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Abstract

Development of multifunctional tube-filling materials is required to improve the performances

of the existing nerve guidance conduits (NGCs) in the repair of long-gap peripheral nerve

(PN) injuries. In this study, composite nanofiber yarns (NYs) based on poly(p-dioxanone)
(PPDO) biopolymer and different concentrations of carbon nanotubes (CNTs) were manufactured
by utilizing a modified electrospinning apparatus. We confirmed the successful incorporation

of CNTs into the PPDO nanofibers of as-fabricated composite NYs. The PPDO/CNT NY's
exhibited similar morphology and structure in comparison with pure PPDO NY's. However, the
PPDO/CNT NYs showed obviously enhanced mechanical properties and electrical conductivity
compared to PPDO NYs. The biological tests revealed that the addition of CNTs had no

negative effects on the cell growth, and proliferation of rabbit Schwann cells (rSCs), but it

better maintained the phenotype of rSCs. We also demonstrated that the electrical stimulation
(ES) significantly enhanced the differentiation capability of human adipose-derived mesenchymal
stem cells (hRADMSCs) into SC-like cells (SCLCs) on the PPDO/CNT NYs. More importantly, a
unique combination of ES and chemical induction was found to further enhance the maturation
of hADMSC-SCLCs on the PPDO/CNT NYs by notably upregulating the expression levels of
SC myelination-associated gene markers and increasing the growth factor secretion. Overall,

this study showed that our electrically conductive PPDO/CNT composite NYs could provide a
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beneficial microenvironment for various cell activities, making them an attractive candidate as
NGC-infilling substrates for PN regeneration applications.
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1. Introduction

Peripheral nerve injury (PNI) is a common clinical problem, which can disrupt the

brain’s communication with targeted muscles and organs, frequently leading to long-term
impairment of motor and sensory functions and even life-long disability [1]. More

than 550,000 patients require PNI treatments annually in the USA, with an enormous
socioeconomic burden of approximately $1.6 billion [2]. In general, an end-to-end
microsurgery is recognized as an effective therapeutic remedy for PNI with a defect gap

less than 5 mm [3]. However, for severe PNI with a large gap (longer than 5 mm), the
spontaneous regeneration from the human body is significantly restricted, and some form

of graft is needed to bridge the nerve gap for promoting axonal regrowth and functional
recovery [4]. Although there are many other grafts for the replacement therapy of severe
PNI, such as allografts, xenografts, and man-made grafts, autologous grafts have been
accepted as the gold standard substitute in clinics [5]. However, autografts still possess
numerous inherent shortages, including limited donor supply, inaccurate sizes between
donor nerve segment and the recipient site, and donor site morbidity [6]. In addition, many
clinical reports have shown that although the autografts could promote the regeneration

of damaged PN to some extent, the effective functional recovery remains insufficient

and unsatisfactory, especially for severely-damaged PN [7]. In consequence, the repairing

of severe PNI cases still represents a foremost challenge for clinical and translational
neurosciences. The above-described situations have motivated the design and construction of
alternative synthetic grafts, which could match or even surpass the performance of autografts

[8].

With fantastic progress in regenerative medicine, especially in neuronal tissue engineering,
various artificial and biological nerve grafts have been created in the past few decades

[9, 10]. Many emerging studies indicated that the tissue engineered nerve grafts are
promising and attractive substitutes to natural autografts [11, 12]. The nerve guidance
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conduits (NGCs) with empty lumens have been considered as initial and basic structures
for the construction of synthetic nerve grafts [13, 14]. Numerous clinical studies have
demonstrated the effectiveness of single hollow NGCs. Moreover, some bioresorbable
NGCs, such as type | collagen (Neuroflex™, NeuroMend™, Neuragen®) and poly(glycolic
acid) (Neurotube®), have already been approved by US Food and Drug Administration
(FDA) for human use[15]. Unfortunately, all of them are not recommended for a severe
PNI with a gap over 3 cm. Existing studies indicated that the performances of synthetic
NGC:s are inferior to autologous grafts, probably because of the NGCs’ lack of intraluminal
ultrastructure and biological microenvironments, which could provide temporary support for
guiding the regenerated nerve tissue to regrow from the proximal to distal ends [16, 17].
Many intraluminal filling materials, such as micro- or nano- fibers, hydrogels, and spongy
matrix, have also been developed to modify the intratubal configurations of NGCs, but the
outcomes thus far have been unsatisfactory [18, 19]. Based on the improved understanding
of PN regeneration, an ideal design of intraluminal fillers should, firstly, better resemble the
hierarchical ultrastructure and biological cues of a native PN system. Secondly, they should
possess appropriate electrical properties, which are essential for the application of effective
electrical stimulation (ES) during nerve regeneration. In addition, an appropriate selection
of cell type and source is also a key factor for cellularizing NGC fillers, which notably
influences the effectiveness of damaged PN regeneration.

The benefits of ES in promoting nerve regeneration and improving functional recovery of
nerve injuries have been widely discussed and demonstrated in many previous studies[20,
21]. In the meanwhile, ES has already been successfully applied into some clinical
treatments to remedy various neuronal disorders-related diseases, including depression,
hearing loss, and Parkinson’s disease [22, 23]. Some studies employed conductive polymers,
including polyaniline (PANI), poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole
(PPy), and their derivatives, to improve the electrical conductivity of as-prepared nerve
grafts. This technique has been demonstrated to enhance cell adhesion and neurite
outgrowth both in vitroand in vivo [24, 25]. However, these conductive polymers have
some limitations, such as apparently decreased conductivity in physiologic environments,
brittleness, and poor processability [13]. In comparison, carbon nanotubes (CNTSs) represent
a new generation of conductive additives utilized for ES and recording in nerve tissue
engineering [26]. CNTs are nanoscale in size and possess great conductivity, which make
them an ideal candidate for a conductive filler for the construction of tissue engineered
nerve constructs. Numerous studies demonstrated the feasibility of employing CNTs and
biodegradable polymers in manufacturing a conductive composite for the repair and
regeneration of damaged neural tissues [27, 28]. Additionally, several research groups

have shown that exogenous ES through a conductive substance could motivate intracellular
signaling pathways to promote neuroregeneration behaviors, such as neuronal outgrowth,
cell differentiation, and synapse formation [29, 30].

In terms of cell sources utilized in PN tissue engineering, numerous different cell types have
been explored. Among them, Schwann cells (SCs) and mesenchymal stem cells (MSCs)
were the most widely employed[31]. SCs are the main glial cells in the PN system, which
play an essential role in the reestablishment processes of injured PN, including secondary
PN degeneration, axonal regrowth, and remyelination [32]. Unluckily, harvesting autologous
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SCs is tremendously challenging due to their limited cell number and the high risk of
donor site morbidity. Therefore, significant attention has been turned to the application of
MSCs and several other types of stem cells [33-35]. Among different sources of MSCs,
adipose derived MSCs (ADMSCs) have been widely explored to accelerate the damaged
PN regeneration due to their clinical feasibility and relative ease of harvesting, expansion,
and culturing[36]. Recent studies demonstrated that ADMSCs have a great capacity to
differentiate into SC-like cells (SCLCs), which have similar function to native SCs to some
extent [37-39]. However, effectively inducing and accelerating ADMSC differentiation and
maturation towards SCs still remains a huge challenge. Our previous study showed that
ADMSC derived SCLCs could express a high level of myelination-associated markers by
the combinatorial use of appropriate culture matrix and chemical induction (CI) [40].

In the present study, we have designed and developed aligned nanofiber yarns (NYs) of
CNT/poly(p-dioxanone) (PPDO) composite via a modified electrospinning approach, in
order to confirm their biomimetic properties and to produce a simple but effective NGC
intraluminal filler material for nerve tissue engineering. We hypothesized that the CNT/
PPDO NYs could replicate the hierarchical and multiscale architecture of a native PN trunk
to an extreme (in terms of size scale, topography, and structure). The incorporation of

CNTs is expected to increase the electrical properties of PPDO NYSs and have synergistic
effects on PN regeneration once ES is applied. This study systematically investigated the cell
morphology, growth, proliferation, and gene expression of rabbit SCs (rSCs) when seeded
on various PPDO NYs and PPDO/CNT NYs. This study further compared the differentiation
and maturation efficiency of human ADMSCs (hRADMSCs) into SCLCs on CNT/PPDO NY's
under Cl, ES, and their combination.

Experimental

2.1 Preparation of PPDO NYs and PPDO/CNT NYs

PPDO NYs were manufactured by utilizing a modified electrospun nanofiber yarn-

forming apparatus previously reported by our group (Figure 1A) [41]. In brief, PPDO
(Mw=100,000, Corbion Purac, Netherlands) was dissolved in hexafluoro-2-propanol (HFIP,
Acros Organics) to obtain a 10% (w/v) homogeneous solution. The PPDO solution was
loaded into two syringes with 18-gauge blunt-pointed needles, which were placed opposite
of each other at a distance of 20 cm. The solution flow rates in the two syringes were both
controlled at the constant rate of 0.8 ml/h by two syringe pumps. A high voltage supply
was utilized to apply positive and negative voltages of £12 kV to the two needles, which
could generate nanofibers with positive and negative charges, respectively. A neutral hollow
metal rod (NHMR) and a neutral metal disc (NMD) were placed oppositely in the middle
of the two needles, and the distance between the NMD and NHMR was set as 10 cm. The
attractive nanofibers with different charges were collected between the NMD and NHMR.
By anchoring the NHMR and rotating the NMD with a speed of 250 r/min, a stable spinning
triangle cone was formed, which enabled the aligned nanofibers to be bundled into NYs.
The obtained PPDO NY's were then guided to pass through the inner part of NHMR and

be continuously collected on a rotating take-up roll. For the fabrication of CNT-loaded
PPDO NYs, two different dosages (2 wt%, or 5 wt% relative to PPDO polymer) of CNTs
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(multi-walled, 6-13 nm outer diameter, 2.5-20 um length, Sigma) were dispersed in HFIP
using an ultrasonic bath for 30 min. After that, PPDO pellets (10% (w/v) to HFIP) were
added and stirred to generate CNT/PPDO suspensions (PPDO/2%CNT and PPDO/5%CNT).
These suspensions were further electrospun to fabricate PPDO/2%CNT NYs and PPDO/
5%CNT NY's on our electrospun nanofiber yarn-forming apparatus with the same processing
variables as the fabrication of pure PPDO NYs. All of the as-obtained NY's were dried off by
using a vacuum chamber before further utilization and characterization.

2.2 Physical and chemical characterizations of the NY materials

A scanning electron microscope (SEM, FEI Quanta 200) was employed to observe the
morphologies of all of the NY specimens, i.e., PPDO NYs, PPDO/2%CNT NYs and
PPDO/5%CNT NYs, after a gold coating process. The fiber orientation and the diameters
of the obtained yarns and internal fibers were analyzed from the corresponding SEM

images by Image J software (NIH). The dispersion of the CNTs in the PPDO nanofibers
was confirmed by utilizing transmission electron microscopy (TEM, JEM-2100, JEOL). A
Fourier transform infrared (FTIR) spectrometer (NEXUS-670, Nicolet) in attenuated total
reflectance (ATR) mode was utilized to investigate the functional groups of all of the NY
specimens. Raman spectra of the different NY samples were analyzed using a Micro-Raman
spectrometer (LabRAM 800, Horiba Jobin-Yvon). The electrical conductivity of all the
different N'Y's was determined by using a four-point probe testing unit (B2911A, Keysight
Technologies). The mechanical properties of all the NY samples were characterized by using
an Instron tensile testing machine. All of the tensile tests were performed with the same
gauge length of 10 mm and a constant speed of 100 mm/min until failure occurred.

2.3 RSCs seeding and culture

The rSCs were isolated and derived from the sciatic nerve segments of three adult New
Zealand white rabbits as reported by our previous studies [42]. The operations were

carried out in accordance with the recommendations of the Guide for the Care and Use

of Laboratory Animals from the National Research Council and the National Institutes of
Health, and also in accordance with the Animal Welfare Act of the United States. The rSCs
culture medium employed was Dulbecco’s modified Eagle’s medium (DMEM, Hyclone)
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin
(P/S, Invitrogen). The rSCs were utilized at passages 4-6. To investigate the effects of

the PPDO/CNT composite on the cell behaviors, three different types of NYs (i.e., PPDO,
PPDO/2%CNT, and PPDO/5%CNT) were utilized by fixing the ends of different 20mm
length N bundles with biological glue. Before rSC seeding, the NY bundles were sterilized
in 70% ethanol overnight, and after washing them three times with sterilized phosphate
buffered saline (PBS) solution, the bundles were pretreated with rSC culture medium
overnight. After that, the rSCs, with a density of 5x10% cells per bundle, were seeded on the
as-prepared NY bundles, cultured for 14 days, and characterized. The medium was changed
every second day. All of the cell culture-related experiments in this study were carried out in
an incubator with a humidified atmosphere of 5% CO» at 37 °C.
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2.4 Electrical stimulation (ES) of rSCs

Several ES-customized petri dishes were employed to investigate the effects of ES on the
cell behaviors of rSCs (Supplemental Figure S1). Two line-shaped platinum (Pt) electrodes
were fixed onto the bottom of the petri dishes and were connected to the positive and
negative poles of an electrochemical workstation (CHI 760D), respectively. The rSCs, with
a density of 5x103 cells per cm?, were seeded on the glass substrate and fixed in the middle
of the two line-shaped Pt electrodes. The ES was conducted 1 h per day by using a mode
of constant potential chronoamperometry with different potentials ranging from 0 to 500
mV/mm. The cellular activities of the rSCs were determined after 7 days of culture under
ES.

2.5 HADMSCs seeding, culture, and differentiation

Primary hADMSCs were purchased from Lonza, USA and were utilized at passages 4-6.
The hADMSC growth medium (GM) contained DMEM/F12 (Invitrogen), 10% FBS, and
1% P/S. Before cell seeding, PPDO/5%CNT NY's were cut into lengths of 25 mm and
sterilized by using 70% ethanol overnight. After rinsing extensively with sterilized PBS,
the sterilized PPDO/5%CNT NY samples were immersed completely in GM overnight. The
hADMSCs were seeded on the pre-treated NY samples at a density of 5x103 cells per yarn.
Three different types of induction methods, including CI, ES, and a combination of the
two, were utilized to explore the differentiation capacity of hADMSCs towards matured
SCLCs on the PPDO/5%CNT NYs (Figure 1B). For the CI process, a series of induction
mediums (IM) were employed to culture the hADMSC-NY specimens according to our
previously reported work. Firstly, the hADMSC-NY specimens were cultured in IM-(1),
containing DMEM/F12, 1% P/S, and 1 mM B-mercaptoethanol (Sigma), for 24 h. After
rinsing extensively with sterilized PBS, the medium was changed to IM-(2), containing
DMEM/F12, 10% FBS, 1% P/S, and 35 ng/ml all trans-retinoic acid (Sigma), and cultured
for 72 h. After rinsing extensively with sterilized PBS, the medium was replaced again with
IM-(3), containing DMEM/F12, 10% FBS, 1% P/S, 5.7 uM forskolin (Sigma), 200 ng/ml
recombinant human heregulin-p1 (PeproTech), 10 ng/ml basic fibroblast growth factor
(bFGF, PeproTech), and 5 ng/ml recombinant human platelet derived growth factor-AA
(PDGF-AA, PeproTech), and cultured for another 10 days. For ES treatment, a row of
hADMSC-NY specimens were fixed onto the bottom of the ES-customized petri dishes. One
end of the hAADMSC-NY specimens was tightly contacted with the positive pole-connected
Pt line electrode, and the other end was tightly contacted with the negative pole-connected
Pt line electrode, which could make sure there were reliable and stable electrical connections
on the whole hADMSC-NY specimens. The GM was employed for the cell culture, and the
ES was performed 1 h per day from days 4 to 14 with a constant potential of 50 mV/mm.
For the combination of Cl and ES, the hADMSC-NY specimens were pre-treated by using
IM-(1) for 24h and then induced by using IM-(2) for 72h. After that, IM-(3) and ES were
simultaneously used for induction for another 10 days. The same ES parameters as the

only ES treatment were utilized. For comparison, the hADMSCs on the PPDO/5%CNT
NYs without ClI and ES treatment were cultured in GM for 14 days, which was served as
the control group. The cellular activities of hADMSCs in the four different groups were
determined at the same time after 14 days of culture. The medium was changed with fresh
medium on every second day of culture.
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2.6 Cell viability and proliferation assay

The cell viability and morphology under different culture groups were characterized by
utilizing a fluorescence-based Live/Dead viability/cytotoxicity assay (Invitrogen) similar to
our previous reports [43, 44]. After 14 days of culture, cell-NY specimens were washed with
warmed and sterilized PBS and further incubated with Calcein AM and EthD-1 containing
medium. Stained samples were observed and imaged by using a confocal laser scanning
microscope (CLSM, LSM 710, Carl Zeiss). The cell proliferation assays for different culture
groups were carried out at day 7 and 14 by utilizing an MTT assay [45, 46].

2.7 Immunofluorescent (IF) staining

IF staining was conducted to determine the presence of SC-associated proteins in different
cell culture groups. Briefly, after 14 days of culture, cell-seeded samples were washed three
times in sterilized PBS to remove cell culture medium. Then the specimens were fixed in
4% paraformaldehyde for 4 h at 4 °C and were permeabilized by using 0.2% Triton X-100
for 10 min at room temperature after three times of PBS washing, and then were blocked

in 1% BSA overnight at 4 °C after three times of PBS washing. The primary SC-specific
antibodies, anti-S100B (1:250, Sigma) and anti- myelin basic protein (MBP) (1:200, Sigma),
were employed to process the samples overnight at 4 °C. After washing three times with
PBS the following day, samples were incubated with secondary fluorescent antibodies for

2 h at room temperature and then incubated with nuclear counterstaining (Drag 5, 1: 1000,
Thermo Scientific) for 30 minutes at room temperature. Finally, the stained samples were
washed one time with PBS and imaged with a Zeiss 710 CLSM.

2.8 RNA isolation and gquantitative real-time PCR analysis

After 14 days of culture, QIA-Shredder and RNeasy mini-kits (Q1Agen) were utilized to
extract and purify the total RNA, according to the manufacturer’s protocols. The obtained
RNA was quantified at a 260 nm/280 nm absorbance ratio by using a NanodropTM OneC
(Thermal Scientific). An iScript cDNA synthesis kit (BioRad Laboratories) was used to
reverse transcribe RNA into cDNA. Quantitative real Time polymerase chain reaction (QRT-
PCR) was carried out using SsoAdvanced SYBR Green Supermix (Bio-Rad) in a StepOne™
Real-Time PCR System (Thermo Scientific). Forty cycles were performed to analyze the
target genes of interest, and 18S was used as the housekeeping gene. The AACt method

was employed to determine the fold change analysis of each target gene. The sequences

of primers, including S100B, glial fibrillary acidic protein (GFAP), sex determining region
Y-box 10 (SOX10), nerve growth factor receptor (NGFR), neural cell adhesion molecule

1 (NCAML1), fatty acid binding protein 7 (FABP7), MBP, myelin protein zero (MPZ), and
myelin-associated glycoprotein (MAG), were shown in Supplemental Table S1.

2.9 Human growth factor array assay

Three different types of induction methods, including CI, ES, and their combination, were
utilized to treat hADMSCs, as described in section 2.8. In the meanwhile, hADMSCs
cultured in GM were employed as the control group. On day 15, all of the media from the
four different groups were collected and analyzed by utilizing a human growth factor array
kit (RayBio® C-Series), according to the manufacturer’s protocols. This kit could detect 41
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different types of human growth factors, as shown in Supplemental Table S2. The arrays in
each group were scanned, and signal intensities were quantified by using Image J software.

2.10 Statistical analysis

All the data were represented as mean = standard deviation (SD) from at least three
independent experiments. Comparison between pairwise groups was performed by using
the one-way ANOVA with Scheffé post-hoc tests in statistical analysis. A difference of p<
0.05 was considered statistically significant.

3. Results

3.1 Morphological characterization of PPDO/CNT NYs

3.2 Raman

A modified electrospun nanofiber yarn-forming device (Figure 1A) was designed and
implemented to manufacture PPDO NYs (Figure 2A) and two types of PPDO/CNT NYs,
i.e., PPDO/2%CNT NYs (Figure 2B) and PPDO/5%CNT NY's (Figure 2C). SEM images
showed that PPDO NYs without the addition of CNTs had highly aligned fibrous structures.
Similarly, PPDO/2%CNT NYs and PPDO/5%CNT NYs also consisted of aligned bead-
free nanofibers. The average yarn diameters of as-prepared PPDO NY's, PPDO/2%CNT
NYs, and PPDO/5%CNT NY's were measured to be 216 £5, 215 +£5,and 214 £ 5

um, respectively (Supplemental Figure S2A), without statistical difference. Meanwhile,

the diameters of the internal nanofibers of the three NY materials were also found to be
comparable (483 + 211 nm in the PPDO NYs vs. 468 + 220 nm in the PPDO/2%CNT

NYs vs. 443 + 278 nm in the PPDO/5%CNT NYSs) (Supplemental Figure S2B). The fiber
orientation analysis showed that more than 70% of the nanofibers were highly aligned along
the yarn’s longitudinal direction for all the three types of PPDO NY's and PPDO/CNT NYs
(within £20°, Supplemental Figure S2C). TEM images revealed the obvious presence and
location of CNTs within the PPDO nanofibers in both the PPDO/2%CNT NYs (Figure

2D) and PPDO/5%CNT NY's (Figure 2E). Taken together, these results confirmed that the
addition of CNTs didn’t significantly affect the morphology and structure of the as-obtained
NY materials.

spectra, FTIR spectra, and electrical conductivity of PPDO/CNT NYs

The Raman spectra were employed to further confirm the incorporation of CNTS into the
PPDO nanofibers (Figure 2F). Both PPDO/2%CNT NYs and PPDO/5%CNT NY's exhibited
two typical peaks for CNTs, i.e., D band (associated to sp2 hybridization or other structural
defects) at ~ 1333 cm™1 and G band (ascribed to sp? hybridization) at ~ 1593 cm™1. As

a comparison, no corresponding peaks were observed for PPDO NYs. We also calculated
the intensity ratio of the D and G bands (Ip/lg) to characterize the defects and disorder
degree of CNTs in PPDO nanofibers. The Ip/Ig ratio was calculated to be 1.56 and 1.49 for
PPDO/2%CNT NYs and PPDO/5%CNT NYs, respectively.

The chemical groups of PPDO NYs, PPDO/2%CNT NYs, and PPDO/5%CNT NYs were
characterized by FTIR spectra (Figure 2G). For pure PPDO NYSs, a sharp and narrow
absorbance peak at ~1733 cm~1 was ascribed to the stretching vibration of C=0. The peak
around 2917 cm™2 corresponded to a C-H stretching vibration. The peaks at ~1200 cm™1,
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~1123 cm™1, and ~1050 cm™! are attributed to the stretching vibration of the C-O group.
Moreover, the peak at ~1430 cm™1 was assigned to the bending vibrations of the CH, group.
All of the characteristic peaks of PPDO polymer were also found in the PPDO/2%CNT NY's
and PPDO/5%CNT NYs, and no obvious peak shifts were observed.

The electrical conductivities of the PPDO NYs, PPDO/2%CNT NYs, and PPDO/5%CNT
NYs were determined to be 1.73 x 10719, 1.44 x 107, and 3.52 x 1078 S.cm™1, respectively
(Figure 2H). It was found that the electrical conductivity of the PPDO/CNT NY's was
dramatically enhanced due to the addition of CNTSs, and the electrical conductivity of the
PPDO/CNT NYs presented an increased trend with the increasing CNTs concentration.

3.3 Mechanical properties of PPDO/CNT NYs

The mechanical performances of the PPDO NYs and PPDO/CNT NYs were characterized
by using tensile tests (Figure 3). The typical stress-strain curves showed that all of the

NY samples presented a similar linear elastic behavior with subsequent plastic deformation
until failure occurred (Figure 3A). Compared to pure PPDO NYs, both the PPDO/2%CNT
NYs and PPDO/5%CNT NY's possessed notably enhanced Young’s moduli (Figure 3B) and
ultimate tensile strengths (Figure 3C) but lower ultimate strains. This demonstrated that the
addition of CNTSs increased the stiffness and strength of as-prepared NY's but also sacrificed
the extensibility of the NYs to some extent, due to the high rigidity and high tensile strength
of pristine CNTs. Moreover, we also found that the ultimate strength of the PPDO/CNT NYs
was further increased with increasing the concentration of CNTSs, whereas the ultimate strain
decreased accordingly at higher concentration of CNTSs.

3.4 PPDO/CNT NYs supported rSCs growth, and proliferation

RSCs were seeded on the PPDO NYs and PPDO/CNT NYs and cultured for 14 days

to investigate the effects of NY components and morphology on cell behaviors. The cell
morphology and viability are two important indicators in revealing the biocompatibility of
a scaffold, which were visualized by utilizing a live/dead assay (Figure 4A). RSCs on all
the three NY materials were found to possess high viability, with almost no dead cells
being observed throughout 14 days of culture. We also found that the rSCs could sense the
nanofibrous topography features and remodel their morphologies parallel to the alignment
direction of nanofibers on all three NY materials (Figure 4A). The cell proliferation
capability was evaluated by using an MTT assay (Figure 4B). The results showed that the
number of rSCs on day 14 was significantly higher than those on day 7 when cultured on
all three NY materials. The cell proliferation rate showed no significant differences among
the three NY groups at each time point. These results indicated that the incorporation of
CNTs, with a specific content, into PPDO nanofibers did not affect the cell viability and
density throughout 14 days of culture, and all of the PPDO NY's and PPDO/CNT NY's
provided a nanofibrous topography with high surface area, which were beneficial for not
only supporting cell growth and proliferation, but also regulating the cell morphology by the
contact guidance phenomenon.
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3.5 PPDO/CNT NYs better supported the phenotype maintenance of rSCs

IF staining was employed to visualize the expression of SC-associated S100B protein when
rSCs were seeded and cultured on the various PPDO NY's and PPDO/CNT NYs for 14 days
(Figure 5A). S100B is one dominating marker expressed in most of the stages of SCs. The
images showed that the rSCs cultured on all three of the NY materials were positively active
in expressing S100B with strong green fluorescence, which seemingly had no significant
differences among these three groups. The expression levels of several SC-related gene
markers were quantified by qRT-PCR to further explore the phenotypic maintenance of
rSCs when cultured on the different PPDO NY's and PPDO/CNT NYs for 14 days (Figure
5B). GFAP, SOX10, and NGFR are three early markers expressed by SC precursor cells

or immature SCs. NCAM1 and FABP7 are two important markers expressed at the early
stage of SC myelination. MBP and MPZ are three mature markers expressed at the late
stage of SC myelination. The results showed that rSCs on the PPDO/5%CNT NYSs presented
significantly upregulated expression levels of S100B, GFAP, NGFR, MBP, and MPZ in
comparison with those cultured on PPDO NYs and PPDO/2%CNT NYss, suggesting that the
addition of CNTs was beneficial for the phenotypic maintenance of rSCs.

3.6 Appropriate ES treatment upregulated the expression of SC-specific gene markers of
rSCs in 2D culture

We next explored the parameter-dependent effects of ES on the cell activities of rSCs. To
simplify the research model, ES with different potentials (5, 50, 100, and 500 mV/mm)
were applied to rSCs seeded on the 2D substrates for 1 h per day for 7 days. The images
taken from an inverted optical microscope showed that when low ES potentials, ranging
from 5 to 100 mV/mm, were adopted, rSCs cultured on the glass substrates presented high
cell viability with normal cell morphologies at day 1, which are similar to those without

ES treatment (Supplemental Figure S3). In comparison, obvious cell apoptosis/death was
found in the group treated with a high ES potential of 500 mV/mm at day 1, suggesting
that the high ES had negative effects on cell growth and proliferation. We also found that
no significant differences in cell morphology and viability were shown in the groups without
ES and with ES but using low potentials ranging from 5-100 mV/mm at day 7 (Figure

6A). The results from qRT-PCR analysis showed that rSCs exhibited significantly enhanced
expression levels of S100B, GFAP, SOX10, FABP7, MBP, and MPZ genes in all three

ES treated groups, compared to those in the group without ES (Figure 6B). No statistical
differences were found for the expressions of S100B, SOX10, FABP7, MBP, and MPZ
genes among the 5, 50, and 100 mV/mm treated groups and for the expression of the GFAP
gene between the groups treated with 50 and 100 mV/mm. Taken together, these results
demonstrated that an appropriate introduction of ES facilitated the phenotypic maintenance
of rSCs in 2D culture.

3.7 A combination of ES and ClI presented a synergistic effect on promoting the
differentiation and maturation of hAADMSCs towards myelinating SCLCs

As proved above, PPDO/5%CNT NYs not only possessed obviously enhanced electrical
conductivity and mechanical properties, but they also presented improved biocompatibility
by apparently enhancing the phenotypic maintenance of rSCs. In addition, PPDO/5%CNT
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NYs supported hADMSC elongation and alignment (Supplemental Figure S4). Therefore,
we selected them to further explore the effects of three different induction methods (i.e,
chemical induction ClI, ES, and a combination of ES and CI) on the differentiation and
maturation of hADMSCs into SCLCs (Figure 1B). The corresponding groups were referred
to as ES group, ClI group, and ES+CI group. In comparison, hADMSCs seeded on PPDO/
5%CNT NY's and cultured in GM were utilized as the control group, named as GM group.
IF staining images showed that very limited expressions of both S100B (a marker expressed
most stages of SCs) and MPB (a marker for mature SC) were detected in GM group (Figure
7A). However, hAADMSCs cultured on PPDO/5%CNT NY's exhibited significantly enhanced
expression of S100B in the CI group, ES group, and ES+CI group, while no differences
were observed among these three groups. Interestingly, hADMSCs in CI group were weakly
positive to the MBP staining, but enhanced expression of the MBP protein was found in

the ES group compared to the GM and CI groups. Moreover, in comparison with the other
three groups, the combination of Cl and ES further increased the expression of MBP of
hADMSCs in the group treated with both Cl and ES.

QRT-PCR analysis was further utilized to determine the gene expression levels (Figure 7B).
As expected, we found that the treatment of ES, CI, and their combination significantly
upregulated the expression levels of S100B, GFAP, SOX10, FABP7, MBP, and MPG in
hADMSCs compared to those in the GM group. In comparison with hADMSCs in the CI
group, those in the ES group exhibited apparently robust expressions of S100B, GFAP,
SOX10, FABP7, MAG, MBP, and MPG, suggesting that ES could notably improve the
differentiation and maturation of hAADMSCs to SCLCs, compared to CI. Importantly, the
highest expression levels of S100B, MAG, and MBP genes were detected in the group with
combined treatments, indicating that the combination of ClI and ES could further enhance
the maturation of hADMSC-SCLCs. Therefore, the synergistic effects of ES and CI made
the hADMSCs-loaded PPDO/5%CNT NYss suitable for /n vivotesting of PN regeneration
applications.

3.8 A combination of Cl and ES promoted the secretion of several growth factors of
hADMSC-SCLCs

A human growth factor array was further employed to analyze the release behaviors of

41 different growth factors of hADMSC and hADMSC-SCLCs into the culture medium.
The secretion of targeted growth factors was found in all the groups, including GM, ES,
Cl, and ES+CI groups (Figure 8). Compared to the ES group, the cells in CI group
showed significantly higher levels of several interesting neurotrophic factors, including
nerve growth factor (NGF), epidermal growth factor (EGF), and hepatocyte growth factor
(HGF), which indicated that the CI treatment plays a more significant role on the production
of neurotrophic factors than ES. We also found that ES and CI exhibited synergistic
influences on the upregulated release of some growth factors, such as granulocyte colony-
stimulating factor (GCSF) and insulin-like growth factor 1 receptor (IGF-1R), compared
with CI treatment alone. Moreover, vascular endothelial growth factor-A (VEGF-A), an
essential growth factor both promoting angiogenesis and nerve regeneration, was strongly
detected in all the four groups, and no significant differences were found among the four
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different groups. Taken together, the results suggested that a combination of ES and Cl
promoted growth factor secretion.

Long-gap PN repair requires the development of an ideal graft or scaffold to provide a
temporary support that regulates cellular behavior and promotes tissue regeneration [47].
Some previous studies have already demonstrated that the initial formation of aligned

fibrin cables within the lumen of NGC, which bridge the disconnected proximal and distal
stumps, is an essential factor concerning the whole PN regeneration process [48, 49]. Some
other studies compared the differences of regeneration behavior between a slight PN crush
injury and a severe PN transection injury [28, 50]. It was found that nerve fibers could be
reconnected with 90% accuracy in a PN crush injury model, while the regeneration accuracy
is significantly decreased in a PN transection injury due to the total loss of aligned nerve
fibers and connective tissues. Therefore, it has become clear that one of the major limitations
of single hollow NGCs is the lack of 3D intraluminal fillers, which can mimic the complex
features of native extracellular matrix (ECM) of the PN stump.

In the present study, we designed and fabricated PPDO NY's and two types of conductive
PPDO/CNT NYs (i.e., PPDO/2%CNT NY's and PPDO/5%CNT NYSs) and systematically
investigated their potentials for NGC-infilling material applications. Based on TEM images
and Raman spectra analysis, we demonstrated the effective incorporation of CNTSs into
PPDO nanofibers in the PPDO/2%CNT NYs and PPDO/5%CNT NYs. SEM images and
FTIR spectra analysis showed that the addition of CNTs didn’t obviously affect the size
scale, structure, and chemical groups of as-fabricated PPDO/CNT NY's compared to the pure
PPDO NYs. All three NYs had similar microscale diameters and contained highly aligned
fibers with comparable nanoscale diameters. We implemented 2% and 5% CNTS because
high CNT concentration was reported to have cytotoxicity [51, 52] and also affected the
electrospinning process. It is known that the native PN stump consists of tightly packed
aligned nerve fibers at the nanoscale level, which in turn organize to fascicles at the
microscale level [4]. Therefore, our NY's could closely resemble the ultrastructure of nerve
fibers and fascicles of native PN stump in terms of size scale, topography, and structure.

Besides appropriate topological and structural features, the NGC intraluminal filling
materials must have sufficient mechanical properties, which could ensure the effective
shape retention and stability during and after implantation [53, 54]. All of the as-developed
NY materials in this work possessed great mechanical properties and structural integrity.
Importantly, due to the inherent high rigidity and stiffness of CNTSs, we found that

when an appropriate amount of CNTs was embedded into PPDO nanofibers, it could
obviously enhance the Young’s modulus and tensile strength of the finally-obtained NY
materials. Other studies also demonstrated that a low amount of CNTs could be utilized

to improve the mechanical properties of engineered grafts and scaffolds [55, 56]. PPDO
polymer is one type of aliphatic polyester and widely employed to manufacture surgical
synthetic absorbable monofilament sutures. The degradation behavior of PPDO is commonly
composed with two stages [57, 58]. In the first stage (0-6 weeks), degradation takes place
in the amorphous regions of PPDO leading to only minor weight loss. Then, in the second
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stage (after 6 weeks), the crystallization regions of PPDO start to degrade, causing large
weight loss. Moreover, PPDO has also been widely used to fabricate tissue-engineered
scaffolds. Several previous studies reported that PPDO microfilaments were utilized as
NGC-filling materials and found that PPDO microfilaments benefited the migration of host
cells and promoted the axonal regeneration in the animal model [59, 60]. Several other
studies employed PPDO as main materials to fabricate bio-absorbable conduits for nerve
regeneration, and the degradation rate of the as-developed conduits could be controlled by
the reasonable regulation of blending ratio of PPDO with other polymers [61, 62].

The ideal NGC fillers should have an appropriate electrical interaction with the neural and
glial cells in order to enhance their biological functions. In order to replicate the electrical
properties of the native PN stump, CNTs were employed as conductive additives to enhance
the electrical conductivity of our NY materials. Due to the great conductivity of CNTs, it
is no surprise to find that the conductivity of PPDO/CNT NYss significantly increased in
comparison to the pure PPDO NYs. More specifically, the CNT-free PPDO NY's showed a
conductivity value of 1.73 x 10710 S.cm™, like an electrical insulator. The PPDO/2%CNT
NYs and PPDO/5%CNT NYs incredibly increased the conductivity to be 1.44 x 107 and
3.52 x 1076 S.cm™, respectively, which were roughly 1000 fold higher than that of the
PPDO NYs. Other existing studies also demonstrated the feasibility of employing CNTSs to
enhance the conductivity of as-prepared grafts and scaffolds [63, 64].

The characteristics of a graft or scaffold, including size scale, topography, structure, and
electrical conductivity, possess critical influences on cell behavior. In the present study, we
first employed rSCs as model cells to characterize the biocompatibility and cytotoxicity

of our PPDO NYs and PPDO/CNT NYs. SCs are considered significantly important

for forming the bands of Blingner, and they support axonal regrowth and remyelination
during PN regeneration. The biological results from the Live/Dead staining and MTT assay
demonstrated that all three types of NYs not only supported cell growth and proliferation,
but also effectively regulated the cell elongation and alignment by longitudinal contact
guidance. As supported by previous reports, our results confirmed that the aligned polymeric
fibers with apparently reduced diameters (100-1000 nm) can greatly enhance cell alignment,
and proliferation [65, 66]. We also found that the CNTs in the PPDO/CNT NY's had

no toxicity for rSCs, and no significant differences were found among the CNT-free

PPDO NYs, PPDO/2%CNT NYs, and PPDO/5%CNT NYs in terms of cell viability and
proliferation. It is worth noting that rSCs grown on PPDO/CNT NYs showed an obviously
increased capability of phenotypic maintenance compared to those on CNT-free PPDO
NYs. Some other studies have also suggested that the CNT-loaded biomaterials are capable
of supporting the survival, growth, differentiation, and maturation of nerve-related cells,
including SCs, cortical neurons, dorsal root ganglia, as well as the neuron-like SH-SY5Y
and PC-12 cell lines [27, 67, 68]. Although the exact mechanisms of how the CNTSs regulate
the cellular activities are still not fully understood, some studies have disclosed that CNTs
could activate multiple cellular signaling pathways (for instance, phospholipase C signaling
pathway and extracellular signal-regulated kinase signaling pathway) by interacting with
cells through cell-surface receptor proteins and cell-membrane ion channels[69, 70]. Some
other studies demonstrated that the high electrical conductivity of CNTs could enhance the
intercellular junction and promote the secretion of neurotrophic factors [26, 63]. Based on
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these results and analysis, we selected PPDO/5%CNT NY's to move forward for further ES
experiments.

It is well known that ES has significant influence on neural and glial cell behaviors.
Numerous previous studies have employed a wide range of ES parameters, from direct
current signals to alternating current ones, from single times of stimulation for several
minutes or several hours to multiple times of stimulation for several days or even several
weeks, and potentials varying from 1 to 750 mV/mm [71, 72]. In this study, rSCs cultured on
2D substrates were stimulated for 1 h per day throughout 7 days using potentials from 5-500
mV/mm. We found that a potential over a high amount, like 500 mV/mm, was harmful for
the cell viability. It was also found that rSCs stimulated in 5 mV/mm, 50 mV/mm, 100
mV/mm conditions resulted in obviously upregulated SC-related gene expressions compared
to the unstimulated cells. For most genes, including S100B, GFAP, SOX10, FABP7, MBP,
and MPZ, there were no significant differences between the 50 mV/mm and 100 mV/mm
stimulated groups, indicating that a plateau may be achieved with an increasing stimulation
potential. Based on these results and analysis, we chose a fixed potential of 50 mV/mm for 1
h per day to move forward with further ES experiments.

The remyelination capacity of SCs is of critical importance for influencing the successful
regeneration of injured PN tissue in the late stage. As one of the ideal cell types and sources,
the effective induction and regulation of hADMSCs into myelinating SCLCs still remains

a tremendous challenge in nerve tissue engineering. In the present study, we employed

three methods, including ES, CI, and a combination of ES and ClI, to investigate their

effects on hADMSCs differentiation, maturity, and growth factor secretion. The results
showed that ClI could effectively regulate hADMSC differentiation into SCLCs on PPDO/
5%CNT by significantly enhancing the expressions of several SC-related genes. Consistent
with previous studies [73-75], we also confirmed that appropriate CI treatment could
significantly enhance the release of neurotrophic factors of hRADMSC-SCLCs. However,

Cl treatment alone, without ES, did not effectively induce hADMSC differentiation into
SCLCs with a detectable expression of MBP on the PPDO/5%CNT NYss. Previous studies
from our group and the other groups also demonstrated that a combinatorial use of Cl and
fibrous scaffolds could significantly improve the expressions of some early and immature
SC markers of hADMSC-SCLCs, but not mature SC markers [40, 72, 76]. There are many
existing studies demonstrating that a combination of the conductive substrates and ES
synergistically enhanced the intercellular communication and promote various cell activities,
including viability, adhesion, proliferation, and differentiation [77-81]. Based on our present
study, we also found that ES significantly promoted further differentiation of hAADMSCs into
myelinating SCLCs, with higher expressions of the myelination-associated proteins (MBP)
and genes (MBP, MAG, and MPZ) on conductive NYs compared to the Cl and GM groups.
Most importantly, ES synergized with Cl to enhance hADMSCs differentiation towards
myelinating hADMSC-SCLCs. For the first time, we demonstrated that a combination of ES
and CI treatments improved the secretion of many growth factors of hADMSC-SCLCs that
were essentially important for angiogenesis and nerve regeneration.

At the present stage, the mechanisms of the ES and CI combination treatments are unclear,
and future studies should be conducted to better control and regulate the differentiation and
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maturation of hADMSCs towards myelinating SCLCs. For instance, the existing studies
showed that several signaling pathways, such as c-Jun and Raf/ERK, were involved in
mediating the myelination of SCs /n vivo [73, 82, 83], which may also play some roles
on hADMSCs differentiation /n vitro. One of the limitations of current study is that the
myelination of axons for hAADMSCs after Cl and/or ES treatment is not verified. Future
study will focus more on the co-culture of hADMSCs with either primary neurons from
dorsal root ganglion or neuron cell lines with or without stimulation and identify the
myelination capacities. Another limitation is that how electrical intensity affects hADMSC
differentiation is not very clear. We have demonstrated that low ES potentials, ranging
from 5 to 100 mV/mm, had no damage and positive effects on rSCs. The trend is
supposed to be similar for hAADMSC cultured on PPDO/CNT NYs. In addition, conventional
electrodes were used in current study, which significantly induce high temperature due

to the electrochemical reactions at the device/medium interface when high electrical
potential and intensity was applied. This may be one of the results for damaging cells.

In future study, some other novel electrical stimulation device, like hydrogel-based ion
current-conducting circuit device [84, 85], could be used to safely apply higher intensity
electrical stimulation and further study the effects on ADMSC differentiation. After we
could control the differentiation status of ADMSCs (i.e. undifferentiation, differentiation
to non-myelinating SCs, and differentiation to myelinating SCs), the further question will
be how these differentiation status affect axon regenerations and remyelination /in vivo.
Clinically, it is envisioned that our PPDO/CNT NY's with or without ADMSCs could be
effectively utilized as a promising NGC-infilling candidate for long-gap PN regeneration
application.

In the present study, we incorporated a varied amount of CNTs into PPDO nanofibers

to develop composite NYs by using a modified electrospinning method. The PPDO/CNT
NYs exhibited some significantly different performances in comparison with the CNT-free
PPDO NYs, such as improved mechanical properties and increased electrical conductivity.
Moreover, the PPDO/CNT NYs also presented an obviously enhanced biocompatibility by
effectively maintaining the phenotype of rSCs. In addition, by using PPDO/CNT NY's as
cell carriers, Cl was demonstrated to promote the SC-related growth factor secretion of
hADMSCs, and ES was demonstrated to improve the phenotypic maturation of hADMSCs
into myelinating SCLCs. Moreover, a unique combination of ES and CI was found to further
synergistically enhance the maturation of hADMSC-SCLCs on the PPDO/CNT NYSs. These
results demonstrated that our electrically conductive PPDO/CNT NY's presented in this
study support the cellular activities that are essential for PN regeneration, eventually making
them an attractive candidate as NGC-intraluminal filling material.
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Figure 1.

(A) Schematic of our electrospun nanofiber yarn-forming device and nanofiber yarn
fabrication. (B) Experimental design of hADMSCs differentiation towards SCLCs by using
Cl, ES, and their combination.
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Figure 2.

SEM images of three different NY materials: (A) PPDO NYs; (B) PPDO/2%CNT NYs;

(C) PPDO/5%CNT NYss; Scale bar: 200 um for left panel and 20 um for right panel.

TEM images of PPDO/CNT nanofibers: (D) PPDO/2%CNT nanofibers; (E) PPDO/5%CNT
nanofibers; Scale bar=500 nm; The red arrows show the positions of CNTs. (F) Raman
spectra of PPDO NYs, PPDO/2%CNT NYs, and PPDO/5%CNT NYs; (G) FTIR spectra of
PPDO NYs and two types of PPDO/CNT NYs; (H) Electrical conductivity of three different
as-obtained NY materials, without or with CNTs (n=5; bars with different letters represent a
significant difference between two groups, p<0.01).
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Figure 3.

Mechanical properties of PPDO NYs, PPDO/2%CNT NYs, and PPDO/5%CNT NYs: (A)
Typical load-elongation curves; (B) Young’s modulus; (C) Ultimate strength; (D) Ultimate
strain (n=5; bars with different letters represent a significant difference between two groups,

£<0.05).
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Figure 4.
(A) Representative images of Live/Dead staining of rSCs seeded on PPDO NYs, PPDO/

2%CNT NYs, and PPDO/5%CNT NY's throughout 14 days of culture; Scale bar=100um.
(B) MTT analysis of rSCs seeded on PPDO NYSs, PPDO/2%CNT NYs, and PPDO/5%CNT
NYs for 14 days of culture (n=5; ** represent a significant difference between two groups,

£<0.01).
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Figure 5.
(A) IF staining for S100B (green), and nuclei (blue) of rSCs on PPDO NYs, PPDO/2%CNT

NYs and PPDO/5%CNT NYs after 14 days of culture; Scale bar=50 ym. (B) QRT-PCR
analysis of S100B, GFAP, SOX10, NGFR, NCAM1, FABP7, MBP, and MPZ mRNA
expression of rSCs seeded on three different NY materials after 14 days of culture. Relative
expression is presented as normalized to 18S mRNA and relative to rSCs seeded on PPDO
NY bundles (n=3; bars with different letters represent a significant difference between two
groups, p<0.05).
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Figure 6.
(A) Representative images of Live/Dead staining of rSCs seeded on 2D substrates under

ES treatment with different potentials ranging from 0-100 mV//mm throughout 7 days of
culture; Scale bar=100um. (B) QRT-PCR analysis of S100B, GFAP, SOX10, NCAM1,
FABP7, MBP, and MPZ mRNA expression of rSCs seeded on glass substrates under

ES treatment with different potentials ranging from 0-100 mV/mm throughout 7 days of
culture. Relative expression is presented as normalized to 18S mRNA and relative to rSCs
seeded on glass substrates and unstimulated (n=3; bars with different letters represent a
significant difference between two groups, p<0.05).
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(A) IF staining for S100B (red), MBP (green), and nuclei (blue) of hADMSCs seeded on
PPDO/5%CNT NY's with different treatments, including GM, ES, CI, and a combination

of ES and CI throughout, 14 days of culture; Scale bar=100 um. (B) QRT-PCR analysis of
S100B, GFAP, SOX10, FABP7, MBP, and MPZ mRNA expression of hADMSCs seeded on
PPDO/5%CNT NYs with different treatments, including GM, ES, ClI, and a combination of
ES and CI, throughout 14 days of culture. Relative expression is presented as normalized

to 18S mRNA and relative to hADMSCs seeded on PPDO/5%CNT NY's and cultured in
GM (n=3; bars with different letters represent a significant difference between two groups,

£<0.05).
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Figure 8.
Secretion of growth factors from hADMSC-SCLCs in GM, ES, Cl, and ES+CI groups. (A)

Representative images of human growth factor array assay. (B) Semi-quantitative analysis of
the secreted growth factors with statistical difference. Relative expression of each targeted
growth factor was presented as normalized to the positive control on the same array and
relative to hADMSC-SCLCs in GM group (n=4; @ p<0.05 compared to GM and ES groups,
#p<0.01 compared to GM and ES groups, $ p<0.001 compared to GM and ES groups, %
p<0.05 compared to GM, ES, and CI groups, * p<0.05 compared to CI group).

Acta Biomater. Author manuscript; available in PMC 2023 February 01.



	Abstract
	Graphical Abstract
	Introduction
	Experimental
	Preparation of PPDO NYs and PPDO/CNT NYs
	Physical and chemical characterizations of the NY materials
	RSCs seeding and culture
	Electrical stimulation (ES) of rSCs
	HADMSCs seeding, culture, and differentiation
	Cell viability and proliferation assay
	Immunofluorescent (IF) staining
	RNA isolation and quantitative real-time PCR analysis
	Human growth factor array assay
	Statistical analysis

	Results
	Morphological characterization of PPDO/CNT NYs
	Raman spectra, FTIR spectra, and electrical conductivity of PPDO/CNT NYs
	Mechanical properties of PPDO/CNT NYs
	PPDO/CNT NYs supported rSCs growth, and proliferation
	PPDO/CNT NYs better supported the phenotype maintenance of rSCs
	Appropriate ES treatment upregulated the expression of SC-specific gene markers of rSCs in 2D culture
	A combination of ES and CI presented a synergistic effect on promoting the differentiation and maturation of hADMSCs towards myelinating SCLCs
	A combination of CI and ES promoted the secretion of several growth factors of hADMSC-SCLCs
	Discussion
	Conclusions

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.

