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Abstract
Increasing evidence indicates that engineered nerve grafts have great potential for the regeneration of peripheral nerve injuries
(PNIs).While most studies have focused only on the topographical features of the grafts, we have considered both the biophys-
ical and biochemical manipulations in our applied nanoscaffold. To achieve this, we fabricated an electrospun nanofibrous
scaffold (ENS) containing polylactide nanofibers loaded with lithium (Li) ions, a Wnt/β-catenin signaling activator. In addi-
tion, we seeded human adipose-derived mesenchymal stem cells (hADMSCs) onto this engineered scaffold to examine if
their differentiation toward Schwann-like cells was induced. We further examined the efficacy of the scaffolds for nerve
regeneration in vivo via grafting in a PNI rat model. Our results showed that Li-loaded ENSs gradually released Li within
11 d, at concentrations ranging from 0.02 to (3.64 ± 0.10) mmol/L, and upregulated the expression of Wnt/β-catenin target
genes (cyclinD1 and c-Myc) as well as those of Schwann cell markers (growth-associated protein 43 (GAP43), S100 calcium
binding protein B (S100B), glial fibrillary acidic protein (GFAP), and SRY-box transcription factor 10 (SOX10)) in differ-
entiated hADMSCs. In the PNI rat model, implantation of Li-loaded ENSs with/without cells improved behavioral features
such as sensory and motor functions as well as the electrophysiological characteristics of the injured nerve. This improved
function was further validated by histological analysis of sciatic nerves grafted with Li-loaded ENSs, which showed no
fibrous connective tissue but enhanced organized myelinated axons. The potential of Li-loaded ENSs in promoting Schwann
cell differentiation of hADMSCs and axonal regeneration of injured sciatic nerves suggests their potential for application in
peripheral nerve tissue engineering.
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Introduction

Peripheral nerve injury (PNI) is one of the greatest health
concerns in patients with multiple traumas [1]. Despite
the claimed self-repair ability of the peripheral nerves, the
average axonal regeneration rate is too slow (1 mm/d) in
patients with lifelong disability [2]. The available therapeutic
strategies, such as autografting as the gold standard treat-
ment, present many obstacles and often have unsatisfactory
outcomes [2]. Therefore, PNI repair remains the foremost
challenge in clinical and translational neurosciences, and
an accurate and authentic alternative approach is urgently
required. Cell-based therapies have provided satisfactory
regenerative results with low invasiveness [3]. Because of the
pivotal role of Schwann cells in the regeneration processes
of injured peripheral nerves, including axonal regrowth and
remyelination [4], their engraftment in PNI is plausible. Nev-
ertheless, autografting (either autologous Schwann cells or
nerve grafts) is not only invasive but also requires the avail-
ability of a healthy nerve [5]. To overcome these obstacles,
several artificial and biological nerve grafts have been intro-
duced in the past few decades due to the great progress
in tissue engineering [6]. Increasing evidence has demon-
strated that engineered nerve grafts are suitable and attractive
alternatives to natural autografts [7]. However, most of the
previous reports have focused on the topographical features
of the grafts [8] rather than on the improvement of the bio-
physical and biochemical potentials of the grafts through
proper design and fabrication of the scaffolds.

Owing to the important function of the Wnt/β-catenin
signaling pathway in neural development, as well as its
role in Schwann cell-specific gene expression [9], myelin-
specific gene expression [10], and axonal sorting in Schwann
cell development [11], we sought to use lithium (Li) as a
general Wnt/β-catenin activator in our study. Li salt has
a 50-year pharmaceutical history as an antidepressant and
mood stabilizer for treating mental disorders such as bipo-
lar disorder [12, 13]. Increasing evidence suggests that Li
has anti-inflammatory [14], antiapoptotic [15], and neuro-
protective [16, 17] effects and induces axon regeneration
[18]. It has been considered as a treatment for neurodegener-
ative diseases, including Alzheimer’s [19], Parkinson’s [20],
and Huntington’s [21] diseases, amyotrophic lateral sclero-
sis [22], and multiple sclerosis [23]. The improving effects
of Li ions on myelinogenesis and PNI recovery have been
well documented [6, 10, 24, 25]. Its administration has been
performed either as an additive to the cell culture medium
[26], systemic injection in vivo (intraperitoneal [27] or intra-
venous [28]), or orally in drinking water [24]. Local injection
of Li just after the induced injury for peripheral nerve regen-
eration in a rodent sciatic nerve injury model was reported
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by Lin et al. [29]. Despite the reduced off-target effects and
enhanced therapeutic efficacy through local Li delivery into
the injury site, toxicity may occur due to the accumulation
of large amounts of Li within a short time. Therefore, in
this study, we aimed to design a Li-loaded nanofibrous scaf-
fold with sustained Li release that would generate a proper
scaffold for PNI regeneration applications. The sustained
availability of Li should activate theWnt/β-catenin signaling
pathway and enhance Schwann cell-like cell (SCLC) differ-
entiation andmyelin gene expression,which could be applied
in vivo in a rat model of sciatic nerve injury.

Using the ion-exchange method [30], we fabricated a
Li-loaded polylactide (PLA) nanofibrous scaffold and inves-
tigated the effects of this bioactive scaffold on SCLC
differentiation in human adipose-derived mesenchymal stem
cells (hADMSCs) in vitro and on axon regeneration in an
animal model of PNI in vivo.

Materials andmethods

Cell isolation, culture, and differentiation

Primary human MSCs were isolated using liposuctioned
abdominal fat obtained from consenting female patients
(age range: 30–35 years old). hADMSCs were isolated
using 0.1% (1 g/L) collagenase type I (Gibco, USA) as
described previously [31], after which they were expanded
by serial passages in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (volume fraction) fetal
bovine serum (FBS), 1% (volume fraction) GlutaMAX™-
I, and 1% (0.01 g/mL) penicillin/streptomycin. hADMSCs
Passages 3–5 were conducted. To differentiate hADMSCs
into SCLCs, our previously described protocol was carried
out [32].

Characterization of hADMSCs

Flow cytometry

The Passage 3 (P3) hADMSCs were washed in phosphate-
buffered saline (PBS), fixed with 4% (0.04 g/mL)
paraformaldehyde, blocked with 3% (0.03 g/mL) bovine
serum albumin (BSA), and incubated at 4 °C for 30 min
with antibodies against cluster of differentiation 73 (CD73)
(fluorescein isothiocyanate (FITC); BD Biosciences), CD45
(FITC; eBioscience), CD105 (PerCP-Immunostep), and
CD90 (FITC; Exbio). They were then washed three times in
cold PBS and analyzed using an FACS Calibur flow cytome-
ter (BD Biosciences).
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Differentiation of osteogenic, adipogenic,
and chondrogenic lineages

To induce differentiation, hADMSCswere first cultured until
they reached70%–80%confluence; then, the normalmedium
was removed, and differentiation medium was added. For
osteogenic differentiation, hADMSCs were cultured for
21 d in osteogenic differentiation medium (high-glucose
DMEM (DMEM-HG) including 10%FBS, 50mg/mL ascor-
bic acid 2-phosphate, 10 nmol/L dexamethasone, and 10
mmol/L beta-glycerol phosphate), stainedwith alizarin red as
described previously [33], and visualized under a phase con-
trast microscope (B510 Optika, Italy). To induce adipogenic
differentiation, hADMSCs were cultured for 21 d in adi-
pogenic differentiation medium (DMEM-HG including 10%
FBS, 50 mg/mL indomethacin, and 100 nmol/L dexametha-
sone), stainedwith oil redO as described previously [34], and
visualized under a phase contrast microscope. For chondro-
genic differentiation, hADMSCs were cultured for 21 d in
chondrogenic differentiation medium (DMEM-HG includ-
ing 10% FBS, 10 ng/mL TGF-beta, 0.1 mmol/L dexametha-
sone, 100 µg/mL sodium pyruvate, 50 mg/mL ascorbic acid
2-phosphate, and 50 mg/mL insulin-transferrin-selenium),
stained with toluidine blue O (TBO) as described previously
[35], and observed under a phase contrast microscope.

Differentiation of hADMSCs into SCLCs

To induce hADMSCs into the Schwann cell (SC) lin-
eage, cells were first cultured in preinduction medium
(DMEM/F12 supplemented with basic fibroblast growth fac-
tor (bFGF), epidermal growth factor (EGF), and B27) for 7 d
to produce spheroids, after which the spheroids were singled
and exposed to complete induction medium (DMEM/F12
supplemented with FBS, forskolin, platelet-derived growth
factor (PDGF), heregulin, and bFGF) for a further 7 d.

Immunofluorescence staining

To investigate the differentiation potential of hADMSCs, the
expression of Schwann cell-specificmarkers (SOX10,GFAP,
andGAP43)was examined using immunofluorescence stain-
ing as described previously [36]. The primary antibodies
were anti-SOX10 (1:500, volume ratio), anti-GFAP (1:300,
volume ratio), and anti-GAP43 (1:500, volume ratio) (all
from Abcam, UK). Goat antimouse FITC (1:500, volume
ratio; Abcam, UK) and secondary antibody were used. Cells
were visualized and imaged using an inverted fluorescence
microscope (Zeiss inverted fluorescence microscope, Ger-
many).

RNA isolation and quantitative real-time polymerase chain
reaction (PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen,
Paisley, UK) and converted to complementary DNA (cDNA)
using a reverse transcriptase enzyme (Yekta Tajhiz Azma,
Iran) according to the manufacturer’s protocol. Real-time
PCRandquantificationof gene expressionwere performedas
explained previously [36]. The primer sequences are shown
in Table S1 (Supplementary Information).

Scaffold fabrication and characterization

Polylactide (PLA) nanofibrous scaffold electrospinning

The fabrication of PLA electrospun nanofibrous scaffolds
(ENSs) involved electrospinning a 12.0 weight percent
solution of PLA (number-average molecular weight (Mn):
60,000 Da, NatureWorks) in chloroform and dimethylfor-
mamide (DMF) (4:1, volume ratio) solution (Merck, Ger-
many) using a 27-gauge stainless steel needle, a tip-collector
distance of 15 cm, a flow rate of 0.5 mL/h, a high voltage of
27 kV, and a drum speed of 1000 r/min. The high voltage used
in the electrospinning technique caused the solution to leave
the needle tip and accumulate as nanofibers on the aluminum
foil surrounding the rotational shaft. The prepared scaffolds
were then allowed to dry overnight in a vacuum.

Oxygen plasma treatment of scaffolds

To activate the PLA scaffold surfaces, oxygen plasma treat-
ment was employed (plasma device Diener ZEPTO, Ger-
many). This process was used to create peroxide groups and
free radicals and to impart hydrophilic properties to the scaf-
folds. To perform the procedure, the clean substrates were
carefully positioned on a glass plate in an oxygen plasma
chamber. Various output powers (35, 65, and 95 W) and a
pressure of 40 Pa at 60 s were used during the treatment. The
parameters were optimized on the basis of the 2,2-diphenyl-
1-picrylhydrazyl (DPPH) assay (described below) results and
used for the remaining sheets.

DPPH assay

The density of the peroxide group after plasma treatment
of the ENSs was assessed using the DPPH assay. Sheets
were cut into equally sized pieces and immersed in DPPH
(Sigma-Aldrich, USA) solution (1 × 10−4 mol/L) pre-
pared in methanol. Samples were maintained for 1 h in the
dark at room temperature, after which the consumption of
DPPH molecules was calculated from the difference in the
absorbance intensities (at 517 nm) between the control and
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plasma samples using a microplate reader (STAT FAX 2100,
USA).

Graft polymerization of acrylic acid (AA)

After being removed from theplasma instrument, the samples
were dipped into a solution of AA (2.5%, 5%, and 10% (vol-
ume fraction); Sigma-Aldrich, USA). The grafting reaction
was accomplished by placing ampoules in a nitrogen-purged
water bath at 60 °C for 4 h. The samples were then washed
in deionized water at 60 °C in a water bath to remove the
unreacted AA monomers and the poly(acrylic acid) that was
not covalently bound to the surface. The sheets were then
dried under vacuum at room temperature.

Attenuated total reflectance- Fourier transform infrared
(ATR-FTIR) spectroscopy

ATR-FTIR is a reliable method for analyzing the chemi-
cal composition of materials and has been extensively used
to investigate changes in chemical structures, such as the
formation of newbonds that occur after polymerization. Con-
sequently, we applied this method using aNicolet ATR-FTIR
(NEXUS 670) spectrometer to verify the graft copolymeriza-
tion and record the infrared spectra of the AA and PLA/AA
nanofibers.

Toluidine blue O (TBO) analysis

To estimate the number of carboxyl groups represented on
the surface of the PLA/AA samples, TBO analysis was per-
formed. To generate the ionic complex between the COO−
groups and the cationic dye, samples were immersed in TBO
(Sigma-Aldrich, USA) solution (0.5 mmol/L, pH 10) for 12
h at room temperature. The scaffolds were then washed with
NaOH(0.1mmol/L) to removeunbondedTBOmolecules. To
desorb the bonded TBO molecules, the samples were incu-
bated in 50% (volume fraction) acetic acid solution for 20
min on an orbital shaker. The absorbances of the samples
were recorded at 623 nm using a microplate reader (STAT
FAX 2100, USA). Three independent experiments were per-
formed for each sample. TBO/50% acetic acid solution was
used to calibrate themeasurements under identical conditions
as those of the PLA/AA samples.

Li-loading content

ToproduceLi-loadedPLAnanofibers (PLA/AA/Li), the ster-
ilized grafted scaffolds were soaked in LiCl solution (10
mol/L, pH 7.00; Merck, Germany) for 5 h at room tem-
perature, after which they were rinsed with distilled water.
The amount of Li loaded onto the nanofiber samples was

assessed using inductively coupled plasma mass spectrome-
try (ICPMS, Elan6000 DRC, Perkin Elmer, USA). In brief,
Li-loaded nanofibers (1 cm2) were immersed in a 3 mol/L
KOH aqueous solution in a 50 °C oven to hydrolyze the
nanofibers and resolubilize the Li ions. Then, ICPMS was
used to quantify theLi concentration in the solution, followed
by measurement of the loading content of Li encapsulated in
the nanofibers using the following formula:

Loading content of Lithium ion

� Weight of loaded Lithium ion

Surface area of the nanofibers
× 100%.

Li release assay

Li released from the ENSs was assessed using ICPMS. Li-
loaded samples (1 cm2) were immersed in 1 mL of PBS
and incubated at 37 °C for 2 weeks. One milliliter of the
supernatant was collected at different time points (Fig. 2d
shown later) and replaced with fresh PBS. PBS was used as
blank, and three independent experiments were performed
for each sample.

Scanning electron microscopy (SEM)

The structure and morphology of the prepared nanofi-
brous scaffolds were investigated using field emission SEM
(FESEM MIRA3, CZ) at an accelerating voltage of 15 kV.
To improve the conductivity and image acquisition, a thin
gold layer was evaporated on the observing surface using
a sputtering instrument (DST1-2, Nanostructured Coatings
Co., Iran). The average diameter of the fibers in all SEM
images of the sampleswas calculated using the diametermea-
surements from at least 100 randomly selected images using
ImageJ software.

Cell seeding

For cell seeding, the scaffoldswere punched in a circular form
according to the sizes of the required tissue culture plates
(TCPs). The scaffolds were then sterilized and incubated in
DMEM supplemented with 10% FBS, 1% GlutaMAX™-I,
and 1% penicillin/streptomycin. Incubation was performed
overnight in a humidified incubator at 37 °C and 5% CO2.
The seeding densitieswere 1×104 –2×104 cells/cm2 for the
adhesion, viability, and proliferation assays, and 1 × 105–2
× 105 cells/cm2 for the differentiation assay.

Adhesion assay

The morphology and adhesion of hADMSCs and spheroids
on the scaffolds were evaluated under SEM at 1, 4, and 7
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d after seeding. The cell-loaded scaffolds were rinsed with
PBS, fixed in 2.5% (volume fraction) glutaraldehyde (Sigma-
Aldrich, USA) for 2 h, dehydrated in a graded series of
alcohols, dried, and coated with a thin layer of gold for the
FESEM studies [37].

Viability assay

Theviability of the hADMSCson the scaffoldswas examined
by dual acridine orange/ethidium bromide (AO/EB) fluores-
cent staining. The cell seeding process was carried out as
explained above. After culture for 1, 4, and 7 d, the super-
natant was removed, and a dual fluorescent staining solution
containing 100µg/mLAOand 100µg/mLEB (Sigma,USA)
was added to each well. Live and dead cells were visualized
under a fluorescencemicroscope (Zeiss inverted fluorescence
microscope, Germany). DualAO/EB stainingwas performed
at least in triplicate.

Proliferation assay

To evaluate the proliferation of hADMSCs on the scaffolds,
the cells were seeded on sterilized nanofibrous scaffolds
in 24-well TCPs, and the plates were incubated for 1,
4, and 7 d. The proliferation was assessed using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT) assay, as explained previously [38]. The same proto-
colwas also performed to evaluate the cytotoxicity (halfmax-
imal inhibitory concentration (IC50)) of LiCl.

In vivo experiments

Surgical procedures

Adult maleWistar rats weighing 200–250 g were maintained
under standard conditions for feeding, light, temperature,
humidity, and ventilation. Anesthesia, surgery, and postoper-
ative management of the rats were performed as previously
described [1]. Euthanasia of the rats was performed using
an anesthetic overdose (Intraperitoneal (i.p.) injection of
a combined ketamine and xylazine solution), according to
the American Veterinary Medical Association guidelines.
Figure 6a (shown later) shows the exposed and crushed
sciatic nerve and the implanted ENS at the site of injury.
The rats were randomly divided into five groups: 1) control
(CTR), in which the sciatic nerves were exposed and crushed
without any treatment or implantation; 2) PLA/plasma, in
which crush injury was performed and the plasma-treated
ENSs were implanted at the injured site and wrapped
around the nerve without suturing; 3) PLA/AA, in which
the plasma-treated and AA-grafted ENSs were implanted;
4) PLA/AA/Li, in which the plasma-treated and AA-grafted
ENSs containing Li were implanted; and 5) PLA/AA/Li/cell,

in which the plasma-treated and AA-grafted ENSs contain-
ing Li seeded with SCLCs (on Day 8 of differentiation)
were implanted. All surgeries were performed by the same
surgeon. The maintenance of the original positions of the
scaffolds in all ENS-implanted groups was verified after 6
weeks.

Behavioral analysis of the regenerated sciatic nerve

The recovery of the sensory and motor functions of the ani-
mals’ hind limbs was evaluated at 0-, 2-, 4-, and 6-week
postsurgery. Using the manual von Frey filament test, the
improved sensory function and mechanical sensitivity were
evaluated by measuring the paw withdrawal thresholds at
0, 2, 4, and 6 weeks (0.008–300 g; TouchTest, USA), as
described previously [39]. Responses to thermal stimuli were
examined using a 52.5 ºC hotplate (Borj Sanat Azma, Iran).
Animals were placed on the surface one at a time, and the
reaction time (in seconds) until licking the hind paw or jump-
ing was recorded; at which time, the animal was immediately
removed from the hotplate [40]. The heat stimulation cutoff
time was 30 s.

To measure the amount of motor function recovery, the
CatWalk gait test was performed at weeks 0, 2, 4, and 6 after
injury. Walking track analysis was performed by calculating
the sciatic function index (SFI) from the gait patterns of the
animals in accordance with the following formula [39]:

SFI � − 38.3 × EPL − NPL

NPL
+ 109.5 × ETS − NTS

NTS

+ 13.3 × EITS − NITS

NITS
− 8.8,

where NPL is the normal print length, EPL is the experimen-
tal print length, NTS is the normal toe spread, ETS is the
experimental toe spread, NITS is the normal intertoe spread,
and EITS is the experimental intertoe spread.

Finally, a narrow run track with a width of 12 cm, a height
of 15 cm, and a length of 45 cm covered by white paper was
used. To record the footprints of the rats, they were allowed
to move in one direction only with their hind paws dipped
in water-soluble inks (red for the injured and green for the
intact hind paw).

Muscle weight ratio evaluation

To further assess the functional recovery of the sciatic nerve,
the wet weight of the gastrocnemius muscles was measured
as an index of atrophy induced by denervation of the affected
muscle. To perform this evaluation, the connective tissue sur-
rounding the nerve was removed, and the wet weight of the
gastrocnemius muscle was determined 6 weeks after surgery
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using the following formula [41]:

Wet weight ratio � Weight of surgery gastrocnemius

Weight of contralateral gastrocnemius

× 100%.

Electrophysiological analysis of the regenerated sciatic
nerve

Electrophysiological analysis was performed 6 weeks after
surgery. To investigate the compoundmuscle action potential
(CMAP) and terminal latency (TL), animals were anes-
thetized [1, 42], after which a bipolar stimulating electrode
(with a standard subdermal needle) and a recording electrode
were placed on the proximal portion of the exposed injured
sciatic nerve trunk and the belly of the gastrocnemiusmuscle,
respectively. The stimulating mode was set to pulse mode for
a duration of 0.2 ms and the stimulus intensity of 1.0 mA.
To determine the nerve conduction velocity (NCV), two dif-
ferent points on either side of the crush-injured site were
carefully chosen. The CMAP, NCV, and TL were detected
in a blinded fashion and measured using PowerLab devices
and software (AD Instruments, Australia).

Histological analysis of the regenerated sciatic nerve

To perform hematoxylin and eosin (H&E) staining of the
sciatic nerves, the animals were sacrificed 6 weeks after the
surgery, the time when the repair had also taken place. The
harvested sciatic nerves were fixed in 10% (volume frac-
tion) neutral buffered formalin (pH 7.26) for 48 h, processed
and embedded in paraffin, sectioned to 5-µm thicknesses,
and stained with H&E. Finally, the histological slides were
examined under light microscopy (Olympus BX51, Japan).

To localize the expression of S100B, NF200, and SOX10,
immunohistochemistry was performed on the paraffin trans-
verse sections of the crushed nerves as described previously
[43]. The primary antibodies were monoclonal mouse anti-
S100B (1:200, volume ratio), mouse anti-NF200 (1:300,
volume ratio), and mouse anti-Sox10 (1:200, volume ratio)
(all from Millipore, USA). Slides were developed using
the LSAB kit (DAKO), visualized using diaminobenzidine
(DAB), and analyzed using a Zeiss Axioplan 2 imaging
microscope.

To monitor the internal tissue architecture, toluidine
blue staining and transmission electron microscopy (TEM)
analysis were performed in the CTR, PLA/AA/Li, and
PLA/AA/Li/cell groups. The crushed area was harvested and
fixed using 2.5% glutaraldehyde, 1% (0.01 g/mL) osmium
tetroxide, and 0.5% (5 g/L) uranyl acetate solution, dehy-
drated in ethanol, and impregnated with 100% epoxy resin.

For toluidine blue staining, samples were cut into semi-
thin (1 µm) sections at the midpoint of the crushed area.
Then, the sections were stained with toluidine blue to label
the myelin sheath and examined under a light microscope
(Zeiss inverted fluorescencemicroscope, Germany). Ten ran-
dom fields were selected from each section, and the axon
density (axons/mm2), axon diameter, and G-ratio (axon
diameter/fiber diameter) were analyzed using ImageJ soft-
ware.

For TEM, samples were epoxy resin-embedded and sec-
tioned (80 nm) at the midpoint of the crushed area, stained
with 2% uranyl acetate for approximately 30 min at room
temperature, followed by staining with citric acid for 15 min
at room temperature, and examined using a transmission
electron microscope (PHILIPS, EM208S, 100 kV, Nether-
land).

Statistics

All data were presented as mean ± standard deviation
(SD) (n ≥ 3). To evaluate statistically significant differ-
ences between the groups, the one-way analysis of variance
(ANOVA) was employed followed by post hoc Student’s t
and Tukey–Kramer tests. p values less than 0.05 were con-
sidered statistically significant. All statistical analyses were
performed using Graphpad Prism software.

Results

Characterization of hADMSCs

The isolated hADMSCs were characterized using flow
cytometry. Our results showed that these cells were positive
for mesenchymal CD markers, including CD73, CD90, and
CD105 (99.7%, 99.4%, and 100%, respectively), but nega-
tive for the hematopoietic stem cell marker CD45 (0.304%)
(Fig. S1 in Supplementary Information). In addition, themes-
enchymal characteristics of these cells were verified through
the analysis of their differentiation potentials toward chon-
drogenic, adipogenic, and osteogenic lineages (Fig. S2 in
Supplementary Information).

Differentiation of hADMSCs into SCLCs

The morphological characteristics of Schwann cells, includ-
ing the bipolar and tripolar morphologies (Fig. 1a), were
observed after the expansion of cells from spheroids
(Figs. 1a4 and 1a5). To evaluate Schwann cell differentiation
of hADMSCs, the expression of Schwann cell markers was
examined using real-time reverse transcription (RT)-PCR
after 14 d of culture. Our results showed that the expres-
sion levels of S100B, myelin basic protein (MBP), GAP43,
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Fig. 1 Differentiation of human adipose-derived mesenchymal stem
cells (hADMSCs) into Schwann cell-like cells (SCLCs). a Phase con-
trast images of Schwann cell differentiation. hADMSCs were cultured
in pre-inducing medium on a nonadhesive plate for 7 d (a1, a2), fol-
lowed by the addition of Schwann cell inducing medium on an adhesive
plate for a further 7 d (a3–a6). Note the spheroid formation in (a1) and
(a2), cell migration in (a4) and (a5), and expansion and differentia-
tion of SCLCs in (a6). Scale bars: 200 µm (a1, a2, a3, and a5), 150
µm (a4), 100 µm (a6). b Real-time reverse transcription-polymerase
chain reaction (RT-PCR) analysis of the expression of Schwann cell
markers in hADMSCs after 14 d of culture. The expression of all genes

was significantly upregulated in cells cultured in Schwann cell inducing
medium comparedwith the control group. c Immunofluorescence stain-
ing of hADMSCs after 14 d of culture with anti-SOX10, anti-GFAP, and
anti-GAP43 antibodies. All nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI). Nuclear expression of SOX10 and cytoplasmic
expression of GFAP and GAP43 can be observed in induced hADM-
SCs. Scale bar: 100 µm. All data are expressed as mean ± standard
deviation (SD), n � 5. *p < 0.05, ****p < 0.0001, one-way analysis of
variance (ANOVA) with Tukey–Kramer test. MBP: myelin basic pro-
tein; GAP43: growth associated protein 43; GFAP: glial fibrillary acidic
protein; SOX10: SRY-box transcription factor 10
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GFAP, and SOX10 were significantly upregulated (30.69 ±
0.87, 13.40 ± 0.48, 54.75 ± 3.50, 22.16 ± 0.65, and 9.42
± 0.17 times, respectively) in the induced cells compared
with the control group (Fig. 1b). An even more significant
expression level of these genes was observed when the cells
were cultured under three-dimensional (3D) conditions (on
PLA/plasma ENSs) compared with two-dimensional (2D)
conditions (on TCP) (Fig. S3 in Supplementary Informa-
tion). The significant expression of Schwann cell markers
(GFAP, SOX10, and GAP43) in the induced cells was also
confirmed by immunofluorescence analysis (Fig. 1c), indi-
cating that our differentiation protocol efficiently induces the
differentiation of hADMSCs into SCLCs.

Characterization of electrospun nanofibrous
scaffolds

Various output powers (35, 65, and 95 W) and a pressure
of 40 Pa were used to perform plasma surface activation
for 60 s. Evaluation of the peroxide group densities in
these three groups was performed using the DPPH assay.
Figure 2a clearly illustrates the significant differences in
DPPH absorption among the treated samples. Notably, the
DPPHabsorption in the 65-W treated samples (14.54± 0.32)
was significantly higher than that in the 35-W (10.32± 0.39,
p � 0.0003) and 95-W (12.78 ± 0.29, p � 0.0255) treated
groups. Consequently, the 65-W samples exhibited higher
peroxide group densities than the other groups, thus allow-
ing further investigations.

As shown in Fig. 2b, theATR-FTIR test was used to assess
the surface chemistry of the acrylic acid-modified nanofibers.
The characteristic peak in the PLA spectrum at 1752 cm−1

was attributed to the stretching vibrations of C � O. Further-
more, the C–O bond in the –O–C�O group was responsible
for the peaks at 1050, 1086, and 1131 cm−1. The twin peak
at around 1379 cm−1 (–CH– bending vibrations), the sharp
peak at 1182 cm−1 (C–O bond), and the peak at 1449 cm−1

(–CH3 vibrations) were all related to the PLA structure and
appeared in the PLA/AA nanofibers [44]. The PLA peaks
were all repeated in the PLA/AA spectrum, but this sample
had higher intensity absorption at 1752 cm−1, corresponding
to the carbonyl group. In addition, a peak was observed at
1712 cm−1, corresponding to the carboxylic acid group of
polyacrylic acid [45].

The concentration of carboxyl groups was evaluated by
TBO assay after AA graft polymerization (Fig. 2c). Our
results showed that an increase in the monomer concentra-
tion from 2.5% (0.025 g/mL) to 10% (0.1 g/mL) resulted in a
significant increase in the COOH density and surface active
sites for loading Li.

Because we used Li (a glycogen synthase kinase 3β
(GSK3β) inhibitor) to mimic the Wnt/β-catenin signaling
pathway, the Li release profile from the nanofibrous scaffolds

was analyzed using the ICPMS assay. The maximum Li con-
centrations released fromPLA, PLA/plasma, PLA/2.5%AA,
PLA/5% AA, and PLA/10% AA were (0.48 ± 0.10), (0.96
± 0.10), (1.95 ± 0.10), (2.91 ± 0.10), and (3.64 ± 0.10)
mmol/L, respectively. The duration of ion release for PLA,
PLA/plasma, PLA/2.5% AA, PLA/5% AA, and PLA/10%
AA was approximately 48, 72, 120, 168, and 264 h, respec-
tively (Figs. 2d and 2e).

Previous studies have demonstrated that Li concentrations
below 10 mmol/L are not toxic [24]. Using the MTT assay,
we found that the inhibitory concentration (IC50) of Li for
hADMSCs was approximately 10 mmol/L, indicating that
none of theLi concentrations released from the scaffolds over
7 d were toxic (Fig. 2f). Furthermore, we demonstrated that
the concentrations of Li released from the PLA/AA/Li ENSs
(0.02 to (3.64 ± 0.10) mmol/L) were within the range of
concentrations that upregulated Wnt/β-catenin target genes
(cyclinD1 and c-Myc) (Fig. 2g).

Our analysis of 10%AA-graftedENSs showed that Li ions
could be detected in the media until 11 d (264 h) (Figs. 2d
and 2e), suggesting that this scaffold had the highest Li-
loading content ((0.0200 ± 0.0003) mg/cms) compared with
the other samples (Fig. 2h). Therefore, we selected PLA/10%
AA (hereafter will be referred to as PLA/AA/Li) for the next
steps.

Morphological observations of electrospun
nanofibrous scaffolds

The nanofibrous structure was investigated under SEM. As
shown in Fig. 3, all ENSs had a bead-free nanofibrous
structure with interconnected pores. Image analysis of the
nanofibers showed amean diameter of (558± 12) nm for vir-
gin PLA and (555 ± 11) nm for PLA/plasma nanofibers. No
significant differences were noted between the surface mor-
phologies of the nanofibers, porosities, or fiber sizes before
and after plasma surface activation, graft polymerization of
AA, or ion-exchange procedure.

hADMSC adhesion, viability, and proliferation
on electrospun nanofibrous scaffolds

To examine themorphology, adhesion, and spreading of cells
and spheres on different scaffolds, hADMSCs or spheroids
were cultured on the scaffolds for 1, 4, and 7 d. Our SEM
micrographs revealed the attachment and spreading of both
spheroids and cells on all scaffolds (Figs. 3b and 3c).

The AO/EB dual staining showed no significant apopto-
sis by any of the scaffolds (data of PLA/10% AA have been
shown). Single-cell counting revealed viabilities of (97.66
± 1.52)%, (97.66 ± 0.57)%, and (98.33 ± 1.15)% at Days
1, 4, and 7 for cultured hADMSCs on PLA/10% AA ENSs
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Fig. 2 Characterization of electrospun nanofibrous scaffolds (ENSs).
a 2,2-Diphenyl-1-picrylhydrazyl (DPPH) absorption in ENSs activated
with plasma at different output powers. The DPPH absorption of 65-W
samples was significantly higher than those of 35-W and 95-W samples.
The samples were prepared in triplicate. b Attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectra of polylactide (PLA)
and PLA/acrylic acid (AA) ENSs showing the surface chemistry of the
nanofibers. c Carboxyl group concentration represented on the surface
of PLA/AA samples after graft polymerization of AA, as evaluated by
the toluidine blue O (TBO) assay. Note that enhancing the monomer
concentration from 2.5% to 10% (1%� 0.01 g/mL) resulted in a signifi-
cant increase in theCOOHdensity. 1mM� 1mmol/L.dRelease profile
of lithium (Li) fromENSs assessed by inductively coupled plasmamass
spectrometry (ICPMS) assay in phosphate-buffered saline (PBS) (pH
7.4 at 37 °C). A sustained release was observed until Day 11 (0.02
mmol/L) in the PLA/10% AA group. e Cumulative release profiles of

Li from ENSs assessed by ICPMS assay in PBS (pH 7.4 at 37 °C). The
Li concentration released from PLA/10% AA was maximally (3.64 ±
0.10) mmol/L. PLA/10% AA showed the longest period of Li release
(264 h). f Toxic concentration of Li for human adipose-derived mes-
enchymal stem cells (hADMSCs) after 1, 4, and 7 d of culture using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. The half maximal inhibitory concentration (IC50) was approxi-
mately 10mmol/L. gExpression of cyclinD1 and c-Myc (Wnt/β-catenin
signaling target genes) in hADMSCs cultured for 24 and 48 h in the
presence of different concentrations of Li in culture media compared
with those without Li. h Evaluation of Li-loading content between five
groups of ENSs. As shown, the Li-loading content of PLA/10% AA
was significantly higher than those of the other samples. All data are
expressed as mean ± standard deviation (SD). *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001, one-way analysis of variance (ANOVA)
with Tukey–Kramer test
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Fig. 3 Scanning electron
microscopy (SEM) analysis of
the fabricated polylactide (PLA)
nanofibers. a Nanofibrous
scaffolds before (a1) and after
(a2) oxygen plasma surface
modification. Qualitatively, no
change was observed in the
surface morphology of
nanofibers after treatment
compared with that observed
before treatment. Image analyses
of the nanofibers indicated a
mean diameter of (558 ± 12) and
(555 ± 11) nm, as seen in (a3),
before and after oxygen plasma
surface modification,
respectively. The corresponding
average diameter of the
nanofibers was evaluated using
ImageJ software (n � 10). Data
are expressed as mean ± standard
deviation (SD). b Adhesion and
spreading of human
adipose-derived mesenchymal
stem cells (hADMSCs) on
different scaffolds 1, 4, and 7 d
after seeding indicated the
biocompatibility of the
electrospun nanofibrous scaffolds
(ENSs). c Adhesion and
spreading of spheroids on
PLA/AA/Li 1, 4, and 7 d after
plating indicated the
biocompatibility of the ENS

(n � 10) (Fig. 4a). Moreover, using the MTT assay, no sig-
nificant difference in cell proliferation rate was observed in
the hADMSCs cultured on any of the nanofibrous scaffolds
compared with those in the control group (TCP) (Fig. 4b).

Together, these results showed that ENSs have a proper
nanofibrous topography with a high surface area, which
supports cell growth and proliferation suitable for tissue engi-
neering.

Effects of Li-loaded scaffolds on SCLC differentiation
of hADMSCs

To examine the effects of Li-loaded ENSs on SCLC differ-
entiation of hADMSCs, the cells were cultured on different
scaffolds for 14 d, followed by analysis of the expression
levels of Schwann cell markers (S100B, SOX10, GFAP, and
GAP43) using real-time PCR. We found that the expression
of all genes was significantly increased in cells cultured on

Li-loaded ENSs compared with cells cultured without Li
(Fig. 5a). Consistently, immunostaining of the hADMSCs
cultured on PLA/10% AA/Li (Fig. 5b) showed significant
expression of SOX10, GFAP, and GAP43 ((84.66 ± 6.50)%,
(84.00 ± 6.24)%, and (82.00 ± 4.58)%, respectively) com-
pared with those without Li ((26.33 ± 5.03)%, (37.00 ±
5.29)%, and (28.33 ± 9.29)%, respectively).

The significant difference in the level of gene expres-
sion between Li-loaded and Li-free scaffolds indicated the
decisive role of Li in SCLC differentiation. Because we
have demonstrated that the concentrations of Li released
from the PLA/AA/Li ENSs upregulated Wnt/β-catenin tar-
get genes, it is plausible to claim that Li promoted the SCLC
differentiation of hADMSCs through the activation of the
Wnt/β-catenin signaling pathway.
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Fig. 4 Viability and proliferation of human adipose-derived mesenchy-
mal stem cells (hADMSCs) on electrospun nanofibrous scaffolds
(ENSs). a Live–dead assay by acridine orange/ethidium bromide
(AO/EB) dual staining. Representative images show the viability of
hADMSCs on PLA/10% AA+ ENSs. Live cells show green fluores-
cence and dead cells show orange-red fluorescence. Scale bars represent
200 µm (a1–a3). Viability ratio is calculated by single-cell counting 1,
4, and 7 d after culture of hADMSCs on PLA/10%AA+ ENSs (n � 10)

(a4). b 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay of hADMSCs on ENSs for 1, 4, and 7 d. The cell prolifer-
ation rate showed no significant differences among the groups at each
time point (n� 5). + indicates the ENSwith lithium (Li) and − indicates
theENSwithout Li.All data are expressed asmean± standard deviation
(SD), one-way analysis of variance (ANOVA) with the Tukey–Kramer
test. OD570: optical density at 570 nm; ns: not significant; TCP: tissue
culture plate; PLA: polylactide; AA: acrylic acid

Effects of Li-loaded scaffolds on the recovery
of sensory andmotor function in a rat model
of sciatic nerve injury

To determine whether the ENSs could promote regenera-
tion and recover the function of injured peripheral nerves
in vivo, we implanted our engineered scaffolds at the site
of sciatic nerve injury and wrapped them around without
suturing. We then performed functional, electrophysiologi-
cal, and histological analyses. The Wistar rats were divided
into five groups: 1) control (CTR), 2) PLA/plasma, 3)
PLA/AA, 4) PLA/AA/Li, and 5) PLA/AA/Li/cell (SCLCs
seeded on plasma-treated AA-grafted ENSs containing Li).
Sensory andmotor functional recovery of the hind limbswere
assessed onDay 0 (the 1st day after surgery) and at 2, 4, and 6
weeks after surgery. Sensory-motor function was examined
by analyzing the paw withdrawal threshold using the von
Frey filament test. Our results showed that the thresholds in
the animals in the PLA/AA/Li and PLA/AA/Li/cell groups
((8.33 ± 0.06) and (11.03 ± 0.54) g, respectively) were sig-
nificantly lower than those in the CTR group ((36.83± 2.23)
g) (p < 0.0001) (Fig. 6b), indicating that the sensory-motor

function of the injured sciatic nerve was recovered by the
implanted scaffolds.

Sensory recovery was evaluated using thermal withdrawal
latency (TWL) analysis. We found that the TWL in the
PLA/AA/Li and PLA/AA/Li/cell groups ((2.35 ± 0.47) and
(2.33 ± 0.23) s, respectively) was significantly decreased
compared with that in the CTR group ((7.93 ± 0.20) s) (p
< 0.0001), indicating the improvement of functional sensory
recovery in these groups (Fig. 6c).

Motor recovery after sciatic nerve injury was assessed
using CatWalk gait analysis, which is a routine method used
to examine nerve regeneration and functional recovery. This
method is a helpful measure for evaluating the middle-stage
recovery in muscle force 6-week postsurgery [1]. The SFI
values andwalking track prints of all five groups are shown in
Figs. 6d and 6e, respectively. At 6-week postsurgery, the SFI
(0 � normal; −100 � nonfunctional) in the PLA/AA/Li and
PLA/AA/Li/cell groups (−14.35± 0.73 and−13.71± 0.81,
respectively) was significantly increased compared with that
in the CTR group (−41.50 ± 2.64) (p < 0.001). In addition,
in these two groups, the footprints showed almost the same
distances between the front and hind paws on a step sequence
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Fig. 5 Differentiation of human adipose-derived mesenchymal stem
cells (hADMSCs) cultured on lithium (Li)-loaded electrospun nanofi-
brous scaffolds (ENSs) into Schwann cell fates. a Real-time reverse
transcription-polymerase chain reaction (RT-PCR) analysis of the
expression of Schwann cell markers in hADMSCs cultured on ENSs
(with Li versus without Li) for 14 d. The expression of all genes was sig-
nificantly upregulated in the Li-loaded ENSs compared with their own
control group. + indicates theENSwithLi and− indicates theENSwith-
out Li. b Immunofluorescence staining of hADMSCs with anti-SOX10,
anti-GFAP, and anti-GAP43 after 14 d of culture on Li+ (PLA/10% AA

ENS containing Li) versus Li− (PLA/10% AA ENS without Li). All
nuclei were stained with DAPI. Nuclear expression of SOX10 and cyto-
plasmic expression of GFAP and GAP43 were observed in the induced
hADMSCs. Scale bars represent 100 µm (b1). Comparative analysis
of the mean percentages of SOX10, GFAP, and GAP43 markers (n �
10) (b2). All data are expressed as mean ± standard deviation (SD).
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way analysis
of variance (ANOVA) with Tukey–Kramer test. GFAP: glial fibrillary
acidic protein;GAP43: recombinant growth associated protein 43; PLA:
polylactide; AA: acrylic acid; DAPI: 4’,6-diamidino-2-phenylindole

and were improved significantly compared with those in the
CTR group (Fig. 6e). These findings imply that motor func-
tion was recovered in the Li-loaded groups.

To evaluate muscle atrophy, the gastrocnemius muscles
from both the injured and the contralateral sides were
dissected 6-week postsurgery and their wet weights were
measured. Morphological observation showed that the gas-
trocnemius muscles on the injured side were atrophied in all
groups (Fig. 7a). However, in the PLA/plasma and PLA/AA
groups, thewetmuscleweights of the gastrocnemius (injured
side/intact side) were significantly higher ((61.83 ± 1.59)%
and (67.51 ± 1.15)%, respectively) compared with the CTR
group ((53.44± 0.57)%) (p<0.01, p<0.0001). Interestingly,
in the PLA/AA/Li and PLA/AA/Li/cell groups, the wet mus-
cle weights were significantly higher than that of the CTR
group ((81.66 ± 1.66)% and (83.32 ± 0.78)%, respectively)
and reflected 80% of the muscle weight of the intact side (p
< 0.0001) (Fig. 7b).

These findings suggest that PLA/AA/Li and
PLA/AA/Li/cell implantation improves the recovery of
sensory, motor, and sensory-motor abilities after sciatic
nerve injury. The results also indicate that ENSs do not
disrupt the normal function of the sciatic nerve and are
therefore harmless to the peripheral nerve tissue.

Li-loaded scaffolds recovered the CMAP, NCV, and TL
in a rat model of sciatic nerve injury

To evaluate the functional regeneration and muscle reinner-
vation of the injured nerve, electrophysiological parameters
were assessed 6-week postsurgery. As shown in Figs. 7c–7e
and Fig. S5 (Supplementary Information), the CMAP or
NCV in the PLA/plasma and PLA/AA groups did not change
significantly comparedwith that in the CTR group. However,
the CMAP and NCV in the PLA/AA/Li ((25.84 ± 0.17) mV
and (54.37 ± 2.51) m/s, respectively) and PLA/AA/Li/cell
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Fig. 6 Recovery analysis of sensory and motor function in the periph-
eral nerve injury (PNI) rat model. a Wistar rats were anesthetized by
intraperitoneal injection of ketamine and xylazine HCl, and the sci-
atic nerve was exposed and then crushed (a1). The ENS (a2) was
implanted at the injury site (a3) and wrapped around the nerve (a4–a6).
b–d Sensory and motor functional recovery of animals’ hind limbs in
different groups was assessed 0- (the 2nd day after surgery), 2-, 4-, and
6-week postsurgery using von Frey filament (b), thermal withdrawal
latency (TWL) (c), and walk gait analysis (d). b The von Frey results
showed that the paw withdrawal threshold in the control (CTR) group
was significantly higher than that in the lithium (Li) and Li/cell-treated
groups. c Hot plate results showed that the TWLs of the Li and Li/cell
groupswere significantly reduced comparedwith that of theCTRgroup,

indicating functional sensory recovery in these groups. d The sciatic
function index (SFI) values in the PLA/AA/Li and PLA/AA/Li/cell
groups were increased significantly compared with that of the CTR
group 6-week postsurgery. e Progression of walking tracks (footprints)
in the normal and treated groups 6-week postsurgery. In the PLA/AA/Li
and PLA/AA/Li/cell groups, the footprints showed almost the same dis-
tances and were improved significantly compared with the CTR group.
All data are expressed as mean ± standard deviation (SD), n � 5. *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way analysis of
variance (ANOVA) with Tukey–Kramer test. PLA: polylactide; AA:
acrylic acid; PL: print length (length from the third toe to the heel); TS:
toe spread (length from the first to the fifth toe); ITS: intertoe spread
(length from the second to the fourth toe); ns: not significant
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Fig. 7 Musculus gastrocnemius evaluation and electrophysiological
assessment in the peripheral nerve injury (PNI) rat model. a Represen-
tative gross appearance of the gastrocnemius muscles from both hind
limbs 6-week postsurgery in the different groups. Although the muscles
on the injured side were atrophied in all groups, the muscle size and
morphology in the PLA/AA/Li and PLA/AA/Li/cell groups were more
similar to those on the intact side than those in the other groups. Scale
bars represent 10 mm. L: left (intact) side; R: right (injured) side. b The
wet weights of the gastrocnemius muscle in all groups, especially in the
PLA/AA/Li and PLA/AA/Li/cell groups, were increased significantly

compared with that of the control (CTR) group. c–eQuantitative analy-
ses of the electrophysiological assessment record at 6-week postsurgery.
The injured nerves in the PLA/AA/Li and PLA/AA/Li/cell groups were
significantly recovered in terms of the compound muscle action poten-
tial (CMAP) (c), nerve conduction velocity (NCV) (d), and terminal
latency (TL) (e) compared with those in the CTR group. All data are
expressed as mean ± standard deviation (SD), n � 5. **p < 0.01, ***p <
0.001, ****p < 0.0001, one-way analysis of variance (ANOVA) with
Tukey–Kramer test. PLA: polylactide; AA: acrylic acid; Li: lithium

groups ((26.86 ± 0.65) mV and (52.56 ± 3.03) m/s, respec-
tively) were significantly increased compared with those in
the CTR group ((16.77 ± 0.91) mV and (21.42 ± 0.86)
m/s, respectively). The TL was significantly decreased in
the PLA/AA/Li and PLA/AA/Li/cell groups ((1.86 ± 0.03)
and (1.70 ± 0.15) ms, respectively) compared with that in
the CTR group ((2.58 ± 0.04) ms). These results clearly
indicated that PLA/AA/Li and PLA/AA/Li/cell implantation
enhanced nerve regeneration after sciatic nerve injury.

Li-loaded scaffolds increased the number
of organized regenerating axons in a rat model
of sciatic nerve injury

For histological evaluation of the regenerated sciatic nerve,
H&E staining was performed 6 weeks after surgery. As
shown in Fig. S4 (Supplementary Information), in the intact
group, myelinated fibers were well arranged with no signs of
nerve damage. However, in the CTR group, there was loss
of myelinated axons in the injured area, which was filled by
fibrous connective tissues (Fig. 8a). In the PLA/plasma and
PLA/AA groups, disorganized nerve fibers were surrounded
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Fig. 8 Histological analysis of the regenerated sciatic nerve in the
peripheral nerve injury (PNI) rat model. a Histopathology of the sciatic
nerves 6 weeks after injury indicated more arranged fibers and regen-
eration of the myelin sheath in the PLA/AA/Li and PLA/AA/Li/cell
groups compared with the control (CTR) group. In the CTR group,
the injured area was almost completely filled by fibrous connective tis-
sues. In the PLA/AA/Li and PLA/AA/Li/cell groups, a large number
of myelinated axons (yellow arrows), low vacuolation (black arrows),
and fibrosis were observed in the trauma area. Yellow dotted line area:
nerve fibers. b Immunohistochemical staining of sciatic nerves 6-week
postsurgery with anti-NF200, anti-S100B, and anti-SOX10 antibod-
ies. Increased expression of NF200, S100B, and SOX10 was seen in
the PLA/AA/Li and PLA/AA/Li/cell groups compared with the CTR
group. Scale bars represent 50 µm. c Toluidine blue staining of sci-
atic nerves 6-week postsurgery. The PLA/AA/Li and PLA/AA/Li/cell
groups had more arranged, distinct, and bundled myelinated axons than
the CTR group. Yellow arrows: typical axons (axons with evident blue
annulae); green arrows: degenerating axons (less distinct axons and
myelin debris); red arrows: regenerating axons (distinct and small diam-
eter axons). Scale bars represent 50 µm. d Analysis of the number

and diameter of myelinated axons 6-week postsurgery. As shown, the
PLA/AA/Li and PLA/AA/Li/cell groups showed increased axon den-
sity, axon diameter, and G-ratio compared with the CTR group. The
corresponding average diameters of the axons and fibers were evalu-
ated using ImageJ software. All data are expressed as mean ± standard
deviation (SD), n=10. *p < 0.05, **p < 0.01, ****p < 0.0001, one-way
analysis of variance (ANOVA) with Tukey–Kramer test. ns: not sig-
nificant. e Transmission electron micrographs of transverse sections of
sciatic nerves taken 6 weeks after surgery. The sciatic nerve ultrastruc-
ture indicated that the myelinated nerve fibers of the PLA/AA/Li and
PLA/AA/Li/cell groups were more regular and uniform in diameter and
shape compared with those of the CTR group. Multiple unmyelinated
axons (green arrows) surrounded by Remak Schwann cells (yellow
arrows) grouped in Remak bundles. Myelin debris (thick black arrows)
and vacuoles within the myelin structures (thin black arrows) were only
observed in the CTR group. M: myelinated axons with regular myelin
lamellae; white asterisk: Remak Schwann cell nucleus; yellow aster-
isks: myelinating Schwann cell nucleus. H&E: hematoxylin and eosin.
PLA: polylactide; AA: acrylic acid; Li: lithium
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by a thick layer of fibrotic tissue, and some chronic inflam-
matory cells, such asmultinucleated giant cells, were evident
(Fig. S4 in Supplementary Information). As expected, in the
PLA/AA/Li and PLA/AA/Li/cell groups, the nerve injury
area was decreased, nerve fibers were arranged more nor-
mally, and no obvious inflammatory cells were observed.
Similar to the PLA/plasma and PLA/AA groups, a fibrotic
layer surrounded the newly regenerated nerve tissues in these
groups (Fig. 8a; Fig. S4 in Supplementary Information).

Our immunohistochemistry results showed a significantly
increased expression of NF200 (a marker of myelinated
nerve fibers), SOX10 and S100B (Schwann cell mark-
ers) in the regenerated nerve fibers of the PLA/AA/Li and
PLA/AA/Li/cell groups compared with the CTR group,
indicating a significant increase in myelinated nerve fibers
6-week postsurgery (Fig. 8b).

To further investigate the histological characteristics of
the regenerating axons, the regenerating nerves were stained
with toluidine blue, which stains the myelin sheath (Fig. 8c).
We found an increased number of typical and regenerating
axons (small diameter) within the nerves with normal char-
acteristics, including more arranged, distinct, and bundled
myelinated axons, in the Li-loaded ENS groups compared
with the CTR group. Our quantification analysis demon-
strated that the axon density and diameter were significantly
increased in the PLA/AA/Li ((13.23 ± 0.45) × 103/mm2

and (6.30 ± 0.53) µm, respectively) and PLA/AA/Li/cell
groups ((13.97 ± 0.15) × 103/mm2 and (6.52 ± 0.52) µm,
respectively) compared with those in the CTR group ((5.99
± 0.13) × 103/mm2 and (3.62 ± 0.08) µm, respectively).
In addition, the G-ratio (the degree of axonal myelination)
in the PLA/AA/Li/cell group (0.60 ± 0.04, p � 0.0433) was
significantly increased compared with that in the CTR group
(0.42 ± 0.01) (Fig. 8d).

TEM analysis of regenerating nerves 6-week postsurgery
confirmed the above results and showed that the regenerated
nerves in the PLA/AA/Li and PLA/AA/Li/cell groups were
more organized and uniform in diameter and shape compared
with those in theCTRgroup (Fig. 8e).Moreover,weobserved
RemakSchwann cells in the nerve sections of thePLA/AA/Li
and PLA/AA/Li/cell groups, indicating that the nerves of
these groups were in the regenerating phase.

Together, these findings indicate that the improved axonal
regeneration in the Li-loaded ENSs leads to structural
arrangements that resemble the intact sciatic nerve. In addi-
tion, because Li-containing scaffolds with/without cells had
almost the same regenerative effects, this suggests that Li
is the main factor in our scaffold that contributes to sciatic
nerve regeneration.

Discussion

Recently, tissue engineering using polymeric scaffolds with
or without live cells has provided an alternative therapy to
traditional transplantationmethods.Althoughdifferent struc-
tures and biomaterials have been proposed for PNI treatment,
their poor outcomes have initiated further research. The aim
of the present study was to design a novel scaffold with
a desirable electrospun nanofiber topography and the abil-
ity to release Li to activate Wnt/β-catenin signaling toward
Schwann cell differentiation and axonal regeneration in an
animal model of PNI.

In this study, we fabricated Li-loaded ENSs using an ion-
exchange technique in which the incorporation of negatively
charged groups functionalized polymeric materials [30, 46,
47]. PLA was first functionalized by carboxyl groups to pro-
vide cation-exchange properties, after which the Li ions were
exchanged with protons. Among our fabricated scaffolds,
the 10% AA-grafted ENS showed the best characteristics,
including its 11-d release capability. Unlike the localized
delivery method [29], which can result in the rapid release of
a significant amount of Li in a short time and thus has toxicity
concerns, our gradual release method provides a range of Li
concentrations that are not within the toxic range (Figs. 2d
and 2f). Interestingly, we observed strong differentiation of
hADMSCs into SCLCs when the cells were cultured on 3D
ENSs containing Li compared with those cultured on ENSs
without Li (Fig. 5).

Further investigation of the effectiveness of these scaf-
folds was performed in an animal model of PNI. In the
present study, we developed an animal model of crush injury
to mimic persistent nerve injuries such as entrapment neu-
ropathy and nerve crush injury, which account for 80% of
PNIs [1]. To evaluate the nerve regeneration and recovery,
behavioral, electrophysiological, and histological analyses
were performed after implantation of ENSs in the injured
location.

Our behavioral analyses showed that the regeneration rate
in the animals who received Li-loaded ENSs was signifi-
cantly increased compared with that of the control group
and other studies using the same animal model [1, 48, 49].
Unlike the others [1, 6, 50, 51], we used short intervals for
the behavioral tests; therefore, we were able to show more
precisely the improved sensory, motor, and sensory-motor
function, starting from the 2nd week after the nerve injury.
To the best of our knowledge, our study is the first to show
this rapid improvement in behavioral functions, which was
possibly due to the high concentration of Li released during
the first 2 weeks after implantation.

Our electrophysiological analyses of the gastrocnemius
muscle demonstrated that the CMAP and NCV values were
significantly higher in the Li-loaded ENSs group than in the
CTR group. Generally, these factors collectively influence
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the speed at which electrical signals are conducted along
the nerve fibers. The CMAP is believed to be influenced by
the diameter of the nerve as it directly affects the number
of neurons contributing to the response. The NCV, on the
other hand, is correlated with several factors, including nerve
fiber diameter, myelin thickness (which affects the speed of
signal transmission), and the distance between the nodes of
Ranvier (knownas the internode distance). In another electro-
physiological characteristic, the TLvalue,which signifies the
time from stimulation to the response onset, was decreased
in the Li-loaded ENSs groups compared with that of the CTR
group. This result was indicative of the decreased conduction
time from the stimulation point to the distal end, aswell as the
transmission time across the neuromuscular junction. There-
fore, consistent with the results of the behavioral analysis,
these results indicated that Li-loaded ENSs (with or without
cells) promoted axonal regeneration and muscle reinnerva-
tion by increasing the myelin thickness, conduction speed,
and the number of neurons.

Our histological analyses revealed a lower grade of fibro-
sis, higher axon density, and prominent increase in myeli-
nated nerve fibers and Schwann cells in the nerve sections of
animals implantedwithLi-loadedENSs comparedwith those
of the control group and other studies [50]. Moreover, evalu-
ation of the weight ratio of the gastrocnemius muscles from
the affected and unaffected sides showed almost no muscle
atrophy in the Li-loaded ENS groups, although it has been
reported by others [29, 50]. The TEM micrograph showed
that there were some cells with characteristics of nonmyeli-
nating Remak Schwann cells, which have been previously
reported to undergo a transformation to a specialized cell
type. Therefore, they generated necessary signals and spatial
cues that actively facilitated the repair process of the nerve
[52].ThepresenceofRemakSchwanncells distal to thenerve
damage further suggests that the nerves of the Li-loaded ENS
groupswere in the regenerating phase. Therefore, in linewith
the results of the behavioral and electrophysiological tests,
our histological results showed that implantationofLi-loaded
ENSs to the site of injury could enhance nerve regenera-
tion and remyelination. Because rapid nerve regeneration
was demonstrated in our behavioral tests, further histolog-
ical analysis at more time points, especially as early as 2
weeks after surgery, could produce more useful data for a
better clarification of the details of the repair mechanism.

Our results from both in vitro and in vivo experiments
showed that the expression levels of the Schwann-specific
markers S100B (a marker of most Schwann cell stages),
GFAP and SOX10 (earlymarkers), andGAP43 (an end-stage
marker) (Figs. 5 and 8b) were increased by Li-containing
scaffolds, indicating that Li promoted Schwann cell differ-
entiation. This result is consistent with those of other studies
that showed that Li not only stimulated the expression of
myelin genes but also induced the differentiation of SCs [24,

25]. Considering the central role of Schwann cells in periph-
eral nerve regeneration, we could claim that Li released from
our implanted scaffold affected Schwann cell differentiation
of both local and transplanted cells in the injured nerve.

From the in vivo results presented in this study, it
can be inferred that Li is the main element of our fabri-
cated scaffold that contributes to sciatic nerve regeneration.
Li, an antidepressant agent, inhibits GSK3β and activates
the Wnt/β-catenin signaling pathway. Several studies have
shown that the Wnt/β-catenin signaling pathway is a key
element in myelin gene expression and myelinogenesis [10,
53–55], a positive regulator of the remyelination process [56,
57], and an enhancer of the viability, proliferation, and dif-
ferentiation of Schwann cells [26, 58]. In our experiment, the
10%AA-graftedENShad an11-dLi release capacity ranging
from0.02 to (3.64± 0.10)mmol/L, whichwas in the range of
concentration that upregulated the expression of c-Myc and
cyclinD1 (Wnt/β-catenin target genes) (Fig. 2g). It should be
noted that despite the initial peak release of Li on the 1st day,
Li release, even at itsminimumconcentration (0.02mmol/L),
within the last days of release remained sufficiently potent to
activate the Wnt/β-catenin signaling pathway (Fig. 2g). Fur-
thermore, due to the less aqueous environment in vivo, the
release rate would be even lower [6], which would prolong
the Li release window, a feature that can provide even bet-
ter conditions for regeneration. Therefore, although further
and more detailed studies are needed, our results suggest that
Li exerts its effect by activating the Wnt/β-catenin signaling
pathway.

Our behavioral, electrophysiological, and histological
results showed that the cell-free Li-containing scaffolds
caused regeneration of the injured sciatic nerve to almost the
same extent as the cell-seeded scaffolds. While several stud-
ies have demonstrated the advantages of using cell-seeded
scaffolds over cell-free ones [59], others have highlighted the
drawbacks of cell transplantation and have suggested promis-
ing alternatives [60]. The discrepancy between these findings
could be attributed to the number of transplanted cells,
cell damage caused by the transplantation, and interactions
between the transplanted cells and the host environment.
Therefore, further research is required to address this ques-
tion.

Conclusions

In this study, an electrospun scaffold grafted with polyacrylic
acid was designed as a new scaffold with the ability to release
stable and adjustable Li ions through an ion-exchange mech-
anism. Providing both biophysical and biochemical signals
simultaneously, our fabricated scaffold not only provides
an appropriate condition to induce and promote Schwann
cell differentiation of hADMSCs but also accelerates the
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axonal regeneration and functional recovery of peripheral
nerves with a low grade of fibrosis and myoatrophy. A
closer look at our results clearly shows the pivotal impact
of Li versus the scaffold alone in nerve regeneration. Acting
probably through activation of the Wnt/β-catenin signal-
ing pathway, Li may recruit local immune cells and/or
stem/progenitor/Schwann cells to the injury site and employ
them for peripheral nerve regeneration. Therefore, our fabri-
cated ENS can be offered as a promising scaffold for both cell
replacement and cell-free therapies in nerve tissue engineer-
ing applications and provides a new insight into Schwann
cell-related diseases.
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