo creation of neuronal networks from stem cells using biomaterial topography and forced genetic
programs. Forced genetic programs are advantageous for efficiently yielding neurons of a prescribed sublineage. Aligned
nanoscale topographical features accelerate and guide neurogenesis, while less efficiently upregulating the expression of

neuronal markers. Combining the guidance properties of patterned substrates with improved techniques for delivering genetic

material to cells will result in the ability to create neural circuits with the profile and pattern of physiological properties
appropriate for a given regeneration application.
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