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Interaction of iPSC-derived neural stem cells on
poly(L-lactic acid) nanofibrous scaffolds for
possible use in neural tissue engineering
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Abstract. Tissue engineering is a rapidly growing technological
area for the regeneration and reconstruction of damage to the
central nervous system. By combining seed cells with appro-
priate biomaterial scaffolds, tissue engineering has the ability
to improve nerve regeneration and functional recovery. In the
present study, mouse induced pluripotent stem cells (iPSCs)
were generated from mouse embryonic fibroblasts (MEFs) with
the non-integrating episomal vectors pCEP4-EO2S-ET2K and
pCEP4-miR-302-367 cluster, and differentiated into neural
stem cells (NSCs) as transplanting cells. Electrospinning
was then used to fabricate randomly oriented poly(L-lactic
acid) (PLLA) nanofibers and aligned PLLA nanofibers and
assessed their cytocompatibility and neurite guidance effect
with iPSC-derived NSCs (iNSCs). The results demonstrated
that non-integrated iPSCs were effectively generated and
differentiated into iNSCs. PLLA nanofiber scaffolds were able
to promote the adhesion, growth, survival and proliferation of
the iNSCs. Furthermore, compared with randomly oriented
PLLA nanofibers, the aligned PLLA nanofibers greatly directed
neurite outgrowth from the iNSCs and significantly promoted
neurite growth along the nanofibrous alignment. Overall, these
findings indicate the feasibility of using PLLA nanofiber scaf-
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folds in combination with iNSCs in vitro and support their
potential for use in nerve tissue engineering.

Introduction

Spinal cord injury (SCI) is damaging to the axonal tracts
and cells around the site of injury and has devastating conse-
quences for patients' locomotor function and sensory function.
Unfortunately, the mechanical barriers caused by glial scars and
the inhibitory molecules secreted by astrocytes prevent axonal
regeneration following SCI. Numerous efforts have been made
to solve this problem, including the utilization of autografts
and suturing of the gaps (1). However, the two approaches
have limitations and have not proven to be feasible (2). Tissue
engineering using a combination of biomaterial scaffolds and
transplanted seed cells is an inspiring and progressive method
of repairing and reconstructing the damaged spinal cord (3).
Two important issues require consideration when attempting
to bridge the injury gap with tissue engineering. One is the
selection of appropriate cells for transplantation, and the other
is the identification of scaffolds that are able to enhance cell
survival and direct cell differentiation into neurons.

It has been reported that neural stem cells (NSCs) are
promising seed cells for the treatment of SCI (4). NSCs differ-
entiate into one of the three major neural cell types that are able
to repopulate the damaged spinal cord (5,6). These cells can
assist with locomotor function and sensory function recovery
by promoting cell survival and the regeneration of host axons.
The traditional method of obtaining NSCs, differentiation from
embryonic stem cells (ESCs) (5), has ethical issues and causes
allogeneic immunological rejection. Fortunately, the discovery
of induced pluripotent stem cells (iPSCs) provides an improved
method of obtaining NSCs (7,8). The derivation of iPSCs from
patient-specific cells for use in transplantation therapies avoids
the problems associated with immunological rejection and
ethics. However, methods for the generation of iPSCs typically
use genome-integrating retroviral or lentiviral vectors, which
have safety issues due to insertional mutations and residual
transgene expression during iPSC derivation, expansion and
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differentiation (9). To overcome these issues, integration-free
iPSCs with episomal vectors pCEP4-EO2S-ET2K and
pCEP4-miR-302-367 cluster have been generated. The use of
the pCEP4-EO2S-ET2K vector, encoding octamer-binding
transcription factor 4 (OCT4), sex determining region Y-box 2
(SOX2),Kruppel like factor 4 and simian virus 40 large T antigen,
has been demonstrated to be a manufacturing practice-compliant
method for the generation of integration-free iPSCs (10). The
NSCs induced from iPSCs exhibit morphological features and
NSC marker gene expression similar to those of wild-type
NSCs. Furthermore, these induced NSCs have the potential to
differentiate into neurons (11). Therefore, iPSC-derived NSCs
are regarded as excellent seed cells for tissue engineering.

Numerous bioengineered scaffolds have been reported
to improve neural regeneration in tissue engineering for the
treatment of SCI (3). Electrospun fibers have been widely
produced for neural tissue engineering scaffolds due to their
ability to provide a suitable microenvironment for cell attach-
ment, proliferation and migration that is similar to the natural
extracellular matrix (12,13).

Poly(L-lactic acid) (PLLA) is an ideal bioengineered scaf-
fold that has been approved by the United States Food and
Drug Administration. PLLA has been widely used as a drug
delivery, artificial catheter and tissue engineering scaffold
material due to its biocompatibility, tunable degradation rate
and non-immunogenicity (14,15). The aligned fibers with
diameters in the nanometer range obtained by the electrospin-
ning of natural polymers usually exhibit superior mechanical
properties (16). The pore features of electrospun fibers, such
as fully interconnected pore structures and a wide-open
surface, facilitate the transport of water and nutrients for cell
growth (17). In addition, the fibers may be aligned to provide
directional guidance for axonal growth. It has been shown
that electrospun nanofibers are capable of directing neurite
outgrowth and glial cell migration along the aligned orienta-
tion (14,18).

In the present study, an electrospun PLLA nanofiber scaf-
fold was synthesized as a three-dimensional (3D) system and
its biocompatibility with iPSC-derived NSCs was assessed,
with the aim of using the combined system to guide neurite
outgrowth and build a cell delivery platform for nerve tissue
engineering purposes.

Materials and methods

Ethics statement. Female BALB/c nude immune deficient
mice (n=5; age, 6-7 weeks old; weight, 18-22 g) were obtained
from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China) and maintained at 22°C (room tempera-
ture), 50-60% relative humidity, and a 12 h light/dark cycle in
a specific pathogen-free facility. All the mice were fed a steril-
ized commercial diet. Pregnant BL/6 mice (n=2) carrying the
OCT4-EGFP (OG2) pluripotency reporter were obtained from
Guangzhou Institute of Biomedicine and Health (Guangzhou,
China). All experimental procedures and animal handling were
carried out in accordance with the guidelines and laws of the
Animal Care and Use Committee of Sun Yat-sen University
(Guangzhou, China; approval no. SYXK2012-0083), and
conformed with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (8th edition, 2011).
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Isolation of murine embryonic fibroblasts and iPSC genera-
tion. Mouse embryonic fibroblasts (MEFs) and wild-type NSCs
were obtained from embryonic day 13.5-14.5 mouse embryos
following previously published protocols (19) and cultured in
high-glucose Dulbecco's modified Eagle's medium (DMEM,;
Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.), 1 mM non-essential amino
acids (NEAA) and penicillin-streptomycin (MEF medium). The
oriP/EBNA1-based episomal vectors pEP4-EO2S-ET2K (7 ug;
Addgene plasmid no. 20927; Addgene, Inc., Cambridge, MA,
USA) and pCEP4-miR-302-367 cluster (5 pg) mixture was
electroporated into 2x10° MEFs with a Nucleofector 2b Device
with an Amaxa Basic Nucleofector kit (both Lonza Group, Ltd.,
Basel, Switzerland) according to the manufacturer's protocol.
The program used was T-020. The 1x10° cells were seeded onto
plates covered with a MEF feeder layer following 2 days of
culture in MEF medium. For the induction to iPSCs, the culture
medium was switched to iPSC medium [knockout-DMEM
supplemented with 15% knockout serum replacement (KSR;
Gibco; Thermo Fisher Scientific, Inc.), | mM B-mercaptoethanol,
IX NEAA, 1 mM GlutaMAX, 1X penicillin-streptomycin solu-
tion, 1,000 U/ml mouse leukemia inhibitory factor (LIF; EMD
Millipore, Billerica, MA, USA), 2i (0.5 uM PD0325901 and
3 uM CHIR99021), and 50 pg/ml vitamin C]. The medium was
refreshed every 2 days. The colonies were counted 13-16 days
after plating, and the colonies that appeared similar to mouse
ESCs were selected for further cultivation. Reprogramming
efficiency was calculated based on the number of ESC-like
alkaline phosphatase (AP)-positive colonies normalized to the
number of seeded cells that were electroporated.

Differentiation of mouse iPSCs into NSCs and neurons.
iPSCs were dissociated with 0.125% trypsin-EDTA and then
transferred to low-attachment dishes (19). They were cultured
in iPSC medium without LIF and 2i to promote embryonic
body (EB) formation. After 4 days, the EBs were treated with
the same medium with additional 1 M all-trans retinoic acid
(RA; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany).
After another 4 days, EBs were collected by centrifugation at
300 x g for 5 min in room temperature and dissociated with
Accutase (Gibco; Thermo Fisher Scientific, Inc.). For differ-
entiation toward a neuronal lineage, the EBs were transferred
to tissue culture dishes coated with 0.01% poly-L-lysine (PLL;
Sigma-Aldrich; Merck KGaA) and maintained in NSC medium
[DMEM/F12 supplemented with B27 and N2 (Invitrogen;
Thermo Fisher Scientific, Inc.) supplements, 20 ng/ml basic
fibroblast growth factor (bFGF) and 20 ng/ml epidermal
growth factor (EGF) (both from Peprotech, Inc., Rocky Hill,
NJ, USA)]. The medium was refreshed every 2 days. After
7 days, differentiated cells were dissociated with Accutase and
cultured in low-attachment dishes with NSC differentiation
medium comprising DMEM/F12 supplemented with 20 ng/ml
bFGF and 20 ng/ml EGF to form neurospheres. For terminal
differentiation into neurons and glial cells, these cells were
transferred to tissue culture dishes in NSC differentiation
medium (DMEM/F12 supplemented with 5% FBS, 1 uM RA,
1 mM GlutaMAX, 1 mM sodium pyruvate, 0.1 mM NEAA
and 1X penicillin/streptomycin) for another 14 days with a
medium change every 2 days.
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Immunofluorescence staining and AP staining. For immu-
nocytochemistry, cells were fixed with 4% paraformaldehyde
for 20 min in 4°C and then washed with phosphate-buffered
saline (PBS) three times. After treating with 0.2% Triton X-100
and blocking solution (6% FBS; Life Technologies, Carlsbad,
CA, USA) for 1 h in room temperature, the cells were incubated
with primary antibodies overnight at 4°C and incubated with the
respective secondary antibodies for 1 h at room temperature.
Nuclei were detected by Hoechst 33342 (Sigma-Aldrich; Merck
KGaA) staining in dark for 4 min at room temperature. Cells were
imaged with a fluorescence microscope and confocal laser scan-
ning microscopy (LSM 700; both Leica Microsystems, GmbH,
Wetzlar, Germany). Antibodies used targeted: SOX2 (1:400;
Abcam, Cambridge, MA, USA), OCT4 (1:400; EMD Millipore),
homeobox protein NANOG (NANOG; 1:1,000), stage-specific
embryonic antigen 1 (SSEA1; 1:1,000) and NESTIN (1:200) (all
from Abcam), microtubule-associated protein 2 (MAP2; 1:800;
EMD Millipore), 3 III tubulin (Tujl; 1:400; Abcam), glial fibril-
lary acidic protein (GFAP; 1:200), myelin basic protein (MBP;
1:200) and paired box 6 protein (PAX6; 1:200) (both from Santa
Cruz Biotechnology, Inc., Dallas, TX, USA). Alexa 488- and
Alexa 555-labeled secondary antibodies were obtained from
Invitrogen (Thermo Fisher Scientific, Inc.). AP staining was
performed using the Alkaline Phosphatase Detection kit (EMD
Millipore) according to the manufacturer's protocol. The immu-
nofluorescence was imaged under a confocal laser scanning
microscope (LSM 700; Leica Microsystems GmbH, Wetzlar,
Germany). Image processing and analysis were realized using
ImagelJ (National Institutes of Health, Bethesda, MD, USA) and a
plugin called NeuronJ (20). In this program, we used a computer
mouse to select a starting point and an ending point to trace the
dendrite in order to get quantification metrics. Data were orga-
nized using Excel (Microsoft, Redmond, Washington, USA).

RNA preparation and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR) analysis. Total RNA
was extracted with TRIzol (Invitrogen; Thermo Fisher
Scientific, Inc.) and cDNA was synthesized using the Reverse
Transcription kit (Takara Biotechnology, Co., Ltd., Dalian,
China) following the manufacturer's protocol. RT-qPCR
was conducted using Maxima™ SYBR-Green/ROX qPCR
Master Mix (Thermo Fisher Scientific, Inc.) according to the
instructions provided by the manufacturer, with the Stratagene
Mx3000P Real-time PCR system (Agilent Technologies, Inc.,
Santa Clara, CA, USA). DNA was extracted from the iPS cells
with Qiagen DNeasy kit (Qiagen Co., Ltd., Shanghai, China).
DNA fragments were amplified by PCR with Taq DNA
Polymerase (Thermo Fisher Scientific, Inc.). The PCR reaction
(50 pl) included 5 pl 10X Taq Buffer, 1.5 mM MgCl,, 2 gmol
bidirectional primers, 0.2 mM deoxynucleoside triphosphates
(dNTPs), 1.25 U TagDNA polymerase, 1 yg cDNA and
double-distilled water. The PCR reaction conditions were as
follows: denaturation at 94°C for 3 min; denaturation at 95°C
for 30 sec, annealing at 58°C for 30 sec, extension at 72°C for
45 sec, 30 cycles; extension at 72°C for 10 min. PCR products
were separated on a 1.2% agarose gel (with ethidium bromide
staining). The resultant gel image was analyzed using the
Alphalmager gel analysis system. The primer sequences
used for the RT-qPCR and PCR analyses of iPSCs are listed
in Table I. The sequences of the primer pairs used for the
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Table I. Primers for the RT-qPCR and PCR detection of iPSCs.

Names Primer sequences
SOX2 F: 5-“TAGAGCTAGACTCCGGGCGAT-3'
R:5-TTGCCTTAAACAAGACCACGAAA-3'
OCT4 R:5-TTGCCTTAAACAAGACCACGAAA-3'
R: 5-TGCGGGCGGACATGGGGAGATCC-3'
NANOG F: 5-CACAGTTTGCCTAGTTCTGAGG-3'
R:5'-GCAAGAATAGTTCTCGGGATGAA-3'
EXO-SOX2 F: 5-ACCAGCTCGCAGACCTACAT-3'
R:5'-CCCCCTGAACCTGAAACATA-3'
EXO-OCT4 F: 5-AGTGAGAGGCAACCTGGAGA-3'
R:5-AGGAACTGCTTCCTTCACGA-3'
miR-302-367 R:5-CCCCCTGAACCTGAAACATA-3'
R:5-CTCCCAAAGAGTCCTGTTCTGTCCT-3'
EBNA F: 5-ATCGTCAAAGCTGCACACAG-3'
R:5'-CCCAGGAGTCCCAGTAGTCA-3'
GAPDH F: 5~AGGTCGGTGTGAACGGATTTG-3'
R:5'-GGGGTCGTTGATGGCAACA-3'

F, forward; R, reverse; PCR, polymerase chain reaction; RT-qPCR,
reverse transcription-quantitative PCR; iPSC, induced pluripotent stem
cell; SOX2, sex determining region Y-box 2; OCT4, octamer-binding
transcription factor 4.

Table II. Primers for the RT-qPCR detection of NSCs.

Names Primer sequences

NESTIN F: 5'-CCCCTTGCCTAATACCCTTGA-3'
R:5'-GCCTCAGACATAGGTGGGATG-3'

PAX6 F: 5'-GTTGTGTGAGTAAAATTCTGGGC-3'
R:5-GAGTCGCCACTCTTGGCTTA-3'

BLBP F: 5'-CGCAACCTGGAAGCTGACA-3'
R:5'-GCCCAGAGCTTTCATGTACTCA-3'

ZFP42 F: 5'-CCGGGATGAAAGTGAGATTAGC-3'
R:5'-TCACCTCGTATGATGCACTC-3'

GAPDH F:5-AGGTCGGTGTGAACGGATTTG-3'

R:5-GGGGTCGTTGATGGCAACA-3'

The GAPDH primer pair used was as listed in Table 1. F, forward; R,
reverse; RT-qPCR, reverse transcription-quantitative polymerase chain
reaction; NSC, neural stem cell; PAX6, paired box 6; BLBP, brain

lipid-binding protein.

RT-qPCR analyses of NSCs are listed in Table II. Relative
mRNA expression was calculated using the 24T method and
GAPDH was used as an internal control (21).

Teratoma formation. To determine the pluripotency of the
iPSCs in vivo, the iPSCs were injected into immunocom-
promised mice for teratoma formation. The iPSC colonies
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were collected by 0.5 mM EDTA treatment, and 2x10° iPSCs
were subcutaneously injected into 4-week-old BALB/c nude
immune deficient mice. At 4 weeks after the cell injection, the
teratomas were collected and fixed in 10% formalin at room
temperature overnight. The teratomas were then dehydrated
through graded ethanol, embedded in paraffin and cut into
5-um-thick sections. After being dewaxed with ethanol, the
slices were soaked with hematoxylin at room temperature for
5 min. Following rinsing with water for 10 min, the slices were
stained with eosin for 3 min and dehydrated through graded
ethanol. The stained tissues, which were permeabilized with
xylene and mounted with resinene, could be observed under a
microscope (TS100; Nikon Corporation, Tokyo, Japan).

Patch clamp analysis. iPSC-derived neurons were tested
on a microscopic workbench with a patch clamp. Neurons
were immersed in extracellular fluid containing 95% O, and
5% CO, during the whole process. Cells were visualized using
an Olympus patch clamp microscope (Olympus Corporation,
Tokyo, Japan). Medium-sized neurons with a bright cell margin
and smooth surface were selected for patch clamp analysis.
Neurons were inserted into the clamp and data were recorded
using an Axon MultiClamp 700B amplifier (Axon Instruments;
Molecular Devices, LLC, Sunnyvale, CA, USA) and Igor 5.0
software (Wavemetrics, Inc., Lake Oswego, OR, USA).

Preparation of aligned and randomly oriented nanofibrous
scaffolds by electrospinning. Polymer solution was prepared
by dissolving PLLA in hexafluoroisopropanol at a concen-
tration of 5% w/w. Electrospinning was conducted with the
application of a positive voltage (15 kV) to the spinning solu-
tion with a distance between the needle tip and the collecting
plate surface of 15+2 cm. The solution was placed in a syringe
fitted with a 5-ml blunt-end needle and delivered through
a syringe pump to control the mass flow rate at 1 ml/h. For
aligned nanofibers, the collector was a motor-driven wheel. For
random nanofibers, the collector was a stationary plate. The
spun nanofibers were dried under vacuum at room temperature
for 24 h.

Cell viability, adhesion and proliferation on PLLA nano-
fibers scaffolds. To investigate the biocompatibility of the
PLLA nanofiber scaffolds, iNSCs were dissociated and then
seeded on the nanofiber scaffolds. As a control, iNSCs were
also seeded and cultured on tissue culture polystyrene (TCPs)
coated with PLL, which was used as a positive control for the
NSC culture experiments.

Cell survival on the PLLA fiber scaffolds and PLL-coated
TCPs was evaluated using a Cell Counting kit-8 (CCK-8;
Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) following
the manufacturer's protocol. Cells were cultured in 96-well
plates for 2 days and then incubated with 100 x1 CCK-8 solu-
tion per well for 2 h at 37°C, and the absorbance was measured
at 450 nm (EIx800; BioTek Instruments, Inc., Winooski, VT,
USA). iNSCs (1x10%/well) were seeded onto PLLA scaffolds
in a 96-well plate and PLL-coated TCPs. Following incuba-
tion for 3, 6 and 9 h, the samples were washed with PBS three
times to remove the cells that did not adhere to the scaffolds.
The remaining cells were collected with 0.25% trypsin-EDTA
and the number of cells was counted under an inverted optical
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microscope (TS100; Nikon Corporation). Cell proliferation
was evaluated using an CCK-8 assay. After seeding the iNSCs
(1x10°/well) onto PLLA and PLL-coated TCPs for 1, 3, 5, 7
and 9 days in the 96-well plates, cells were incubated with
CCK- 8 solution for 2 h at 37°C. The absorbance of the solution
in the 96-well plates was then measured. Finally, a prolifera-
tion curve of the iNSCs on the scaffolds was constructed.

Morphological examination using scanning electron micros-
copy (SEM) and nuclear staining. Samples were washed with
PBS and then fixed in 2.5% glutaraldehyde overnight at 4°C.
The following morning, samples were washed three times prior
to dehydration with a series of 30, 50, 70 and 100% ethanol
(7 min each). After air-drying, the samples were covered with
gold using sputter coating (IB5 ion coater; Eiko Engineering
Co., Ltd., Hitachinaka, Japan) and the cell morphologies
were observed using SEM (Quanta 200; FEI; Thermo Fisher
Scientific, Inc.). For nuclear staining, nuclei were detected by
Hoechst 33342 staining (Sigma-Aldrich; Merck KGaA) as
described above.

Statistical analysis. Data are reported as the mean + standard
deviation. Statistical analysis was conducted using Student's
t-test for comparing two groups of data and analysis of vari-
ance (ANOVA) with Bonferroni comparison for three or more
groups of data with SPSS 16.0 statistical software (SPSS Inc.,
Chicago, IL, USA). P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Generation of mouse iPSCs and analysis of pluripotency
markers. MEFs of low passage number (passage 3) were used for
the induction of iPSCs. The oriP/EBNA episomal vectors were
transfected into the MEFs through electroporation. ESC-like
colonies began to emerge at day 7 following plasmid transfec-
tion, and by day 17, they were large enough to be selected for
expansion. Fig. 1A-D shows the morphological changes during
the process of iPSC generation. For the 1x10° cells routinely
used to start reprogramming, the number of ESC-like colonies
varied between 10 and 50 and the reprogramming efficiency
was 0.01-0.05%. Colonies were manually selected and success-
fully expanded on MEF feeder cells. Some clones were selected
for subsequent studies (Fig. 1E and F). Immunocytochemical
analysis on these morphologically ESC-like cells demonstrated
that they expressed the ESC markers SOX2, OCT4, SSEA1
and NANOG (Fig. 2). These colonies also stained positive for
AP (Fig. 3A). The source cells, MEFs, were negative for all the
aforementioned markers. The expression levels of the endog-
enous pluripotency marker genes SOX2, OCT4 and NANOG
were analyzed by RT-qPCR and were comparable to those of
mouse ESCs (Fig. 3B). Using PCR to specifically amplify the
transgenes used for reprogramming, it was confirmed that the
established iPSC colonies no longer harbored the exogenous
reprogramming factors and episomal backbones (Fig. 3C).

Differentiation potential of iPSCs. Teratoma formation
assays were performed to examine the differentiation poten-
tial of iPSCs in vivo. The iPSC colonies were collected and
injected into BALB/c nude mice. Tumor formation efficiency
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Figure 1. Representative phase contrast photographs of the iPSC generation process. An emerging iPSC colony at different time-points. The morphology of
MEFs (A) prior to infection, (B) 7 days after transduction and (C) 17 days after transduction. (D) Specific excitation of the pluripotency reporter (OG2). Note
that only the iPSC colonies are enhanced green fluorescent protein-positive. (E) The selected colony and (F) the established iPSC line from this colony. Scale
bars, 100 ym. The arrow indicates the colony. PS5, passage 5; iPSC, induced pluripotent cell; MEF, mouse embryonic fibroblast.

was 100% and palpable tumor masses appeared in all cases
1 week later. The tumors were allowed to develop for another
3 weeks prior to harvesting. Histological examination was
performed by a qualified pathologist and the tumors were
identified as teratomas. The teratomas contained organized
structures of three germ layer cell derivatives, namely glan-
dular tissues (endoderm), cartilage (mesoderm) and neural
tissue (ectoderm) (Fig. 3D).

In vitro differentiation into a neural lineage. The ability
of the iPSCs to differentiate into functional neurons was
investigated. The differentiation potential was explored by
performing immunocytochemical analysis and RT-qPCR.
Immunocytochemical analysis demonstrated that the induced
NSC-like cells expressed the NSC markers, NESTIN and
paired box 6 (PAX6) (Fig. 4A). For further characterization,
RT-qPCR revealed that the expression levels of NESTIN,
PAX6 and brain lipid-binding protein (BLBP), which are
typical NSC markers, were increased significantly in iNSCs
compared with MEFs (Fig. 4B) and iPSCs (Fig. 4C) and the
expression levels of these markers in the iNSCs were similar to
those in wild-type NSCs (wt-NSCs; Fig. 4D). In addition, the
iNSCs did not express significant levels of the pluripotency-
related genes OCT4, NANOG and zinc finger protein 42
(ZFP42; Fig. 4E).

The iNSCs were further differentiated into neurons, astro-
cytes and oligodendrocytes. The iNSCs cultured on PLL-coated
TCPs in NSC differentiation medium exhibited neural lineage
cell-like morphology (Fig. 4F). Cells (63.2%) differentiated
from iNSCs were detected to exhibit inward Na* and outward
K* currents, which are the properties of mature, functional
neurons (Fig. 4G). At 7 days after differentiation, immuno-
fluorescence staining revealed Tujl-positive neurons (Fig. 5A).
MAP2-positive mature neurons (Fig. 5B), MBP-positive oligo-
dendrocytes (Fig. 5C) and GFAP-positive astrocytes (Fig. 5D)

were also observed after culturing for more 7 days. Together,
these data indicate that the iNSCs were able to differentiate into
neurons, astrocytes and oligodendrocytes.

iNSC survival, adhesion and process extension on PLLA
nanofiber scaffolds. The cell viability of the iNSCs on the
PLL-coated TCPs and PLLA nanofiber scaffolds did not
differ significantly (Fig. 6A). The adhesion rates of iNSCs
on PLL-coated TCPs were significantly higher than those of
iNSCs on PLLA nanofibers at each time-point (Fig. 6B). The
proliferation of iNSCs on PLLA nanofibers and PLL-coated
TCPs was evaluated (Fig. 6C). The number of the cells in the
PLL-coated TCPs and PLLA scaffolds increased steadily from
the first day of incubation; however, the iNSCs proliferated
significantly more strongly on the PLLA scaffolds compared
with those on PLL-coated TCPs.

Analysis of neurite growth on PLLA nanofiber scaffolds
as a 3D culture system. Following 14 days of iNSC culture
with differentiation medium, the neurites exhibited randomly
oriented growth patterns on the randomly oriented PLLA
nanofibers (Fig. 6D), and parallel growth on aligned PLLA
nanofibers (Fig. 6E). Fig. 6E shows how the measurement of the
neurite orientation was calculated. The average neurite angle
on the randomly oriented PLLA nanofibers was calculated as
66.9+17.5°. The average neurite angle on the aligned PLLA
nanofibers was 13.0+8.8°, which was significantly smaller than
that on the randomly oriented nanofibers (Fig. 6F). The neurite
length was measured as a linear distance between the tip of the
neurite and the cell junction. The average neurite length on the
randomly oriented PLLA nanofibers (Fig. 6G) was calculated
to be 180.7+47.7 ym. The average neurite length on the aligned
PLLA nanofibers (Fig. 6H) was 356.7+61.2 ym, which was
significantly longer than that of the neurites on the randomly
oriented nanofibers (Fig. 6I).
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Figure 2. Immunofluorescence staining of undifferentiated iPSCs, showing the morphology and staining patterns of expanded iPSC clones. Hoechst 33342
was used to stain cellular DNA. Scale bars, 100 ym. iPSC, induced pluripotent stem cell; OCT4, octamer-binding transcription factor 4; GFP, green fluorescent
protein; SOX2, sex determining region Y-box 2; SSEAL, stage-specific embryonic antigen 1.
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Figure 3. Characterization of non-integrated iPSCs. (A) AP staining of iPSCs. (B) Reverse transcription-quantitative polymerase chain reaction analysis of
iPSCs, using mouse ESCs and MEFs as positive and negative controls and GAPDH as an internal control. “P<0.01 as indicated. (C) Non-integration analysis
of episomal DNA in the iPSCs. (-) Negative control (MEFs); (+) positive control (MEFs electroporated with pEP4-EO2S-ET2K and pCEP4-miR-302-367).
PS5, passage 5; P10, passage 10. (D) Hematoxylin and eosin staining of teratomas from the iPSCs. Scale bars: (A) 100 ym; (D) 200 ym. iPSCs induced
pluripotent stem cell; AP, alkaline phosphatase; ESC, embryonic stem cell ; MEF, mouse embryonic fibroblast; SOX2, sex determining region Y-box 2; OCT4,
octamer-binding transcription factor 4. EBNA was the backbone of pEP4-EO2S-ET2K plasmid.
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Figure 4. Characterization and differentiation of iNSCs in vitro. (A) Immunofluorescence of iNSCs. NSC markers were assessed by immunofluorescence,
including NESTIN and PAX6. The expression of typical NSC-related genes on iNSCs significantly increased compared with that on (B) MEFs and (C) iPSCs
("P<0.05) with similar expression to (D) wt-NSCs. (E) Compared with iPSCs, the expression of pluripotency-related genes on iNSCs was negligible ('P<0.05
vs. iPSCs). (F) Differentiated cells migrated from neurospheres on D2 after adherence. Neurites and differentiated cells were observed around the adherent
NSCs on D7 and D14. (G) Electrophysiological function of differentiated neurons. (A and F) Scale bars, 100 #m. iNSC, induced pluripotent stem cell-derived
neural stem cell; NSC, neural stem cell; MEF, mouse embryonic fibroblast; iPSC, induced pluripotent stem cell; wt, wild-type; PAX6, paired box 6; BLBP,
brain lipid-binding protein; ZFP42, zinc finger protein 42; OCT4, octamer-binding transcription factor 4; D2, day 2; D7, day 7; D14, day 14.

SEM images reveal the relationship between the
iNSCs and the supporting nanofibers. Scanning electron
micrographs demonstrated the randomly oriented PLLA
fibers (Fig. 7A) and aligned PLLA fibers (Fig. 7B). On the
randomly oriented PLLA nanofibers, the cells projected
neurites that were randomly oriented (Fig. 7C). However,
on the aligned PLLA nanofibers, the neurites were observed
to be parallel to the nanofibers (Fig. 7D). Hoechst staining
demonstrated the normal morphology and quality of the
nuclei in the two groups (Fig. 7E and F).

Discussion

Following SCI, nervous system damage causes severe physical
and sensory loss that may have severe adverse effects on the
quality of life. SCI often causes the death of glial cells and
nerve cells local to the injury, which was considered to be
unrenewable until 1981 when David and Aguayo reported the
injured axons could be regenerated in the appropriate circum-

stances (22). Numerous studies have attempted to supplement
neurons and glial cells with the aim of reestablishing the neural
connections and achieving functional recovery (23). NSCs are
able to differentiate into neurons, astrocytes and oligodendro-
cytes. The ability of transplanted NSCs to integrate into host
tissue and thereby recover the function of damaged neural
tissue by improving neurogenesis and axonal regrowth has
been reported (24).

However, due to the multifactorial and multiphasic patho-
physiology of the brain and SCI, NSC transplantation alone
is likely to cause glial scar and tissue collapse, ultimately
affecting the recovery of spinal cord function.

In one cell transplantation approach, a cell suspension is
directly injected via fine needles or glass capillaries. Using
such an approach, it has been observed that the cell suspension
quickly diffuses following injection and does not distribute
into the spine cord gap (25). Furthermore, with the lack of an
effective support, the surrounding tissues usually collapse.
One available strategy to address these issues is to combine the
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Figure 5. Immunofluorescence of differentiated induced pluripotent stem cell-derived neural stem cells. Neurons, oligodendrocytes and astrocytes were
assessed by immunofluorescence for (A) TUJI1, (B) MAP2, (C) MBP and (D) GFAP. Scale bars (A-C) 200 ym; (D) 100 gm. TUJI, p III tubulin; MAP2,
microtubule-associated protein 2; MBP, myelin basic protein; GFAP, glial fibrillary acidic protein.

seeding cells with scaffolds to support the reconstruction. The
ideal scaffolds should inhibit glial scar formation and provide
guidance for neurite outgrowth. This encouraged the present
research team to prepare an ideal scaffold for nerve tissue
engineering and investigate its biocompatibility with seeding
cells to promote reconstruction of the injured spinal cord.

Stem cells, such as ESCs, mesenchymal stem cells and NSCs,
have been investigated in nervous system treatment (5,26). Each
of these stem cells displays different degrees of regeneration and
functional restoration. Among them, NSCs have been reported
to be a suitable source of therapeutic cells in neural lesions
with the ability to promote the survival of injured neurons and
functional recovery (27). Furthermore, transplanted NSCs do
not cause obvious graft rejection due to their low immunoge-
nicity (28). These advantages indicate that NSCs are the ideal
seeding cells for tissue engineering to repair SCI.

There are a number of methods by which SCs may be
obtained. The primitive method is to isolate them from the

hippocampus, which is not a practical approach for trans-
plantation (29). In addition, NSCs can be differentiated from
ESCs (30)and iPSCs(31). However, the ethical issues which
hamper the further development of ESCs remain to be
solved. In a revolutionary study, Takahashi and Yamanaka
reprogrammed adult somatic cells to become ESC-like cells,
termed iPSCs, which paved the way for a new era in regen-
erative medicine and tissue engineering (32). The iPSC line
was observed to behave similarly to ESCs, and conformed
to the major aspects of pluripotency, such as unlimited self-
renewal, multi-lineage differentiation potential. A number of
studies have demonstrated that iPSCs are able to effectively
differentiate into functional neurons in vitro and in vivo (33).
The generation of patient-specific iPSCs reduces the risk of
immune rejection following transplantation and provides the
most suitable seeding cells for regenerative medicine. However,
initial attempts to generate iPSCs typically used genome-
integrating retroviral or lentiviral vectors, which limits their
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Figure 6. Anaysis of iNSCs cultured on PLLA nanofibers as a 3D culture system. (A) Viability, (B) cell adhesion rates and (C) proliferation of iNSCs cultured
on PLL-coated tissue culture polystyrene (PLL), aligned PLLA nanofibers (PLLA-1) and randomly oriented PLLA fibers (PLLA-2) are shown. ‘P<0.05 vs. the
PLL group. (D-I) Orientation and length of neurite growth on PLLA scaffolds. (D and G) Neurites of iPSC-derived neurons on randomly oriented PLLA fibers
and (E and H) aligned PLLA fibers. Neurons were dual-labeled with MAP2 (red) and Hoechst 33342 (blue). The green line shows the direction of the aligned
fibers. Quantification of (F) neurite angles and (I) neurite lengths is shown. "P<0.05 and “"P<0.01, as indicated. iNSC, induced pluripotent stem cell-derived
neural stem cell; PLLA, poly(L-lactic acid); 3D, three-dimensional; iPSC, induced pluripotent stem cell; MAP2, microtubule-associated protein 2; OD, optical

density

clinical application (9). The genomic integration of transgenes
creates insertional mutagenesis and the continued expression of
oncogenic proteins, which increases the risk of tumor forma-
tion (34).

To overcome these obstacles, several non-integrating
approaches had been reported to generate mouse and human
iPSCs, including Sendai virus (35), the piggyBac system (36),
episomal vectors (37) and direct protein delivery (38). The
majority of these reprogramming approaches are inefficient or
laborious. The direct delivery of proteins, RNA or modifying
Sendai virus vectors is technically demanding, and requires
the repeated delivery of the reprogramming factors (34).

In the present study, electroporation of episomal vector
(pCEP4-EO2S-ET2K) was conducted to deliver the repro-
gramming factors into MEFs and obtain non-integrating
iPSCs. In addition, pCEP4-miR-302-367 cluster (39), which

greatly enhances reprogramming efficiency, was added to the
transfection system.

A reprogramming efficiency of up to 0.05% was achieved,
which was lower than that of the retroviral or the lentiviral
infection approaches (0.1-1%) (40), but higher than that of
standard episomal vectors (~0.005%) (37). Furthermore,
exogenous reprogramming factors were not detectable in
the reprogrammed iPSCs at passages 5 and 10, which is an
important safety advantage for clinical application. In addi-
tion, plasmid vectors can be manufactured and qualified for
good manufacturing practice with a relatively low cost. The
capacity of the reprogramed iPSCs to differentiate into neural
lineage cells was then investigated. The iNSCs exhibited the
expression of the hallmark NSC markers NESTIN, PAX6 and
BLBP, with similar expression levels to those in wt-NSCs. In
addition, the expression of pluripotent-related genes in these
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Figure 7. Morphological examination using scanning electron microscopy and nuclear staining. Representative scanning electron micrographs of template
(A) randomly oriented poly(L-lactic acid) (PLLA) fibers and (B) aligned PLLA fibers. The fibers of the scaffolds were entangled to form a three-dimensional
matrix. (C) Randomly oriented neurites on random fibers. (D) Aligned neurites on aligned fibers. Hoechst staining shows the normal morphology and quality
of the nuclei, with no obvious cellular apoptosis or necrosis in the cells on the (E) random and (F) aligned fibers.

cells was extremely low compared with that of iPSCs. The
iNSCs were cultured for further induction in vitro and trans-
planted in PLLA scaffolds. Cells were observed to survive for
prolonged periods and differentiate into mature neurons with
the expected electrophysiological properties and glial cells.

Despite surgical interventions and entubulation, the func-
tional recovery of SCI remains very challenging in clinical
practice (23). The misdirection of regenerating neurons and
the gaps between the injured spinal cord are the main issues
of concern (41).

Recently, the development of tissue engineering approaches
using functional cells combined with biodegradable scaffolds
has shown considerable promise (3,42). The ideal scaffold is able
to provide mechanical support as well as a suitable environment,
similar to the natural extracellular matrix, that is able to improve
cell adhesion and growth. Due to its topographic features and
physical properties, PLLA has been widely studied in many fields,
particularly tissue engineering (15). Furthermore, it has been
reported that this scaffold construct provides a microenvironment
for seeding cells that maintains the morphology and functional
phenotype of the cells without causing immunological
rejection (14). Aligned PLLA nanofibers have been demonstrated
to promote the differentiation of pheochromocytoma 12 cells,
guide neurite outgrowth and support Schwann cell migration
along the aligned orientation (14,18). Furthermore, nanofibrous
scaffolds have the capacity to be rolled and packed into a
cylindrical shape mimicking the normal spinal cord. This may
not only provide ample substrate for cell transplantation, but
also support the structure to avoid collapse of the surrounding
tissues (43). In addition, the ability of aligned PLLA nanofibers
to conduct neonatal nerve growth along the fibrous orientation

and thereby promote nerve functional recovery in vivo has been
demonstrated (44).

In the present study, electrospinning was used to synthe-
size aligned electrospun PLLA nanofibers and randomly
oriented electrospun PLLA nanofibers as a delivery platform.
The biocompatibility of these nanofibers with iNSCs was then
tested in vitro. The viability of the iNSCs, measured by CCK-8
assay, was similar on the two PLLA nanofiber scaffolds and
on the PLL-coated TCPs. This indicates that PLLA nanofi-
bers have no cytotoxic or inhibitory effects on iNSC survival.
Even though cell adhesion rates did not exhibit an apparent
improvement on PLLA nanofibrous scaffolds compared with
those on PLL-coated TCPs at each time-point, the majority of
the cells adhered to the PLLA as time passed. This may be due
to the hydrophobic surface of the PLLA scaffolds providing
less favorable adhesion conditions than the hydrophilic
surface of the PLL-coated TCPs. The proliferation of iNSCs
did not differ significantly on day 1 according to whether
they were supported on the two PLLA nanofiber scaffolds
or the PLL-coated TCPs. However, from day 3, the iNSCs
proliferated more strongly on the PLLA nanofibers scaffolds
compared with those on the PLL-coated TCPs. Therefore, it
may be concluded that the PLLA nanofibrous scaffolds greatly
improved iNSCs proliferation.

The aligned PLLA nanofibers appear to be better suited
for neurite outgrowth than were the randomly oriented
PLLA nanofibers, because the alignment provided guid-
ance cues to direct axonal outgrowth. In the present study,
the neurite length and angle between neurite outgrowth and
PLLA nanofibers were calculated. The average length of the
neurites in the differentiated iNSCs cultured on the aligned



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 41: 697-708, 2018

PLLA nanofibers was significantly greater than those on the
randomly oriented PLLA nanofibers. The majority of the
neurites from differentiated iNSCs on the aligned PLLA
nanofibers were oriented within 13.0+8.8°, whereas those on
those on the randomly oriented PLLA nanofibers exhibited
random orientation (66.9+17.5%). Therefore, the aligned
PLLA nanofibrous scaffolds exhibit a potent ability to direct
differentiated iNSCs and elongate neurite growth length. SEM
results also demonstrated that differentiated iNSCs tightly
attached and aligned with the nanofibers. The above results
demonstrate that aligned PLLA nanofibers are highly effective
for neurite guidance and the extension of differentiated iNSCs.

In conclusion, iPSC-derived NSCs are promising cell candi-
dates for the treatment of SCI as they can be generated from
a wide range of somatic cells without causing immunology
issues and ethical issues. Also, they can effectively develop
into a neural lineage. In the present study, integration-free
iPSCs were successfully generated with the episomal vectors
pEP4-EO2S-ET2K and pCEP4-miR-302-367 cluster. The
integration-free iPSCs were differentiated into NSCs and their
cytocompatibility and neurite growth on PLLA nanofibrous
scaffolds in vitro were investigated. The results indicated that
PLLA nanofibers had no cytotoxic or adverse effects on iNSC
survival and proliferation, and the aligned PLLA nanofibers
were able to direct and elongate neurite outgrowth, supporting
their potential usefulness for nerve guidance when implanted
at the SCI site. The combination of iPSC-derived NSCs with
PLLA scaffolds as a cell-scaffold strategy has great potential
for applications in nerve tissue engineering. Studies are ongoing
to investigate their feasibility for such applications in vivo.
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