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A B S T R A C T   

Biomaterials can modulate the local immune and repair-supportive microenvironments to promote peripheral 
nerve regeneration. Inorganic bioceramics have been widely used for regulating tissue regeneration and local 
immune response. However, little is known on whether inorganic bioceramics can have potential for enhancing 
peripheral nerve regeneration and what are the mechanisms underlying their actions. Here, the inorganic 
lithium-magnesium-silicon (Li–Mg–Si, LMS) bioceramics containing scaffolds are fabricated and characterized. 
The LMS-containing scaffolds had no cytotoxicity against rat Schwann cells (SCs), but promoted their migration 
and differentiation towards a remyelination state by up-regulating the expression of neurotrophic factors in a 
β-catenin–dependent manner. Furthermore, using single cell-sequencing, we showed that LMS-containing scaf-
folds promoted macrophage polarization towards the pro-regenerative M2-like cells, which subsequently facil-
itated the migration and differentiation of SCs. Moreover, implantation with the LMS-containing nerve guidance 
conduits (NGCs) increased the frequency of M2-like macrophage infiltration and enhanced nerve regeneration 
and motor functional recovery in a rat model of sciatic nerve injury. Collectively, these findings indicated that 
the inorganic LMS bioceramics offered a potential strategy for enhancing peripheral nerve regeneration by 
modulating the immune microenvironment and promoting SCs remyelination.   

1. Introduction 

Peripheral nerve injury (PNI) can lead to the dysfunctions of sensory 
and motor nerves, and neuropathic pain, which remains a major clinical 
concern [1,2]. Following PNI, the injured nerves will be repaired by 

spontaneous self-healing process. However, such nerves repair has 
inherent limitation and incomplete with a poor functional recovery. 
Hence, the repairment of nerves after PNI continues to be a major 
challenge in the field of neurosurgery [3,4]. Autologous nerve graft 
(ANG) is the gold-standard method for bridging a long nerve gap (>5 
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mm). However, the availability of donor nerves is limited due to the loss 
of function at the donor site, neuroma formation, nerve distortion or 
dislocation, and mismatch in size between the donor and host nerves [2, 
5]. Hence, development of new tissue engineering strategies to promote 
peripheral nerve regeneration using biomaterial nerve guidance con-
duits (NGCs) in combination with cells, drugs, growth factors and others 
loaded as an alternative of ANG will be of great significance in man-
agement of PNI [6–8]. 

Successful biomaterial NGCs for peripheral nerve regeneration de-
pends on the interaction of intricated NGCs with host’s immune re-
sponses and Schwann cells (SCs) recruitment and differentiation [1,7,9]. 
Previous studies have showed that PNI can induce the de-differentiation 
of SCs in the ends of defect, leading to the production of chemokines that 
recruit immune cells into defect lesions for the clearance of debris [10, 
11]. Additionally, the NGC-grafts can induce innate immune responses 
in the body. During the process of immune responses to the grafted 
biomaterials, macrophages are the early infiltrates and crucial for 
biomaterial-mediated immune reactions. Macrophages can also transit 
immune response to tissue regeneration process, and modulation of 
macrophage activation and functions is crucial for the control of host 
responses to grafted biomaterials [12–14]. The high plasticity of mac-
rophages makes them to be a potential target for promoting nerve 
regeneration. Furthermore, SCs are also critical for the process of pe-
ripheral nerve regeneration by switching from a proliferative, 
un-myelinating phenotype to re-myelinating phenotype [15–17]. Thus, 
the early-stage proliferation and late-stage remyelination of SCs are 
essential, but theoretically, these two biological processes can be 
mutually exclusive [16,18]. Therefore, the ability of promoting the dy-
namic functions of SCs during the nerve regenerative process is a criti-
cally design standard of effective nerve conduit. Therefore, how to 
mimic and maintain dynamic repair-supportive microenvironments that 
are beneficial to peripheral nerve regeneration is a priority to design 
bioactive NGCs. 

Bioceramics have been widely used in the field of bone and soft tissue 
regeneration due to their key properties to maintain a repair-supportive 
microenvironments [19]. However, little is known on whether inorganic 
bioceramics can have potential for enhancing peripheral nerve regen-
eration and what are the mechanisms underlying their actions. Previous 
studies have showed that lithium (Li) element has been widely used in 
the central nervous system (CNS) for the treatment of trauma and 
chronic neurodegenerative diseases, such as Alzheimer’s disease, Hun-
tington’s disease, and Parkinson’s disease, due to its anti-apoptotic, 
anti-inflammatory and neuroprotective properties [20–22]. Actually, 
treatment with combination of Li chloride and polycaprolactone en-
hances peripheral nerve regeneration and Li ions appear to be valuable 
for promoting peripheral nerve regeneration [23,24]. Magnesium (Mg) 
ions can stimulate nerve fibers regeneration without obvious cytotox-
icity [25–27]. Our prior studies have shown that Si-containing com-
pounds can simultaneously stimulate the differentiation of multiple 
types of cells towards specific lineages [28–30]. In addition, recent 
studies have indicated that ions released by biomaterials can modulate 
the immune microenvironment [31–33]. Some ions, such as Mg [32], 
zinc (Zn) [34], molybdenum (Mo) [35], manganese (Mn) [36] and 
strontium (Sr) [37] can suppress the secretion of inflammatory cytokines 
by macrophages, thereby promote tissue regeneration. However, 
whether these aforementioned inorganic ions can be used to maintain 
the repair-supportive environments that can facilitate peripheral nerve 
regeneration remains to be answered. 

In the current study, the Li–Mg–Si (LMS) bioceramics and LMS- 
containing scaffolds were generated. The LMS-containing scaffolds are 
found to promote the peripheral nerve regeneration by providing a 
dynamic immuno-modulatory and repair-supportive microenvironment. 
This study indicates that LMS bioceramics can be applied as a promising 
biomaterial for promoting peripheral nerve regeneration. 

2. Materials & methods 

2.1. Fabrication and characterization of Li–Mg–Si (LMS) bioceramics 
and LMS-containing scaffolds 

The LMS powders were made of with lithium nitrate (LiNO3), mag-
nesium nitrate hexahydrate (Mg(NO3)2⋅6H2O), and tetraethyl orthosi-
licate (Sinopharm Chemical Reagent, China) by sol-gel method [30]. 
The nanofibrous scaffolds containing LMS bioceramics were prepared by 
an electrospinning process using PCL (Mn = 80 kDa) and 1,1,1,3,3, 
3-hexafluoro-2-propanol (HFIP, Alladin Reagent, China). 0 g, 0.025 g, 
0.05 g, 0.1 g and 0.15 g LMS bioceramics were suspended in 10 mL HFIP 
solution and were ultra sonicated for 30 min, followed by addition of 1 g 
PCL for 24 h to obtain 0, 2.5, 5, 10 or 15% LMS bioceramics respectively. 
This option of concentrations of LMS bioceramics was based on our prior 
experience that concentrations of LMS bioceramics higher than 15% led 
to significant cytotoxicity. The mixed solutions were next poured into a 
10-mL syringe with a 20-gauge needle, followed by electrospinning at 
room temperature with an electric field strength of 10 kV, a 12 cm air 
gap distance, and a flow rate of 0.02 mL/min at 50–60% relative hu-
midity [38–40]. The produced nanofibrous materials were dried in the 
air at room temperature for 48 h under a roller rotating at 200–300 rpm. 
The prepared scaffolds containing different amounts of LMS bioceramics 
(0, 2.5, 5, 10 or 15%) were named as PCL, 2.5LMS-PCL, 5LMS-PCL, 
10LMS-PCL, and 15LMS-PCL, respectively. Indicated scaffolds were 
rolled up into a conduit using a custom mold for the in-vivo experiments. 

The morphology of LMS bioceramics and scaffolds was examined 
under a scanning electron microscope (SEM, JSM-6700F, JEOL, Japan). 
Transmission electron microscope (TEM, F200X G2, FEI TALOS, USA) 
was used to determine the distribution of LMS particles in the fibers. The 
size distribution of the LMS bioceramic particles was detected by a laser 
particle size analyzer (Mastersizer 2000, Malvern, England). The pow-
ders and scaffolds were characterized by X-ray photoelectron spectros-
copy (XPS, Thermo Scientific ESCALAB 250Xi, USA), and X-ray 
diffractometer (XRD, D8, Bruker AXS, Karlsruhe, Germany) using Cu Kα 
radiation and operating at 40 KV with 40 mA, as well as scanned from 
10◦ to 90◦ for 2θ angles at a scanning rate of 5◦/min. To evaluate ion 
release from the scaffolds, samples of the different scaffolds (2.5 cm × 5 
cm each) were soaked in 10 mL of phosphate-buffered saline (PBS) at 
37 ◦C in a shaker for different time periods (1, 3, 5, or 7 days) and 
collected longitudinally. The concentrations of Li, Mg and Si ions in the 
collected samples were analyzed using inductively coupled plasma op-
tical emission spectrometer (ICP, Varian 715-ES). The pH values of the 
collected solutions were measured. 

2.2. In vitro 

2.2.1. Cell culture 
Rat Schwann cells (RSC96) and murine macrophage RAW264.7 cells 

were from Typical Culture Preservation Commission Cell Bank, Chinese 
Academy of Sciences (Shanghai, China). RSC96 and RAW264.7 cells 
were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) 
containing 10% FBS (Cyagen Biosciences, China) and 1% penicillin/ 
streptomycin in a 5% CO2 incubator at 37 ◦C. 

2.2.2. The proliferation, wound healing and differentiation of RSC96 cells 
The LMS extracts were prepared, according to ISO 10993–5. The LMS 

particle samples (200 mg each) were suspended in 1 mL of medium, and 
shaken in 120 rpm at 37 ◦C for 24 h, followed by centrifuging at 1000 
rpm for 10 min. Their supernatants were collected and filtered through a 
0.22 μm filter as the LMS extract stock solution (200 mg/mL). The sock 
solutions were diluted using the medium as 1:2, leading to 1/2 (102.4 
mg/mL), 1/4 (51.2 mg/mL), 1/8 (25.6 mg/mL), 1/16 (12.8 mg/mL), 1/ 
32 (6.4 mg/mL), 1/64 (3.2 mg/mL), 1/128 (1.6 mg/mL), and 1/256 
(0.8 mg/mL), 1/512 (0.4 mg/mL), 1/1024 (0.2 mg/mL) for subsequent 
biological studies. The concentrations of Li, Mg and Si ions in the 
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collected samples were analyzed using inductively coupled plasma op-
tical emission spectrometer (ICP, Varian 715-ES). 

RSC96 cells (2 × 103 cells/well) were cultured in 96-well plate and 
treated in triplicate with the different concentrations of LMS solutions 
for 1, 3 or 7 days. The proliferation of RSC96 cells at each time point was 
measured by the CCK-8 assay using the specific kit (Sigma, USA), per the 
manufacturer’s protocol. The absorbance of the culture supernatants in 
individual wells was measured at 450 nm using a microplate reader 
(SpectraFluor Plus, Tecan, Crailsheim, Germany). 

The effects of LMS extracts on the wound healing of RSC96 cells were 
examined by the wound healing assay. Briefly, RSC96 cells (2 × 104 

cells/well) were cultured in 12-well plates overnight. The formed cell 
monolayers were wounded by scratching with a 200-μL pipette tip. After 
being washed with PBS, the wounded monolayer of cells was treated in 
triplicate with different concentrations of serum-free LMS extracts (1/ 
64, 1/128 or 1/256) and the wound healing of RSC96 cells was observed 
at 0, 12, and 24 h post wounding by photoimaging under an inverted 
light microscope (Model: IX71, Olympus, Japan). 

RSC96 cells (2 × 105 cells/well) were cultured in 6-well plates and 
treated with the different concentrations of LMS extracts for 24 h. The 
expression of myelination-related genes in RSCs was analyzed by RT- 
qPCR using specific primers in Table S1. The expression of 
myelination-related proteins in RSC96 cells was analyzed by immuno-
blotting assays. Briefly, the different groups of cells were lysed in RIPA 
lysis buffer (Beyotime, China) and after being centrifuged, the cell ly-
sates were separated by SDS-PAGE on 4–20% gels (GenScript, China) 
and transferred onto polyvinylidene difluoride membranes. Immuno-
blots were generated by incubation overnight at 4 ◦C with primary an-
tibodies against NGF (Abcam, ab52918, 1:1000), PMP22 (Abcam, 
ab270400,1:1000), NCAM (Abcam, ab220360, 1:1000) and horseradish 
peroxidase (HRP)-conjugated secondary antibodies. The impact of LMS 
extracts on the expression of S100 protein in different groups of RSC96 
cells was tested by immunofluorescence using rabbit monoclonal anti- 
S100β antibody (1:100; cat. no. ab52642, Abcam) and DAPI (Southern 
Biotech, England), TSAPlus kit (G1236, Servicebio, China), following 
the manufacturer’s instructions. The cells were scanned using a Pano-
ramic Scanner with Pannoramic DESK, P-MIDI, P250 (3D HISTECH, 
Hungary). 

2.2.3. The polarization of RAW264.7 cells 
RAW264.7 cells (2 × 105 cells/well) were cultured in 6-well plates 

and treated in triplicate with the different concentrations of LMS ex-
tracts for 3 days. The cells were harvested and the impact of LMS ex-
tracts on M1/M2 polarization was analyzed by flow cytometry using 
antibodies against CD86 (1:50 dilution, BioLegend, USA) and CD206 
(1:400, BioLegend, USA) and Dylight 488-anti-mouse secondary anti-
bodies in a Flow cytometry (BD Accuri C6, USA). The relative levels of 
iNOS, tumor necrosis factor-alpha (TNF-α), arginase 1 (Arg-1), Cluster of 
Differentiation 206 (CD206) gene mRNA transcripts to the control 
GAPDH in the different groups of RAW264.7 cells were quantified by 
qRT-PCR using specific primers in Table S1. The related levels of protein 
expression in the different groups of RAW264.7 cells were measured by 
immunoblotting assays using primary anti-Arg-1 (1:1000, Abcam, 
ab91279), anti-iNOS (1:1000, Abcam, ab49999), and HRP-conjugated 
secondary antibodies. 

2.2.4. Effects of LMS-containing scaffolds on the proliferation, wound 
healing and differentiation of RSC96 cells 

The impact of different scaffolds on the viability of RSC96 cells was 
analyzed using the live/dead cell staining kit (Dojindo, Japan). The 
scaffolds were evaluated by a fluorescence microscope (DMi8 S, Leica) 
and a laser confocal scanning microscope (TCS SP8, Leica) at 488 nm for 
excitation to detect Calcein-AM stained living cells (green) and 556 nm 
for excitation to detect PI-stained dead cells (red). The proliferation of 
RSC96 cells cultured on different scaffolds for 1 or 3 days was tested by 
CCK-8 (Sigma, USA). The levels of myelination-related gene mRNA 

transcripts to the contorl GAPDH in individual groups of RSC96 cells 
were quantified by RT-qPCR. The expression levels of myelination- 
related proteins in individual groups of RSC96 cells were character-
ized by immunoblotting. 

To analyze the transcriptome profiles, RSC96 cells were cultured on 
the LMS-containing or control PCL scaffolds for 1 day and their total 
RNA was extracted using TRIzol reagent (Invitrogen, USA), according to 
the manufacturer’s instructions. The RNA samples were reverse- 
transcribed into cDNA to construct libraries using the VAHTSTM Total 
RNA-Seq (H/M/R) Library Prep Kit (VAHTSTM, China). The RNA li-
braries were sequenced and the differentially expressed genes (DEGs) 
were identified by TopHat and Cufflinks using the Fragments Per Kilo-
base of transcript per Million mapped reads (FPKM) method. The DESeq 
algorithm was used to screen DEGs between groups. The biological 
functions of the DEGs were analyzed by GO enrichment analysis 
(http://www.geneontology.org/). 

XAV-939 (Selleck, China) was dissolved in dimethyl sulfoxide 
(DMSO) at a stock concentration of 10 mM, and served as a highly se-
lective inhibitor of the Wnt/β-catenin. To evaluate the involvement of 
the Wnt/β-catenin signaling in the remyelination of RSC96 cells medi-
ated by LMS, RSC96 cells were pre-treated with XAV-939 (20 μM) for 2 h 
and subsequently cultured with different scaffolds. The levels of 
myelination-related gene expression in individual groups of cells were 
determined by RT-qPCR and immunoblotting. 

2.2.5. Single cell RNA sequencing (scRNA-seq) analysis of macrophages 
cultured on LMS containing scaffolds 

The impact of LMS-containing scaffold on RAW264.7 cell polar-
tiation was analyzed by single cell RNA sequencing (scRNA-seq). In 
Briefly, RAW264.7 cells (2 × 105 cells/well) were cutlured on the con-
torl PCL or LMS-containing scaffolds for 3 days and harvested, followed 
by preparing single cell suspension, according to the 10x Genomics® 
Cell Preparation Guide of the manufacture. The cell suspension was 
loaded into Chromium microfluidic chips with 3′ chemistry and bar-
coded with a 10 × Chromium Controller (10X Genomics). Total RNA 
was extracted from the barcoded cells and reverse-transcribed to 
construct libraries using a Chromium Single Cell 3′ reagent kit (10X 
Genomics), according to the manufacturer’s instructions. The RNA li-
braries were sequenced in Illumina (NovaSeq), according to the manu-
facturer’s instructions (Illumina). After quality control of raw reads 
performed by FastQC, the raw reads were demultiplexed and mapped to 
the reference genome in the 10X Genomics Cell Ranger pipeline 
(https://support.10xgenomics.com/single_cell_gene_expression/softwa 
re/pipelines/latest/what_is_cell_ranger) using default parameters. The 
quality of all 20661 spots was controlled (Table S2). The scRNA 
expression matrices were analyzed using the ‘Seurat’ package v4.1.1 in 
R v4.1.0. All samples were combined using the ‘FindIntegrationAnchors’ 
function. Dimensionality reduction and clustering were performed by 
principal component analysis (PCA) using the ‘RunPCA’ function. The 
DEGs were analyzed by the ‘FindAllMarkers’ function. The potential 
functions of these DEGs were analyzed by functional enrichment anal-
ysis, including GO and KEGG using the ‘clusterProfiler’ package. 
Transformation of scRNA-seq counted data was performed by scSTAR 
[41]. The global transcriptomic profiles were analyzed by Trajectory 
analysis using the monocle3 package. All data were visualized using the 
‘ggplot2’ and ‘ggsci’ packages. 

2.2.6. Effects of polarized macrophages by LMS containing scaffold on SC 
proliferation, migration and myelination in vitro 

To explore the effect of LMS-containing scaffolds on macrophage 
polarization, RAW264.7 cells (2 × 105 cells/well) were cultured on the 
contorl PCL or 5LMS-PCL scaffolds in the presence or absence of 1 μg/mL 
of lipopolysaccharide (LPS, Sigma, USA) for 72 h. Similarly, RAW264.7 
cells were treated with, or without (the contorl), LPS in DMEM for 72 h. 
The cells were isolated and subjected to immunofluorescent staining and 
flow cytometry using the primary antibodies against CD68, CD206 and 
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iNOS (Abcam, USA), and secondary antibody Alexa Fluor 488 goat anti- 
mouse IgG (1:200, Abacam, USA) and Alexa Fluor 594 goat anti-rabbit 
IgG (1:200, Abcam, USA) as well as nuclear staining with DAPI. 

The relative leves of interleukin-1α (IL-1a), interleukin-1β (IL-1β), IL- 
6, IL-10, TNF-α, iNOS mRNA transcripts to the contorl GAPDH in indi-
vidual groups of RAW264.7 cells were quantified by qRT-PCR. The 
expression levels of inflammatory proteins in those RAW264.7 cells 
were measured by immunoblotting using primary antibodies anti-Arg-1 
(1:1000, Abcam, ab91279) and anti-iNOS (1:1000, Abcam, ab49999), 
and HRP-conjugated secondary antibodies. 

The influence of polarized macrophages on the proliferation, wound 
healing and myelination of RSC96 cells was examined. Briefly, 
RAW264.7 cells were cultured on the PCL or 5LMS - PCL scaffolds for 3 
days and their suppernatants were harvested as stimulati. RSC96 cells 
were cultured in the medium supplemented with the stimulati at a ratio 
of 1:1. The proliferation and wound healing of RSC96 cells were 
determined by the CCK-8, wound healing and transwell migration as-
says, respectively. The levels of myelination-related gene mRNA tran-
scripts to the contorl GAPDH in individual groups of RSC96 cells were 
quantified by RT-qPCR. 

2.3. In vivo 

The animal experiment protocols were approved by the Animal 
Experiment Ethics Committee of Shanghai Ninth People’s Hospital 
affiliated to Shanghai Jiao tong University, China. The studies were 
designed according to the guidelines of the Animal Research: Reporting 
of In Vivo Experiments (ARRIVE). 

2.3.1. Animal surgery 
Sprague–Dawley (SD) rats (male, weighing 280–320 g) were ob-

tained from the Experimental Animal Centre of the Ninth People’s 
Hospital and housed in a specific pathogen-free facility with controlled 
temperature 22 ± 2 ◦C; humidity 55 ± 5%; a light/dark cycle of 12/12 
h, free access to water and food. To induce sciatic nerve injury, the rats 
were anesthetized with isoflurane gas and subjected to a skin incision for 
the exposure of their left sciatic nerve, followed by creating a 10-mm 
segmental defect. The average size of the LMS-containing conduct 
used in animal studies is 12 mm (length)/2 mm (inner diamter)/0.5 mm 
(thickness). The wound proximal and distal nerve stumps were fixed 
with the control PCL NGC or 5LMS-PCL using 8–0 nylon sutures. In the 
autograft group, a 10 mm nerve segment was resected, reversed 180◦

and sutured. The wound was subsequently closed. All rats were housed 
and fed routinely until being euthanized at the designated time points. 

2.3.2. Walking track analysis 
The functional recovery of individual rats was assessed by walking 

track analysis at 12 weeks post-operation. Briefly, individual rats were 
tested in a confined walkway (10 cm × 100 cm long covered with white 
paper), and their ink footprints were recorded for the analysis of the 
sciatic functional index (SFI) as described previously [14,42]. An SFI of 
0 is considered as normal function, and an SFI of − 100 represents 
complete loss of function. 

2.3.3. Electrophysiology 
The functional recovery of the regenerated nerve in individual rats 

was examined by electrophysiology. In brief, individual rats were 
anesthetized and their left sciatic nerve was re-exposed and isolated. the 
proximal end of the sciatic nerve trunk of each rat was placed with bi-
polar stimulating electrodes. The time to deflection (latency) and com-
pound muscle action potentials (CMAPs) on the gastrocnemius belly was 
recorded using an 8-channel physiologic signal recorder (RM-6280C, 
Chengdu Instrument Factory, China). 

2.3.4. Evaluation of gastrocnemius muscle 
Both experimental and control sides gastrocnemius muscles were 

dissected from individual rats and weighed. The muscle moist weight 
ratio was calculated as: the moist weight of the experimental side muscle 
divided by the weight of the control side × 100%. The muscles were 
fixed and paraffin-embedded and their sections were routine-stained 
with hematoxylin and eosin (H&E) and Masson staining. 

2.3.5. Histologic, morphologic, immunohistochemical and 
immunofluorescent evaluation of regenerated nerves 

Individual animals were euthanized at 4 or 12 weeks post injury and 
their left nerve was dissected. The nerve samples were prepared for 
transmission electron microscopy (TEM). Briefly, the nerve samples 
were fixed with 2.5% glutaraldehyde (Solarbio, China), subjected to 
ultrathin sections (70 nm), and stained with lead citrate and uranyl 
acetate, followed by observing and photoimaging in a TEM (HITACHI, 
HT7700 Exalens, Japan). Some nerve samples were fixed with 10% 
buffered formalin, and embedded in paraffin. The middle portion of the 
nerve conduits in individual rats was sectioned at 3 mm in thickness and 
stained with H&E, Toluidine Blue (Solarbio, China) and immunohisto-
chemistry using anti-CD31 (Proteintech, 11265-1-AP, China) for exam-
ination under a light microscopy (Leica, DM3000, Germany). 

Some nerve sections were analyzed by immunofluorescence using 
the TSAPlus kit (G1236, Servicebio, China) per the manufacturer’s in-
structions. Briefly, the sections were subjected to antigen retrieval and 
treated with a tissue spontaneous fluorescence quencher (G1221, Serv-
icebio). Subsequently, the sections were stained with primary antibodies 
of anti-S100 β (1:100, Abcam, ab52642), anti-neurofilament 200 
(NF200, 1:150, Proteintech, 60331-1-Ig, China), anti-PMP22 (1:1000, 
Abcam, ab270400), anti-NCAM (1:1000, Abcam, ab220360), anti- 
PGP9.5 (1:1000, Abcam, ab10404), anti-β-catenin (1:1000, Cell 
Signaling Technology, #8480), anti-CD68 (1:100, Abcam, ab31630), 
anti-Mannose Receptor (1:100, Abcam, ab64693), anti-iNOS (1:70, 
Abcam, ab15323), and the secondary antibodies of goat anti-mouse IgG 
(1:200, Sigma, USA) and goat anti-rabbit IgG (1:200, Sigma, USA) as 
well as DAPI (1:200, Life Technologies, USA) for staining of cell nuclei. 
All sections were scanned using a Panoramic Scanner with Pannoramic 
DESK, P-MIDI, P250 (3D HISTECH, Hungary), and fluorescence in-
tensity values were measured using the ImageJ software (National In-
stitutes of Health, USA). 

2.4. Statistical analyses 

All statistical analyses were performed using GraphPad Prism 8.0 
(GraphPad Software, USA). Quantitative data were obtained from at 
least three independent experiments and are presented as mean ±
standard deviation (SD). Comparisons between groups and among 
groups were performed by an unpaired student’s t-test and one-way 
ANOVA and Tukey’s method, respectively. The statistical significance 
was set when a p-value of <0.05. 

3. Results 

3.1. Characterization of LMS bioceramic particles 

Following the preparation of LMS bioceramic particles and LMS- 
containing scaffolds using poly (ε-caprolactone) (PCL) as a matrix, the 
morphology of LMS bioceramic particles was characterized by scanning 
electron microscopy (SEM). The images displayed that the particles were 
amorphous and agglomerated (Fig. 1A). The average diameter of LMS 
particles was 2.477 μm (d0.5 = 2.477 μm) (Fig. S1A). Energy-dispersive 
spectroscopy (EDS) mapping clearly exhibited the uniform distributions 
of Mg and Si elements (Fig. 1A). X-ray diffraction (XRD) revealed that 
the major phase of the LMS bioceramics was Li2MgSiO4 (Fig. 1B). 
Elemental composition analysis by X-ray photoelectron spectroscopy 
(XPS) identified the presence of Li+, Mg2+, and Si4+, based on a peak at 
approximately 54.0 eV, 1302.0 eV, and 101.0 eV in the Li1s, Mg1s and 
Si2p spectra, respectively (Fig. 1C). 
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3.2. LMS extracts have pro-myelination functions in vitro 

Next, the potential toxicity and function of LMS extracts were tested 
in rat Schwann RSC96 cells. The concentrations of Li ion in LMS extracts 
(1/256, 1/128, 1/64) were 84.79 mg/L, 165.19 mg/L and 341.01 mg/L, 
respectively. The concentrations of Mg ion were 106.17 mg/L, 207.21 
mg/L, 409.74 mg/L respectively and those of Si ion were 175.35 mg/L, 
357.34 mg/L and 753.98 mg/L respectively (Fig. S1B). The CCK-8 assay 
indicated that treatment with LMS extract solutions at higher concen-
trations (<1:64 dilutions), but not with a lower concentration (>1:64 
dilutions), significantly reduced the viability and inhibited the prolif-
eration of RSC96 cells, which could reflect the high alkalinity-induced 
cytotoxicity to RSC96 cells (Fig. 1D). Interestingly, treatment with 
LMS extract solutions at low or moderate concentrations (1:64 or 1:128 
dilutions), significantly increased the proliferation of RSC96 cells 
(Fig. 1D). The wound healing assay displayed that treatment with LMS 
extract solutions at lower concentrations (1:64–1:256 dilutions) signif-
icantly promoted the migration activity of RSC96 cells (Fig. 1E&F), a 
function critical in the bridging of injured gap at the early stage of nerve 
repair and regeneration [43]. Accordingly, we hypothesized that LMS 
nanoparticle exposure might modulate the myelination of RSC96 cells. 
Real time quantitative polymerase chain reaction (RT-qPCR) analysis 
indicated that treatment with the LMS extract solution at 1:64 dilution 
significantly increased the relative expression levels of peripheral 

myeline protein 22 (Pmp22) and nerve growth factor (Ngf) gene tran-
scripts, while treatment with a lower concentration of LMS solution had 
a reduced effect, even decreased their transcripts in RSC96 cells 
(Fig. 1G). However, treatment with the LMS solutions at 1:128 or 1:256 
dilution, but not at 1:64 dilution, significantly up-regulated the 
expression of the neural cell adhesion molecule 1 (Ncam1) gene in 
RSC96 cells (Fig. 1G). Such changes in the transcription of those genes 
are associated with a switching from an un-myelinated to myelinated 
status in SCs [17]. Similar results of the relative expression levels of 
those proteins were observed by immunoblotting in RSC96 cells 
(Fig. 1H). Further immunofluorescent staining revealed that cytoskel-
etal re-organization occurred in the polypod morphology of RSC96 cells 
(Fig. 1I), indicating that exposure to LMS extracts induced a differenti-
ation of RSC96 cells [44]. Together, these results indicated that the LMS 
nanoparticle extracts supported the myelination of SCs in vitro. 

3.3. LMS extracts modulate the polarization of RAW264.7 cells in vitro 

To evaluate the effect of LMS bioceramic particles on macrophage 
activation and polarization, RAW264.7 cells were cultured with LMS 
extracts at the indicated dilutions (1/64, 1/128, 1/256) for 3 days. 
CD86, iNOS, and TNF-α were regarded as biomarkers of M1 macro-
phage, while CD206 and Arg-1 were regarded as M2 macrophage 
markers. Flow cytometry analysis exhibited that LMS extract treatment 

Fig. 1. LMS bioceramic extracts promote the prolif-
eration, migration and differentiation of RSCs, and 
regulate the polarization of macrophages in vitro. 
(A) Electron microscopy scanning displayed that the 
LMS bioceramics are amorphous and agglomerated, 
and the EDS mapping indicated the uniform distri-
bution of Mg and Si ions. Scale bars = 2 and 1 μm. 
(B) XRD pattern of LMS bioceramics exhibited that 
the major phase was Li2MgSiO4. 
(C) XPS analysis of the chemical elemental composi-
tion of LMS bioceramics. 
(D) The effects of different concentrations of LMS 
extracts on the viability of RSCs in the indicated time 
periods. 
(E&F) Treatment with the indicated concentrations of 
LMS extracts promoted the wound healing of RSCs. 
Scale bars = 200 μm. 
(G) RT-qPCR analysis of the relative levels of 
myelination-related gene mRNA transcripts in RSC96 
cells after treatment with vehicle or LMS extracts at 
different dilutions (1/64, 1/128 and 1/256) for the 
indicated time periods. 
(H) Western blot analysis of the relative levels of 
myelination-related protein expression in RSC96 cells 
after treatment with vehicle or LMS extracts at 
different dilutions (1/64, 1/128 and 1/256) for 24 h. 
(I) Representative immunofluorescent images of RSCs 
that had been treated with vehicle or LMS extracts at 
different dilutions (1/64, 1/128 and 1/256) for 24 h. 
The cells were stained with phalloidin (green), nuclei 
(blue) and anti-S100 (red). Scale bars = 100 μm 
(J) Flow cytometry analysis of RAW264.7 cells that 
had been treated with vehicle or LMS extracts at 
different dilutions (1/64, 1/128 and 1/256) for 3 
days. (K) RT-qPCR analysis of the relative levels of 
macrophage polarization-related gene mRNA tran-
scripts in RAW264.7 cells after treatment with vehicle 
or LMS extracts at different dilutions (1/64, 1/128 
and 1/256) for 3 days. 
(L) Western blot analysis of the relative levels of 
macrophage polarization-related protein expression 
in RAW264.7 cells after treatment with vehicle or 
LMS extracts at different dilutions (1/64, 1/128 and 
1/256) for 3 days.   
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at 1:64 or 1:128 dilutions decreased the levels of CD86 expression, but 
increased CD206 expression in RAW264.7 cells (Fig. 1J). Similarly, RT- 
qPCR unveiled that the same treatment also decreased the relative levels 
of iNOS and TNF-α mRNA transcripts, but increased Arg-1 and CD206 
mRNA transcripts in RAW264.7 cells, compared with that in the un-
treated controls (Fig. 1K). Western blotting analysis exhibited similar 
trends in the expression levels of Arg-1 and iNOS proteins in the different 
groups of RAW264.7 cells (Fig. 1L). Therefore, the ions in the LMS 
extract solutions at the appropriate dilutions (1:64 and 1:128) effec-
tively promoted M2 polarization to modulate the immune 
microenvironment. 

3.4. LMS-containing scaffolds enhances the pro-myelination functions of 
RSC96 cells dependent on the β-catenin signaling 

Scaffolds containing different amounts of LMS bioceramics (0, 2.5, 5, 
10 and 15%) were labeled as PCL, 2.5LMS-PCL, 5LMS-PCL, 10LMS-PCL, 
and 15LMS-PCL, respectively. The topography of the scaffolds was 

observed by SEM (Fig. 2A) and TEM (Fig. S2A). The average fiber di-
ameters of PCL, 2.5LMS-PCL, 5LMS-PCL, 10LMS-PCL, and 15LMS-PCL 
fibers were 437.98 ± 139.17, 445.62 ± 140.51, 483.98 ± 143.73, 
492.89 ± 146.84, 493.73 ± 102.55, respectively (Fig. S2B). The XRD 
spectra for all of the scaffolds containing LMS bioceramics exhibited 
diffraction peaks at approximately 21.2◦ and 23.5◦, closely matching the 
spectrum for PCL, indicating that incorporation of LMS bioceramics did 
not affect the chemical construction of PCL (Fig. S3). As expected, there 
was no obvious peak representing Li2MgSiO4, likely due to the low 
concentrations of LMS bioceramics in each preparation. As shown in 
Figs. S4A–C, the concentrations of Li, Mg and Si ions released from the 
LMS-containing scaffolds into PBS increased, paralleling with the 
increased concentrations of LMS bioceramics in the PCL membranes. 
Notably, the concentrations of Li and Si ions in the surrounding solution 
slowly increased over time and reached a plateau, while the concen-
tration of Mg ion increased within the first 3 days and then decreased 
slightly. There was no any of the ions in the control PCL scaffold 
(Figs. S4A–C). Hence, the LMS-containing scaffolds effectively released 

Fig. 2. LMS-containing scaffolds modulate the pro-
liferation, migration and differentiation of RSC96 
cells. 
(A) SEM images of scaffolds containing different 
concentrations of LMS. 
(B–C) Representative images and quantitative results 
of live-dead staining of RSC96 cells after cultured on 
scaffolds containing different concentrations of LMS. 
Scale bars = 200 μm. 
(D) The effects of scaffolds containing different con-
centrations of LMS on the viability of RSCs. 
(E) RT-qPCR analysis of the relative levels of 
myelination-related gene mRNA transcripts in RSC96 
cells that had been cultured on scaffolds containing 
different concentrations of LMS for 24 h. 
(F) Immunoblotting analysis of the relative levels of 
myelination-related protein expression in RSC96 cells 
that had been cultured on scaffolds containing 
different concentrations of LMS for 24 h. 
(G) GO analysis of the enrichment of differentially 
expressed genes between RSC96 cells cultured on PCL 
and 5LMS-PCL scaffold for 24 h followed by RNA 
sequencing. 
(H–I) Differentially expressed genes between RSC96 
cells cultured on PCL and 5LMS-PCL scaffold for 24 h 
(|log2FC|>1 and FDR<0.05). 
(J) Immunoblotting analysis of the relative protein 
levels of the GSK3β/β-catenin pathway in RSC96 cells 
cultured on scaffolds containing different concentra-
tions of LMS for 24 h. (K) RT-qPCR analysis of the 
relative levels of gene mRNA transcripts in the 
GSK3β/β-catenin pathway in RSCs cultured on scaf-
folds containing different concentrations of LMS for 
24 h in the presence or absence of XAV939. 
(L) Immunoblotting analysis of the relative protein 
levels in the GSK3β/β-catenin pathway in RSC96 cells 
cultured on scaffolds containing different concentra-
tions of LMS for 24 h in the presence or absence of 
XAV939.   
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bioactive ions, similar to LMS bioceramics, without affecting the 
chemical structure of the PCL scaffold. The pH value of the solution 
containing only PCL scaffold remained stable at 7.34 ± 0.05, but the pH 
values of the LMS-containing scaffolds slightly increased, according to 
the concentrations of LMS bioceramics, suggesting that the LMS bio-
ceramics might contribute to the formation of an alkaline environment 
(Fig. S4D). 

The effects of LMS-containing scaffolds on the proliferation and 
differentiation of RSC96 cells were further evaluated. The results from 
the live/dead staining and CCK-8 assays revealed that the LMS- 
containing scaffolds had no obvious cytotoxicity against RSC96 cells 
(Fig. 2B–D). Furthermore, RT-qPCR and immunoblotting analyses un-
veiled that exposure to the LMS-containing scaffolds, especially those 
containing 5% LMS bioceramic particles (5LMS-PCL), led to a significant 
increase in both the levels of PMP22, myelin basic protein (MBP) and 
NGF transcripts and protein expression, but a decrease in the levels of 
NCAM expression in RSC96 cells (Fig. 2E&F). These results indicated 
that the LMS-containing scaffolds supported the myelination of SCs, 
similar to those of the LMS particle extracts. 

To gain functional and mechanistic insight into the effects of the LMS 

bioceramics on SCs, we compared the transcriptomes of RSC96 cells 
cultured on PCL or 5LMS-PCL. Compared with the cells on PCL, there 
were 864 differentially expressed genes (DEGs) in the RSC96 on 5LMS- 
PCL (|log2fold change|>1, false discovery rate [FDR]<0.05), of which, 
634 genes were upregulated and 576 were downregulated. Gene 
Ontology (GO) enrichment analysis revealed that several DEGs were 
enriched and they are involved in several critical functions of SCs during 
the process of nerve regeneration, including cell proliferation, cell 
migration, and angiogenesis (Fig. 2G). 

Additionally, the analysis revealed that several genes involved in the 
WNT/β-catenin and Notch pathways were affected by LMS (Fig. 2H&I). 
Both the β-catenin and Notch pathways are crucial for the differentiation 
of many types of cells, including SCs [44]. The transcriptomes of RSC96 
cells exposed to 5LMS-PCL tended to enhance the WNT/β-catenin 
pathway and attenuate the Notch pathway (Fig. 2I). Evidently, exposure 
to the LMS-containing scaffold significantly increased the relative levels 
of glycogen synthase kinase 3 beta (GSK3β) at Ser9 phosphorylation in 
RSC96 cells (Fig. 2J), a well-known phosphorylation site for diminishing 
the inhibitory function of GSK3β in β-catenin [45]. Conversely, treat-
ment with LMS-containing scaffolds significantly up-regulated total and 

Fig. 3. Single cell RNA-seq analysis of macrophages 
polarized by LMS-containing scaffold 
(A) UMAP visualization of the distributions of 
RAW264.7 cells on different scaffolds. 
(B) Identification of the 9 subclusters of cell popula-
tion. 
(C) Hypergeometric distribution analysis of the 
groups (PCL or 5LMS-PCL) of each cell clusters. 
(D) Gene ontology (GO) functional enrichment anal-
ysis. 
(E) Visualization of the selected marker genes of M2 
macrophage. 
(F) UMAP visualization of RAW264.7 cells on 
different scaffolds after the scSTAR transformation 
(G) Identification of the 8 subclusters of cell popula-
tion after the scSTAR transformation 
(H) hypergeometric distribution analysis of the 
groups (PCL or 5LMS-PCL) of each cell clusters after 
the scSTAR transformation. 
(I) Pseudotime-trajectory analysis of RAW264.7 cells. 
(J) Violin plot displayed the expression levels of genes 
along the trajectory with the p value＜0.001 (K) GO 
functional enrichment analysis of trajectory genes.   
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active β-catenin expression in RSC96 cells, relative to that in the un-
treated controls, indicating that LMS-containing scaffolds enhanced the 
activation of the WNT/β-catenin signaling (Fig. 2J). Further RT-qPCR 
and immunoblot assays unveiled that addition of XAC939, a widely 
used β-catenin inhibitor, antagonized the effect of LMS-containing 
scaffold on upregulating Pmp22 (PMP22) and downregulating Ncam1 
(NCAM) expression in RSC96 cells (Fig. 2K&L), suggesting that the 
increased pro-myelination function of LMS-containing scaffolds may be 
dependent on enhanced activation of the β-catenin signaling in RSC96 
cells. 

3.5. LMS-containing scaffolds promote macrophage polarization toward 
M2-like cells 

Following culturing RAW264.7 cells on 5LMS-PCL or control PCL 
scaffolds for 3 days, the cell population was characterized by scRNA-seq. 
After cell quality control, there were 22,719 cells of each sample for 
subsequent analysis. Uniform manifold approximation and projection 
(UMAP) indicated that the characteristics of these two populations of 
cells were partially overlapped (Fig. 3A). All cells were divided into nine 
clusters by unsupervised clustering. According to the dimensionality 
reduction results, features of cells in the cluster 3 and 4 were different 
from the rest of the cell clusters (Fig. 3B). The hypergeometric 

distribution analysis distinguished the distribution of the PCL or 5LMS- 
PCL group of cells in each cell cluster. The cluster 3 mainly contained 
cells on PCL scaffolds while the cluster 4 covered cells on 5LMS-PCL 
scaffolds (Fig. 3C). GO functional enrichment analysis predicted that 
the function was mainly enriched in “organelle fission”, “nuclear divi-
sion” and “mitotic nuclear division” (Fig. 3D). By comparing the marker 
genes of M2 macrophages, we found that the function of cluster 4 con-
tained more M2 macrophages than the cluster 3, suggesting that cells 
had a tendency to obtain immunosuppressive function following culture 
on the LMS containing scaffold (Fig. 3E). However, the GO results of 
cluster 4 did not suggest that the function of this cell type was related to 
immunosuppression. To further explore why macrophages exhibited the 
change toward immunosuppression direction after culture on LMS 
containing scaffold, we used the scSTAR algorithm, which characterized 
each cell by dynamic features, instead of static features, so that the 
trivial but significant gene expression perturbations caused by treatment 
were amplified, and the interference problem of random heterogeneity 
among cells was fundamentally solved. After the scSTAR trans-
formation, all the cells were clearly separated (Fig. 3F), and all the cells 
were divided into 8 clusters by unsupervised clustering (Fig. 3G). The 
state of each cluster was also clarified by hypergeometric distribution 
test (Fig. 3H). The pseudotime trajectory analysis can simulate the dif-
ferentiation trajectory and changes in cells, based the gene status. We 

Fig. 4. Effects of polarized macrophages induced by 
LMS-containing scaffolds on RSC96 cell behavior. 
(A) Flow cytometry analysis of RAW264.7 cells 
cultured on PCL or 5LMS-PCL scaffold for 24 h after 
LPS stimulation. 
(B) Representative immunofluorescent images of 
different groups of RAW264.7 cells characterized by 
immunofluorescence staining using anti-CD68 
(green), anti-iNOS (red) and anti-CD206 (red) as 
well as DAPI (blue). Scale bars = 150 μm 
(C) RT-qPCR analysis of the relative levels of 
inflammation-related gene mRNA transcripts in 
different groups of RAW264.7 cells. 
(D) Immunoblotting analysis of the relative levels of 
inflammation-related protein expression in different 
groups of RAW264.7 cells. 
(E) Quantitative analysis of the wound healing ca-
pacities of RSC96 cells after coculture with different 
CM for the indicated time periods. 
(F&G) Representative images of transwell migration 
and quantitative analysis of migrated RSC96 cells 
after coculture with different conditioned medium for 
1 day. Scale bars = 200 μm 
(H) RT-qPCR analysis of the relative levels of 
myelination-related gene mRNA transcripts in RSC96 
cells after coculture with different conditioned me-
dium for 3 days.   
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therefor performed pseudotime-trajectory analysis and mapped real 
time on the trajectory (Fig. 3I). Genes along the trajectory with a p-value 
of less than 0.001 were selected for functional enrichment analysis 
(Fig. 3J and Table S2), and the main functions of these trajectory genes 
were enriched in the "negative regulation of immune system process" 
(Fig. 3K), reflecting a feature of M2-like macrophages. Collectively, 
these data indicated that the LMS containing scaffolds promoted mac-
rophages into an M2-like immunosuppression state. 

3.6. LMS-containing scaffolds promote macrophage polarization to 
enhance the migration and myelination of RSC96 cells in vitro 

Flow cytometry analysis revealed that treatment with 5LMS-PCL 
scaffolds decreased CD86 expression, but increased CD206 expression 
in RAW264.7 cells (Fig. 4A). While treatment with PCL scaffolds up- 
regulated iNOS expression treatment with 5LMS-PCL scaffolds 
enhanced CD206 expression in RAW264.7 cells (Fig. 4B). RT-qPCR 
analysis revealed that treatment with 5LMS-PCL scaffolds decreased 
the levels of IL-1α, IL-1β, IL-6, iNOS and TNF-α mRNA transcripts, but 
increased IL-10 transcripts in RAW264.7 cells, compared with that in the 
controls (Fig. 4C). Similar patterns of the levels of Arg-1 and iNOS 
protein expression were detected in the RAW264.7 cells cultured on 
5LMS-PCL and PCL scaffolds, respectively (Fig. 4D). Thus, 5LMS-PCL 
scaffolds induced macrophage polarization toward the M2 phenotype. 

To further investigate whether polarized macrophages could modu-
late the proliferation, migration and myelination of SCs, RAW264.7 cells 
were cultured on 5LMS-PCL scaffolds for 3 days, and their supernatants 
were collected as the conditional media for culture of RSC96 cells. 
Firstly, treatment with the conditional media failed to significantly alter 
the viability of RSC96 cells (Fig. S5), but promoted the wound healing 
and migration of RSC96 cells (Fig. 4E–G). Further RT-qPCR revealed 

that treatment with the conditional media significantly increased the 
levels of PMP22 and NGF transcripts, but decreased NCAM in RSC96 
cells (Fig. 4H). Therefore, these data suggest that 5LMS-PCL scaffolds 
may promote macrophage polarization towards M2 to enhance the 
migration and myelination of RSC96 cells. 

3.7. Implantation with LMS-containing NGCs promotes M2-like 
activation, function recovery, nerve regeneration and myelination in rats 

The effect of LMS-containing NGCs on the recruitment and polari-
zation of macrophages and subsequent influence on nerve regeneration 
was evaluated in a rat model of nerve injury at 1- and 2-week post- 
operation (Fig. 5A). Compared to PCL group, the number of SCs and 
CD68+ macrophages notably increased in the regenerated nerve of the 
5LMS-PCL group of rats at 1 and 2-week post-surgery (Fig. 5B&C). 
Immunofluorescent analysis displayed that the ratios of CD68+CD206+
M2-like cells to CD68+iNOS +M1 cells in the 5LMS-PCL conduit-treated 
rats were significantly higher than that in the PCL conduit-treated rats in 
both 1 and 2-week post-surgery (Fig. 5D&E). The results indicated that 
LMS in the NGCs effectively promoted M2-like macrophage maturation 
in the lesions of rats. 

To explore the effectiveness of the LMS-containing NGC for sup-
porting nerve repair in vivo, we employed a rat sciatic nerve defect 
model, in which, a 10-mm nerve gap was excised from the right sciatic 
nerve in Sprague–Dawley rats and bridged with PCL or 5LMS-PCL NGCs. 
As shown in Fig. 6A, there was no obvious inflammation, swelling and 
neurofibroma in all rats at 4- and 12-weeks post-surgery. Sciatic motor 
function analysis indicated that all groups of rats had a low value of 
sciatic functional index (SFI) at 4 weeks post-surgery and the SFI values 
gradually improved at later time points (Fig. 6B&C). More importantly, 
the SFI values in the 5LMS-PCL group of rats were slightly higher than 

Fig. 5. Relevance between macrophages and SCs at 1 
and 2 weeks after grafting of NGCs in vivo. 
(A) A schematic illustration of in vivo analysis in a rat 
model of sciatic nerve defect. 
(B) Double immunofluorescent staining of the trans-
verse sections of grafted NGCs revealed the distribu-
tion of macrophages (M0, CD68, green) and SCs 
(S100, red) within different NGCs. Scale bars = 100 
and 50 μm 
(C) Quantitative analysis of the number of infiltrated 
macrophages and SCs in each group. 
(D) Immunofluorescent analysis of macrophage po-
larization within the grafted NGCs using anti-CD68 
(green), anti-iNOS (red) and anti-CD206 (red) as 
well as DAPI. 
(E) Quantitative analysis of the ratios of CD68+/ 
CD206+ macrophages to CD68+/iNOS+ macrophages 
in each group.   
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that in the PCL-group throughout the observation period although they 
remained lower than that in the autograft control group. Electrophysi-
ological analysis exhibited that the conduction latency in the gastroc-
nemius muscles of the 5LMS-PCL group was significantly shorter than 
that in the PCL group, but still longer than those in the autograft and 
sham surgery groups (Fig. 6D&E). Interestingly, the compound muscle 
action potential (CMAP) amplitudes in both the 5LMS-PCL and autograft 
groups were comparable, and significantly higher than that in the PCL 
group (Fig. 6E). Thus, implantation with the 5LMS-PCL NGCs promoted 
the recovery of motor function in rats following sciatic nerve defect. 

Sciatic nerve regeneration can mitigate the nerve injury-induced 
atrophy of the gastrocnemius muscle. Compared with that in the con-
trols, the ratios of the right gastrocnemius muscle weights to the control 
left side weights in the 5LMS-PCL group of rats were similar to that in the 
PCL group at 4 weeks post-surgery, but significantly higher than that in 
the PCL group at 12 weeks post-surgery although they in both the 5LMS- 
PCL and PCL groups were significantly lower than those in the autograft 
and sham groups at both testing time points (Fig. 6F&G). Hematoxylin 
and eosin (H&E) staining displayed that the fiber diameter of right 
gastrocnemius muscles of rats in the 5LMS-PCL group was greater than 
that in the PCL group (Fig. 6H&J). Masson trichrome staining revealed 
extensive collagen deposition surrounding atrophied muscle fibers in the 
PCL group of rats, but little in other groups of rats (Fig. 6I&K). Together, 
these results indicate that implantation with the 5LMS-PCL NGC effi-
ciently promoted motor function recovery and reduced structural 
damage in a rat model of sciatic nerve injury. 

The enhanced motor function by the 5LMS-PCL NGC may stem from 
its function in improving the sciatic nerve regeneration. We explored the 
contribution of nerve myelination following 5LMS-PCL NGC implanta-
tion. Transmission electron microscopy (TEM) clearly exhibited a 
slightly larger axon diameter and a greater thickness in the myelin 
sheath in the regenerated nerves of rats in the 5LMS-PCL group, 

compared with those in the PCL group (Fig. 7A–C). Similar results were 
observed using H&E staining (Fig. 7D), and toluidine blue staining for 
myelination staining (Fig. 7E and F). Additionally, significant more 
CD31+ vessels were observed closed to the newly-formed nerve fibers in 
the 5LMS-PCL group (Fig. 7G&H), an indicative of the pro-angiogenesis 
function of the 5LMS-PCL NGC. 

Immunofluorescent staining revealed that compared with that in the 
PCL group of rats, the expression of PMP22 was up-regulated, but NCAM 
expression surrounding the nerve fibers was down-regulated in the 
5LMS-PCL group of rats (Fig. 8A, D, E). Furthermore, a significantly 
higher proportion of active β-catenin-expressing S100+ SCs was 
observed in the 5LMS-PCL group (Fig. 8B, F). Further immunofluores-
cence displayed that the expression of NF200 increased in both the 
transverse and longitudinal sections of the newly generated sciatic 
nerves in the 5LMS-PCL group of rats at 4 weeks post-surgery (Fig. 8C, G, 
H). Interestingly, there was no significant difference in the numbers of 
S100+ SCs among these groups of rats. Therefore, implantation with the 
5LMS-PCL NGCs promoted nerve regeneration and myelination in vivo. 

4. Discussion 

Biomaterial-based NGCs can provide a nerve repair-supportive and 
immunomodulatory microenvironment for the treatment of PNI when 
autologous nerve graft is unavailable. In the present study, we prepared 
LMS bioceramic particles and LMS-containing NGCs by incorporating 
LMS into PCL scaffolds. Functionally, LMS bioceramics were able to 
promote the proliferation, migration and myelination of SCs in a β-cat-
enin-dependent manner. Furthermore, LMS bioceramics effectively 
recruited macrophages to promote their polarization towards pro- 
regenerative M2 cells and modulate the post-injury microenvironment 
for the remyelination of SCs, and the functional recovery and regener-
ation of injured nerves (Schematic graph). These findings suggest that 

Fig. 6. LMS-containing NGCs promote motor func-
tion recovery in vivo. 
(A) Gross observation of regenerated nerves in each 
group at indicated post-surgery time points. Scale 
bars = 5 μm 
(B) Representative images of rat footprints in each 
group. 
(C) Quantitative analysis of sciatic functional index 
(SFI). 
(D) Representative patterns of CMAP in each group. 
(E) Quantitative analysis of nerve conduction latency 
and CMAP amplitudes. 
(F) Gross observation of gastrocnemius muscles on 
the surgery side (ES) and contralateral side (NS) in 
each group. 
(G) Quantitative analysis of the wet weight ratio of 
gastrocnemius muscles (ES/NS). 
(H–I) Quantitative analysis of gastrocnemius muscle 
fiber diameter and the percentage area of collagen 
deposition. 
(J–K) Representative images of H&E staining and 
Masson trichrome staining of gastrocnemius muscle 
in each group. Scale bars = 50 and 200 μm.   
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the LMS-containing NGCs may be potential biomaterials for immuno-
modulating peripheral nerve regeneration, and implantation with LMS- 
containing NGCs may be a new strategy for promoting nerve regenera-
tion in clinical applications. 

It is reported that loading some neurocytokines, such as ciliary 
neurotrophic factors (CNTF), basic fibroblast growth factors (bFGF), 
brain-derived neurotrophic factors (BDNF) and immunomodulatory 
factors (e.g., IL-4) to NGCs can regulate the injury microenvironment to 
accelerate the functional recovery of damaged nerves [7,46,47]. How-
ever, these cytokines are easily degraded and inactivated by endogenous 
enzymes within a short period. Therefore, it is impossible to maintain an 
optimal long-term modulatory effects during the entire process of tissue 
repair. Unlike biological cytokines, inorganic bioactive ions in 
biomaterial-based NGCs can be released from biomaterial scaffolds 
along with the degradation process [32,34]. Furthermore, they are sta-
ble in harsh conditions at injured sites. Hence, incorporating bioactive 
elements into NGCs has been a feasible strategy to manipulate the 
microenvironment of immune response and tissue regeneration [33,35]. 
Taken advantages of the biological effects of Li, Mg and Si elements on 
immunomodulation and nerve regeneration, LMS bioceramic nano-
particles were incorporated into NGCs to endow them with dual bio-
activities for peripheral nerve regeneration. In addition, the matrix 
materials for fabricating the NGC should have high safety profile for 
potential clinic translation. The PCL-based NGC was approved by FDA 
and has been widely used as a scaffold in the clinic, holding many ad-
vantages [6,48]. PCL can be completely absorbed and its degradation 
products have low inflammatory activity. Functionally, it can mimic the 
endogenous epineurium for permitting nutrient and metabolic waste 
exchanges, while suppressing inflammatory cell infiltration surrounding 
the injured tissues. Its flexibility and elasticity are conducive for surgical 
suturing of the nerves. Besides its free of biological components, PCL has 
a high material processability and product reproducibility, easy for 
storage and sterilization for clinical applications [6,14,48]. 

Individual Li, Mg and Si ions have been reported to be beneficial to 
peripheral nerve regeneration. Li ions are widely employed in neuro-
psychiatric drugs, and have been shown to support both central and 
peripheral nerve regeneration [23,24,49,50] by modulating the WNT 
signaling [51–53]. Likewise, Mg ions can stimulate the peripheral sen-
sory nerves [27] to promote nerve regeneration [25,54]. However, the in 
vivo effects and the underlying mechanisms have yet to be clarified. 
Silicon is commonly used as a base material for nerve conduits because 
of its poorly electrical conductivity but excellent biocompatibility [55]. 
In the current study, LMS-containing scaffolds exhibited continuous and 
sustained release of Li, Mg and Si ions with limited cytotoxicity against 
SCs. We are interested in further exploring the specific contribution of 
each type of ions to the repair-supportive microenvironment provided 
by the LMS-containing scaffolds, which may help in optimizing the 
production of the inorganic bioceramic biomaterials. 

PNI usually induce the degradation of damaged axons, which acti-
vates Wallerian degeneration (WD), leading to SCs de-differentiation 
[10,56,57]. Subsequently, SCs can be subjected to adaptive intracel-
lular reprogramming to become nerve repair cells [11,58,59]. These 
repair SCs secrets neurotrophins and undergo a dynamic differentia-
tional process from a proliferative, un-myelinating phenotype to 
re-myelinating phenotype during this peripheral nerve regeneration 
[15–17]. How to manage these different phenotypes to contribute to the 
process of peripheral nerve regeneration is critical [60,61]. In the initial 
post-injury phase, SCs transdifferentiate from their myelinating pheno-
type to repair cells that express a lower level of myelin protein and 
higher levels of cell adhesion molecules, growth factors and their re-
ceptors [62,63]. In this stage of the nerve repair process, SCs can pro-
liferate and migrate to form a bridge connecting the two ends of the 
injured nerves, together with increasing the NOTCH signaling [64]. In 
the later stage of nerve regeneration, SCs undergo remyelination to 
support the nerve repair, depending on the enhanced WNT/β-catenin 
signaling [65]. In the current study, we found that LMS-containing 

Fig. 7. LMS-containing NGCs promotes nerve regen-
eration in vivo. 
(A–C) TEM images of axon diameter and myelin 
sheath thickness of regenerating nerves in each group 
of rats at 12 weeks post-surgery. Scale bars = 10, 1, 
10 and 1 μm, respectively. 
(D) Representative H&E staining images in each 
group. Scale bars = 50 μm. 
(E & F) Toluidine blue staining and quantitative 
analysis of myelination. Scale bars = 50 μm. 
(G & H) Representative images of immunohisto-
chemical staining and quantitative analysis of the 
CD31+ areas around regenerating nerves. Scale bars 
= 50 μm.   
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scaffolds promoted the myelination of SCs in an active β-cat-
enin-dependent manner. Notably, treatment with the LMS bioceramic 
particles enhanced the myelination of RSC96 cells and increased β-cat-
enin activation with minimal effect on the proliferation and migration of 
RSC96 cells. These, to a large extent, are critical for maintaining a dy-
namic but balanced repair-supportive microenvironment. Given that 
active β-catenin is important for the myelination of SCs, further studies 
are necessary to investigate the effects of modulating β-catenin activity 
on nerve regeneration. Furthermore, it is also important to understand 
how the Notch and WNT signaling contribute to the myelination of SCs 
during the peripheral nerve injury. 

Recent studies have highlighted the great significance of modulating 
the host immune response in promoting tissue regeneration [14,59,66, 
67]. Importantly, macrophages, as the major infiltrates, are found to be 
rapidly recruited into the NGCs [14,66,68,69]. Macrophage polarization 
refers that macrophages can be classically or alternatively activated into 
pro-inflammatory M1 or anti-inflammatory M2-like cells, reflecting 
their plasticity [70]. The M1 and M2 macrophages represent extremes of 
a continuum of activation states in a universe of adaptive responses 
[70–72]. However, due to the dynamic and stimulus dependence of 
macrophage phenotypes, it is usually difficult to capture the full spec-
trum of activated macrophages using molecular markers. Fortunately, 
scRNA-seq technology can profile specific cells in a mixed cell popula-
tion at a single-cell level [73–75]. Recently, the scRNA-seq has been 
widely used to reveal immune characteristics [73,74,76,77]. In this 
study, we employed scRNA-seq to characterize different types of mac-
rophages in the lesions of sciatic nerve injury following implantation 
with the LMS-containing NGCs. Our findings revealed that compared 

with the control PCL NGC, implantation with the LMS-contained NSCs 
promoted the accumulation of M2-like cells in the lesions of rats. It has 
been widely acknowledged that the M2-like macrophage plays a non-
negligible role in peripheral nerve regeneration [78–80]. Our data show 
that the M2-like macrophage can promote the differentiation of SCs into 
a repair-supportive state, therefore contributing indirectly to peripheral 
nerve regeneration. The modulation of macrophage-SC interactions for 
peripheral nerve regeneration has now been a bourgeoning field [78]. 
Consistently, we found that macrophages migrated into the nerve bridge 
prior to SCs following the sciatic nerve injury in rats, particularly in the 
rats receiving the LMS-containing NGCs. It is possible that the 
LMS-containing NGCs may promote the migration of macrophages that 
adhered on NGC subsequently to facilitate the migration and differen-
tiation of SCs. Moreover, the signals in the microenvironment can also 
feedback promote the reprogramming of metabolism, leading to the 
trans-differentiation of polarized macrophages toward M2-like cells. 
These M2-like macrophages can secret cytokines and NGFs, and also 
remodel the extracellular matrix to regulate the microenvironment for 
nerve regeneration [59,81,82]. Actually, we observed that implantation 
with the LMS-containing NGCs achieved a better outcome of nerve 
regeneration in rats, accompanied by a high M2/M1 ratio in the nerve 
bridge during the early graft period. These data were consistent with 
previous findings that the frequency or number of M2-like macrophages 
is associated positively with the number of regenerated axons [14,82]. 
These findings also support the notion that the M2-like cells modulate 
the microenvironment to promote the healing and remyelination by 
secreting several types of NGFs. Therefore, our findings may provide 
new evidence to demonstrate the potential therapeutic effect of the 

Fig. 8. LMS-containing NGCs promote nerve myelination and β-catenin activation in vivo. 
(A) Representative immunofluorescent images of myelination in the regenerating nerves using anti-PMP22 (red) and anti-NCAM (green) as well as PGP 9.5 and DAPI. 
Scale bars = 100 μm. 
(B) Representative immunofluorescent images of active β-catenin (green) expression in the regenerating nerves. Scale bars = 100 and 50 μm. 
(C) Representative immunofluorescent images of the longitudinal and transverse sections of regenerating nerves using anti-NF200 (green) and anti-S100 (red) at 12 
weeks post-surgery. Scale bars = 100 and 50 μm. 
(D–H) Quantitative analysis of PMP22, NCAM, active β-catenin, NF200 and S100 expression in each group of rats. 
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LMS-containing NSCs on promoting nerve repair and regeneration in 
vivo. Further investigation of the molecular mechanisms underlying the 
action of the LMS-containing NSCs in promoting M2-like cell polariza-
tion and nerve regeneration will be intriguing. 

5. Conclusion 

In summary, our data indicated that LMS-containing NGCs effec-
tively promoted M2-like macrophage polarization, SCs differentiation 
and peripheral nerve regeneration in vitro and in vivo. Mechanistically, 
the inorganic LMS bioceramics modulated the nerve injury environment 
into a repair-supportive microenvironment for peripheral nerve regen-
eration by promoting the differentiation of SCs towards a remyelination- 
state, up-regulating the expression of neurotrophic factors in a β-cat-
enin-dependent manner. Furthermore, the LMS bioceramics modulated 
the immune microenvironment by recruiting pro-regenerative M2-like 
macrophages and/or promoting M2-like macrophage polarization, 
enhancing the migration and proliferation of SCs. Our study reveals 
inorganic bioceramics as promising biomaterials for supporting pe-
ripheral nerve regeneration, and provides preclinical evidence for using 

LMS-containing scaffolds to treat peripheral nerve regeneration. 
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