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The potential of human embryonic stem (ES) cells as experimental therapies for neuronal replacement has recently
received considerable attention. In view of the organization of the mature nervous system into distinct neural
circuits, key challenges of such therapies are the directed differentiation of human ES cell-derived neural pre-
cursors (NPs) into specific neuronal types and the directional growth of axons along specified trajectories. In the
present study, we cultured human NPs derived from the NIH-approved ES line BGO1 on polycaprolactone fiber
matrices of different diameter (i.e., nanofibers and microfibers) and orientation (i.e., aligned and random); fibers
were coated with poly-L-ornithine/laminin to mimic the extracellular matrix and support the adhesion, viability,
and differentiation of NPs. On aligned fibrous meshes, human NPs adopt polarized cell morphology with pro-
cesses extending along the axis of the fiber, whereas NPs on plain tissue culture surfaces or random fiber substrates
form nonpolarized neurite networks. Under differentiation conditions, human NPs cultured on aligned fibrous
substrates show a higher rate of neuronal differentiation than other matrices; 62% and 86% of NPs become TUJ1
(þ) early neurons on aligned micro- and nanofibers, respectively, whereas only 32% and 27% of NPs acquire the
same fate on random micro- and nanofibers. Metabolic cell activity/viability studies reveal that fiber alignment
and diameter also have an effect on NP viability, but only in the presence of mitogens. Our findings demonstrate
that fibrous substrates serve as an artificial extracellular matrix and provide a microenviroment that influences key
aspects of the neuronal differentiation of ES-derived NPs.

Introduction

Neural stem cells presently used for transplantation
are derived from human embryonic stem (ES) cells that

are differentiated in vitro into the neural lineage or from
neural precursors (NPs) isolated from the fetal or the adult
nervous system.1–3 As recently demonstrated, neural stem
cells can be also derived from somatic cells reprogrammed to
pluripotency with combinations of transcription factors.4–6 At
this juncture, human ES cells may represent the best solution
for transplantation therapies as they can provide a poten-
tially unlimited source of human neural stem cells for single
or repeated administrations in the nervous system.7 The
substantial plasticity and broad differentiation potential of
human ES cells have been demonstrated in several in vitro

studies where these cells were induced to specific neuronal
and glial lineages, including motor8 and dopaminergic9,10

neurons as well as oligodendrocytes.11

One way to control the growth and differentiation of
grafted neural stem cells is the use of suitable scaffolding
materials serving as three-dimensional microenvironments
for the cells to attach and grow and also functioning as tem-
porary extracellular matrix (ECM). Fibrous matrices are par-
ticularly useful in neural tissue engineering as they can be
engineered to have high porosity, high surface-to-volume
ratio, and high spatial interconnectivity,12 all physical prop-
erties that can promote cellular adhesion and prolifera-
tion.13,14 Fibrous substrates of desired sizes and dimensions
can be easily prepared using electrospinning,15–17 that is, a
convenient fabrication process to produce random or aligned
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fibrous matrices with fiber diameters ranging from tens of
nanometers to several microns.18–20 The topography of elec-
trospun nanofibers resembles that of the fibrous ECM pro-
teins.21 Various studies have shown that the alignment of
micro-to-nano topography can significantly influence the
morphology, proliferation rate, phenotype, and function of
various cell types,22–24 as well as adult and ES cell types.25,26

For example, when cultured on aligned microgrooves, human
keratinocytes tend to elongate and their longitudinal axis is
co-aligned with the grooves.27 Surface-aminated electrospun
nanofibers have been shown to promote the adhesion and
proliferation of umbilical cord blood hematopoietic stem/
progenitor cells.28 These adaptations are believed to involve
rearrangement of cytoskeletal constituents, a process that in
turn can influence cell phenotype and function via established
links with intracellular signaling pathways.

Some of the above principles have been recently found to be
useful in controlling neural stem cell differentiation for the
purpose of neural tissue engineering. For example, aligned
poly-L-lactic acid (PLLA) nanofibrous substrates support the
adhesion of immortalized neural stem cell-like C17.2 cells and
cause extensive neurite outgrowth along the longitudinal axis
of nanofibers.12,29 Mouse neural stem cells show increased
rate of differentiation on nanofibers than on microfibers; and
aligned electrospun fibers further promote neurite out-
growth.12,30 Fiber diameter of electrospun polymer nanofiber
matrix can also influence the proliferation and differentiation
of neural stem cells derived from the rat hippocampus.31

In this study, fiber matrices of different diameter (nanofi-
bers and microfibers) and orientation (aligned and random)
were prepared by electrospinning and functionalized with
ECM molecules to create an environment biocompatible with
human ES cell-derived NPs. The effects of topography on the
morphology, viability, and differentiation of human ES cell-
derived NPs were examined. Our findings suggest that fiber
diameter and orientation can impact the adhesion and via-
bility of human NPs and that cells seeded on aligned fibrous
substrates appear to have the best viability. Aligned fiber
orientation also has a profound effect on the differentiation
of cells in the neuronal lineage irrespective of diameter.

Materials and Methods

Nanofiber preparation and characterization

Polycaprolactone (PCL) fiber matrices were prepared by
electrospinning. Solutions of PCL (Sigma) were prepared in a
mixture of dichloromethane:methanol (80:20, v/v). The PCL
solution was dispensed through a syringe pump at 2.5 mL/h
through a 12-kV potential field, resulting in the formation of a
thin, charged polymer jet that was deposited onto glass cov-
erslips affixed to a grounded collecting plate. Random fiber
meshes were collected by depositing fibers onto a stationary
plate, and aligned fiber meshes were collected by depositing
the polymer fibers onto the edge of a grounded rotating alu-
minum disc. Microfiber substrates were fabricated by elec-
trospinning 12 wt% PCL solution. Nanofiber matrices were
fabricated by doping a 12 wt% solution with 0.01% octadecyl
rhodamine B chloride (R-18; Invitrogen), a cationic amphi-
phile that serves to stabilize the polymer jet and yield smaller
diameter fibers. For characterization of the fiber diameter,
meshes that had been sputter-coated with a 4-nm layer of
platinum were imaged using a JEOL 6700F scanning electron

microscope. High-magnification images (10,000�) of the ma-
trices were acquired, and fiber diameters were measured us-
ing NIH ImageJ software. A minimum of 50 fibers were
measured for each sample group.

Fibrous matrices were prepared for cell culture studies as
follows: small droplets of medical-grade silicone adhesive
(Factor I) were used to secure the mesh onto the cover-
slips. Matrices were sterilized by washing in ethanol and
phosphate-buffered saline (PBS), followed by exposure to UV
in the biosafety cabinet for 30 min. Fibers were then coated
with poly-L-ornithine (PLO)/laminin. Briefly, matrices were
immersed in 10mg/mL PLO (Sigma) for 2 h at 378C, washed
three times with PBS, and then soaked in 20mg/mL laminin
(Sigma) overnight at 378C, and washed three times with PBS
at room temperature before cell seeding.

Human NP cultures and cell seeding
on fiber substrates

Human NPs were differentiated from the human ES
cell line BG01 included in the NIH Human Embryonic Stem
Cell Registry (http://stemcells.nih.gov/research/registry).
NP cultures were established and expanded as previously
described.32 For analysis of their disposition and differenti-
ation on PCL substrates, NPs were detached from the culture
plate using TrypLE� solution (Gibco BRL), harvested and
collected by centrifugation, and resuspended in the culture
medium with or without 20 ng/mL human recombinant
epidermal growth factor (EGF; Sigma) and 20 ng/mL human
recombinant basic fibroblast growth factor (bFGF; Sigma).
Cells were seeded at a density of 5�105 cells/well onto PLO/
laminin-coated electrospun PCL matrices that were placed
into sterile 24-well culture dishes in triplicate. Fiber sub-
strates were of varying diameters (*250 nm to *1 mm) and
different orientation, including aligned versus randomly
oriented fibers. Tissue culture polystyrene wells coated with
PLO/laminin served as positive controls. Cells were cultured
on fiber matrices in complete neurobasal medium (NBM)
supplemented with 20 ng/mL each of EGF and bFGF. The
complete NBM contains 94% NBM (v/v), 1% 100�Pen-Strep,
1% L-glutamine, 1% MEM nonessential amino acid solu-
tion (all above from Invitrogen), 0.1% bovine serum albu-
min (w/v, Fraction V; Sigma), 0.1 mM b-mercaptoethanol
(Sigma), and supplements B27 (without retinoic acid) and N2
(both from Invitrogen). For the PLO/laminin-coated wells,
cells were seeded at a density of 5�104 cells/well. A separate
plate including control wells was used to study the effect of
fiber matrices in the differentiation of human NPs. The same
cell densities were used but mitogens were removed from
the media. NPs were then cultured at 378C under 5% of CO2

atmosphere.

Immunocytochemistry and imaging
of NPs on fiber matrices

NP cultures were fixed with 4% neutral-buffered, freshly
depolymerized paraformaldehyde for 15 min. Fixed cells
were washed twice with PBS before staining. After washing,
cells were incubated for 1 h in blocking solution (5% donkey
serum, 1� PBS, with or without Triton X-100), and primary
antibodies were applied in blocking buffer overnight at
room temperature. Antibodies used for immunocytochemis-
try include primary antibodies against nestin (1:200; neural
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progenitor marker; mouse anti-human nestin IgG1; Milli-
pore/Chemicon), beta III tubulin (1:600; neuronal marker;
rabbit polyclonal anti-TUJ1; Covance), glial fibrillary acidic
protein (1:700; astrocyte marker; rabbit polyclonal anti-GFAP;
Dako Cytomation), and RIP (1:100; oligodendrocyte marker;
mouse anti-RIP; Chemicon). Cells were then washed in
PBS and treated with secondary antibodies coupled to Cy2
or Cy3 (1:400 dilution; Jackson ImmunoResearch) for 30–
60 min. After two washes in PBS, cells were stained with 40,60-
diamidino-2-phenylindole (DAPI) and then coverslipped
using ProLong Gold anti-fade reagent (Invitrogen Corpora-
tion). In control sections, primary antibodies were omitted
from the staining procedure. Cells were studied with epi-
fluorescence and confocal microscopy. Microscopy was per-
formed using a Nikon TE2000 fluorescence microscope and
confocal microscopic images were captured with a Zeiss LSM
510 inverted confocal microscope (Carl Zeiss, Inc.). Double
staining for nestin or TUJ1 and DAPI was performed to de-
termine the percentage rates of NPs and early neurons. Three
samples from each type of matrix were examined under the
microscope. Ten visual fields were randomly selected and
cells from each field were manually counted. Analysis was
conducted with one-way analysis of variance followed by
Tukey’s multiple-comparison post hoc test.

Metabolic activity/viability assay

To measure the viability of NPs seeded on matrices of
different type of orientation (aligned and random) and di-
ameter (nano- and microfibers) and on tissue culture poly-
styrene surface, a colorimetric methyl thiazoletetrazolium
(MTT) assay was used (Promega). Mitochondrial dehydro-
genases of living cells reduce the tetrazolium ring of MTT and
yield a blue formazan product, which can be measured
spectrophotometrically. The amount of formazan produced is
proportional to the number of viable cells in cell culture.
Metabolic activity was analyzed on day 3 of cell culture.

Briefly, cells seeded on fiber substrates were washed with PBS
and then incubated with 20 mL of MTT (5 mg/mL in PBS) for
3 h at 378C. After incubation, the dye solution was discarded
and formazan was extracted with 500 mL of dimethyl sulfox-
ide (Sigma). A total of 100 mL of the extract was transferred
into the wells of a 96-well polysterene plate and optical ab-
sorbance at 490 nm was recorded with a spectrophotometric
plate reader. Variation in metabolic activity was studied
with one-way analysis of variance followed by Tukey’s mul-
tiple comparison post hoc test. Cell proliferation experiments
were performed in triplicate and the results were expressed as
mean� standard error.

Scanning electron microscopy of cells cultured
on fiber matrices

Samples prepared for scanning electron microscopy (SEM)
analysis were fixed with a mixture of 2% glutaraldehyde/1%
paraformaldehyde in PBS for 45 min and then treated with
1% osmium tetroxide in 100 mM sodium cacodylate buffer
for 15 min at room temperature. Samples were processed and
imaged on a field-emission SEM (JEOL 6700F) according to
the method reported previously.31

Results

Preparation of fibrous substrates and responses
of proliferating human NPs to PCL matrices

We adopted a previously reported method to prepare PCL
fiber matrices for this study.31 Aligned and randomly oriented
PCL fibers prepared by electrospinning were collected onto
coverslips, forming a dense mat that covered the whole sur-
face of glass coverslips. Aligned fibrous substrates containing
fibers of an average diameter of *250 nm were named
aligned nanofibers (ANF), and those with fibers of average
diameter of *1mm were named aligned microfibers (AMF).

FIG. 1. Scanning electron microscopy
characterization of electrospun fiber
matrices. Aligned (A) and random
(A0) microfiber scaffolds prepared with
12 wt% polycaprolactone solution.
Aligned (B) and random (B0) nanofiber
scaffolds fabricated with a 12 wt%
solution/0.01% octadecyl rhodamine B
chloride. Images were acquired at high
magnification (10,000�). Scale bars are
1mm.
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To explore the effects of variable fiber diameter and orienta-
tion on the biology of NPs, random PCL fibrous matrices with
similar fiber diameters were also fabricated and named ran-
dom nanofibers (RNF) and random microfibers (RMF). Fiber
substrates were coated with PLO/laminin, based on previous
findings that such coatings support the adhesion and growth
of NPs.33

The morphology of electrospun PCL fiber substrates was
observed with SEM (Fig. 1). Most of the fibers in the oriented
fibrous meshes were well aligned along one direction. To
understand how cells would respond to electrospun PCL
substrates, dissociated NPs were seeded on aligned or ran-
dom fibrous matrices and incubated in normal growth media
in the presence of 20 ng/mL of FGF-2 and EGF, that is, req-
uisite mitogens for human NP proliferation.

Cell morphologies and distributions of NP cells on the PCL
fiber meshes were studied with both SEM and immunocyto-
chemistry. Representative SEM micrographs of human NPs
cultured for 3 days on aligned or randomly oriented fibers
revealed the close interaction between human NPs and fiber
matrices (Fig. 2). A representative SEM image of human NPs
cultured on ANF is shown in Figure 2A and indicates that cell
bodies had an elongated appearance with their longitudinal
axis parallel to the direction of PCL fibers. In contrast, NPs
spread across the nanofiber network forming a continuous
flat cell layer (Fig. 2B). In both cases, NPs maintained sub-
stantial cell–fiber adhesion, indicating the ability of matrices
to facilitate cell attachment/interaction (Fig. 2B, C).

The effect of fibrous substrates on NP disposition was
also studied using immunocytochemistry for nestin, a neural
stem/progenitor marker, observed with epifluorescence or
confocal microscopy (Fig. 3). As in the case of SEM, the gen-
eral topographical disposition of nestinþ NPs followed the
underlying structure of the fibrous meshes. Cells were well
attached on both nano- and microfiber meshes. The ones
seeded on the aligned fibrous matrices assumed a longitudi-
nal shape and grew parallel to the PCL fibers (Fig. 3A, A’). In
contrast, NPs on random fiber matrices assumed a polygonal
shape and appeared to grow without particular directionality
(Fig. 3B, B’). These patterns indicate that PCL fibrous sub-
strates can determine the shape and guide the growth of hu-
man NPs in culture according to fiber alignment.

Viability of cultured human NPs on different
substrates in the presence or absence of mitogens

To test the effect of fiber alignment and diameter on
human NP viability, we expanded NPs in culture media first
in the presence of FGF-2 and EGF. Cell viability was eval-
uated using the MTT metabolic activity assay (Fig. 4A).
Optical absorbance data indicate that cells growing in tissue
culture plate present significantly higher metabolic activity
than the ones on fibers of the nanometer scale. Among the
fibrous matrices tested, cells seeded on AMF appeared to
have the greatest metabolic activity, an effect suggesting that
cell alignment and diameter might have a positive effect on
cell metabolic activity and survival.

The effect of fiber alignment and diameter on human NP
viability was also tested in the absence of exogenously added
growth factors. Cells were cultured for 3 days after growth
factor withdrawal and the viability of human NPs on differ-
ent substrates was assessed by nestin immunocytochemistry

(Fig. 4B). The rate of nestinþ cells was 52% on tissue culture
surface and decreased substantially compared with all fiber
substrates including ANF (16%), RNF (22%), AMF(19%), and
RMF (22%) substrates.

Taken together, data from the MTT metabolic cell activity
assay and nestin immunocytochemistry indicate that fiber

FIG. 2. Scanning electron microscopy images of human
NPs seeded on poly-L-ornithine/laminin-coated fiber meshes
for 3 days. (A) Cells cultured on an aligned nanofiber sub-
strate. Human NPs are attached on the scaffold and acquire an
elongated shape when they grow on aligned fibrous sub-
strates. (B, C) Cells on a random nanofiber substrate. NPs
spread across the fiber mat surfaces, forming a continuous cell
layer (B) where multiple cell–cell interactions are observed
(C). Panels (B) and (C) are low- and high-power photographs,
respectively, of cells on randomly oriented nanofibers. Scale
bars are 10 mm. NPs, neural precursors.

858 MAHAIRAKI ET AL.



alignment and diameter had an effect on NP viability only in
the presence of FGF-2/EGF. In the absence of mitogens, there
was no significant difference between nano- and microfibers
or aligned versus random fibers, as all fibrous substrates
appeared to have a negative effect on survival.

Effect of fiber diameter/alignment on the neuronal
differentiation of human NPs

To explore the effect of fiber diameter and alignment on the
neuronal differentiation of human NPs on fibrous substrates,
we withdrew bFGF and EGF and allowed NPs to differentiate
for 15 days. Phenotypic maturation of differentiating NPs was
studied with immunofluorescence for the class III b-tubulin
epitope TUJ1. The examination of such stained preparations
showed that differentiated NPs grown on AMF and ANF
extended axons in a highly oriented manner, that is, along the
axis of the aligned fibers (Fig. 5A). This aligned morphology
was significantly different from that of cells grown on random
fibers (Fig. 5B) or on tissue culture plate surface (Fig. 5C)
where neurites exhibited random orientation (Fig. 5B).

The effects of PCL fiber diameter and alignment on differ-
entiation of NPs were assessed by counting TUJ1þ cells from
ten randomly selected fields of NP cultures on various types
of fibrous matrices (Fig. 5D). Cells cultured on aligned fiber
substrates showed higher levels of TUJ1 immunoreactivity.
There were significantly higher rates of TUJ1þ NPs on AMF
(62%) and ANF (86%) than on tissue culture plate surface
cultures (40%) or to cultures involving RNF and RMF (27%
and 32%, respectively). Immunoreactivity of differentiating
NPs for the astrocyte marker GFAP and the oligondendrocyte
markers O4 or RIP was negligible (data not shown). These
findings show that aligned fiber matrices significantly pro-
mote the neuronal differentiation of human NPs as compared
with random fiber substrates. The effect of fiber diameter was
less significant for fibers with diameters in the range of 250 nm
to 1 mm that were examined in the present study.

Discussion

In this present study, we explored the effects of electrospun
fibrous substrates of various diameters and orientations on
the viability and differentiation of human ES cell-derived
NPs. Although the effects of electrospun fibers on a variety of
neuronal and non-neuronal cell types have been addressed in
previous studies, to the best of our knowledge, the present
findings represent the first description of the responses of
human ES cell-derived NPs to different fibrous matrices. With
the electrospinning technique used here we were able to
produce fibers with average diameters of 250 nm and 1mm, as
representative of the nanometer and micron scale ranges that
have been previously shown to have an impact on the adhe-
sion, spreading, migration, survival, and lineage specification
of neural stem cells.12,31

The diameter of electrospun fibers was varied by chang-
ing a number of parameters related to the spinning process
of the PCL solution used in the present study—a biodegrad-
able polymer commonly used in tissue engineering appli-
cations.26,34 Some of these parameters include polymer
concentration, flow rate, and distance between needle and
collector. The incorporation of ECM molecules, that is, lami-
nin on to electrospun fiber surface, renders matrices adhesive
to cells and promotes cell survival.35

Tissue engineering scaffolds provide a three-dimensional
template for cells to adhere, proliferate, and differentiate.36,37

The ECM-like properties of electrospun nanofibers have been
shown to have an effect on the proliferation and differentiation/
fate choice of a variety of cell types, including adult somatic
and stem cells. For example, the proliferation and differenti-
ation of osteoblasts have been promoted on carbon nanofiber
scaffolds.38 Also, surface-aminated electrospun nanofibers
have been shown to promote the adhesion and proliferation of
human umbilical cord blood-derived hematopoietic progen-
itor cells.28 Human mesenchymal stem cells seeded on nano-
and microfibrous scaffolds maintained the cell alignment on

FIG. 3. Immunofluorescent images
of nestin (þ) human NPs cultured onto
different substrates. The cytology of hu-
man NPs cultured on aligned (A, A0) and
random (B, B0) nanofiber matrices was
examined following nestin immunocyto-
chemistry (NPs are in red) and epi-
fluorescence (A, B) or confocal microscopy
(A0, B0). DAPI counterstaining (blue) was
used to observe cell nuclei. Scale bars
are 50mm. DAPI, 40,60-diamidino-2-
phenylindole. Color images available
online at www.liebertonline.com/ten.
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both types of scaffolds, but nanofibrous scaffolds significantly
enhanced the chondrogenic differentiation of cells.39

In the present in vitro study, human NPs were found to
interact favorably with fibrous substrates based on evidence
that they attached well and responded with morphological
changes. Human NPs seeded on aligned fibers acquired a
spindle-like shape and extended processes parallel to the fiber
axis. This morphology is probably due to contact guidance and
cytoskeletal reorganization in response to substrate topogra-
phy.39,40 Our findings also demonstrate that the type of sub-

FIG. 4. Effect of fiber alignment and diameter on human
NPs viability. (A) The MTT assay was used to assess the via-
bility of cultured human NPs on different fibrous scaffolds in
the presence of mitogens. Overall variance was studied with
ANOVA and was significant ( p< 0.05). Significant differences
between groups based on Tukey’s post hoc multiple compari-
son test are indicated by an asterisk. (B) Quantitative analysis
of nestin-positive cells cultured on different substrates in the
absence of growth factors. As detailed in the Materials and
Methods section, experiments were performed three times;
10 visual fields were randomly selected per culture and over
1500 cells were manually counted. Results were grouped per
substrate type and studied with ANOVA. Variance was sig-
nificant ( p< 0.05). Significant differences between groups
based on post hoc testing are indicated by an asterisk. Bars
represent mean� standard error in both panels. ANOVA,
analysis of variance; TCPS, tissue culture polystyrene surface;
ALN nano, aligned nanofibrous substrate; RN nano, random
nanofibrous substrate; ALN micro, aligned microfibrous sub-
strate; RN micro, random microfibrous substrate.

FIG. 5. Effect of various types of substrates on the neuronal
differentiation of human NPs. Fluorescence microscopy im-
ages of cells cultured on aligned (A) and random (B) fibrous
substrates and on TCPS (C) for 15 days in the absence of
growth factors. The phenotypic differentiation of human NPs
was assessed by immunocytochemistry for TUJ1, a class III b-
tubulin protein that marks early neurons (green). DAPI (blue)
was used for counterstaining of nuclei. The fractions of TUJ1þ
cells are shown in (D). Data represent three independent ex-
periments, and 10 randomly selected fields were counted per
culture. Significant differences between groups based on post
hoc testing ( p< 0.05, ANOVA test) are indicated by an aster-
isk. Bars represent mean� standard error of the mean. Color
images available online at www.liebertonline.com/ten.
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strate where cells grow significantly influences their survival.
The two-dimensional tissue culture plate substrate was asso-
ciated with higher numbers of surviving human NPs than
nanofibrous matrices; among the fibrous substrates, cells see-
ded on AMF showed the highest viability. These results are
consistent with the previous report that osteoprogenitor cells
cultured on larger-diameter poly(D,L-lactide) fiber substrates
(diameter 2.1mm) yielded higher cell densities than when cul-
tured on smaller-diameter fibers (0.14mm), a pattern consistent
with higher cell proliferation rates in the former scenario.41

Our immunocytochemical findings using phenotypic
markers for mature cells of the nervous system showed that
the propensity of neuronal differentiation was higher on ANF
and AMF than on random fibers and on the two-dimensional
tissue culture plate substrate. We also found that axonal
outgrowth from differentiated neurons follows the direction
of aligned fibers. Previous studies have shown that by alter-
ing the size of electrospun fiber diameter, one may signifi-
cantly influence stem cell spreading, migration, proliferation,
and differentiation. In one study,12 PLLA was electrospun
into matrices with varied diameter and orientation by chang-
ing PLLA solution concentration and collection method; im-
mortalized neural stem cells from neonatal mouse cerebellum
seeded onto thus prepared nanofiber meshes showed in-
creased neurofilament immunostaining (a measure of neuro-
nal differentiation) compared with cells seeded on microfiber
substrates. Further, neurite outgrowth was parallel to the
direction of aligned PLLA fibers. On the basis of their ability
to sense the topography of their tissue-specific microenvi-
ronment, stem cells can alter responses related to migration,
adhesion, proliferation, and differentiation. By modifying
different structural parameters of the electrospun fibrous
matrix, we can recapitulate the hierarchical structure of the
ECM in a synthetic substrate and, ideally, induce the desired
cellular responses. As shown in our study, human NPs as-
sumed a longitudinal shape when seeded on aligned fibers
and their tendency for neuronal differentiation was higher, a
pattern consistent with a shape-dependent control of lineage
specification. Although the exact signaling pathways re-
sponsible for the effects of matrix architecture on stem cell
function have yet to be elucidated, such a lineage specifica-
tion mechanism may involve cytoskeletal and nuclear re-
arrangements induced by the acquisition of a particular cell
shape.42,43 On the other hand, the promotional effects of the
aligned fibrous substrates on differentiation may explain their
adverse effects of survival; in the developing nervous system,
differentiation is typically associated with reduced prolifera-
tion and enhanced apoptosis.44–46

Biomaterial technologies and specifically fibrous scaffolds
offer great opportunities to promote repair of the nervous
system after injury. In experiments on the mammalian vi-
sual system, it has been shown that a self-assembled peptide
nanofiber scaffold can support axon regeneration through the
site of an acute injury.47 The present study also demonstrates
that aligned fibers can promote the neuronal differentiation
and direct neurite growth of human NPs. Such contact
guidance effect by fibrous scaffolds may be enhanced through
the incorporation of growth factors and ECM proteins that
serve to optimize the cell–fiber interactions and to also influ-
ence the differentiation of NPs into specific neural lineages,
including neurons, astrocytes, and oligodendrocytes.48 The
scaffolds may function as a carrier system for the local de-

livery of stem cells and provide the necessary trophic support
and biochemical signals that may not be available to neural
stem cells in the environment of injury.49 The utility of ANF in
promoting neuronal differentiation and guiding regenerating
axons has been demonstrated in vivo in peripheral nerve,
where these preparations have been reported to promote ax-
onal regrowth and Schwann cell migration.50 However, the
application of these nanofibers to NP delivery to central ner-
vous system remains to be investigated.

In conclusion, in this report, we evaluated a set of electro-
spun fibers as a substrate for culturing and differentiating
human ES cell-derived NPs. Our results indicate that fiber
diameter and orientation are important factors that influence
the adhesion properties, as well as viability and differenti-
ation of NPs. Effects on viability and differentiation are
important factors to consider when grafting human ES cell-
derived NPs for therapeutic purposes in vivo32,51 because such
effects influence, in turn, the engraftment, survival, and neu-
ronal differentiation of grafts and may prevent the formation
of teratomas.
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