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A B S T R A C T

Objective: The purpose of this study is to investigate the role of PMMA-induced biofilm in nerve 
regeneration compared with silicone-induced biofilm involved in the mechanism.
Methods: PMMA or silicon rods were placed next to the sciatic nerve to induce a biological 
membrane which was assayed by PCR, Western blot, immunohistochemistry, immunofluores
cence and proteomics. A 10 mm sciatic nerve gaps were repaired with the autologous nerve 
wrapped in an induced biological membrane. The repair effects were observed through general 
observation, functional evaluation of nerve regeneration, ultrasound examination, neural elec
trophysiology, the wet weight ratio of bilateral pretibial muscle and histological evaluation. Cell 
proliferation and migration of Schwann cells co-cultured with EGF-treated fibroblasts combined 
with siRNA were investigated.
Results: The results indicated that expression of GDNF, NGF and VEGF along with neo
vascularization was similar in the silicone and PMMA group and as the highest at 6 weeks after 
operation. Nerve injury repair mediated by toluidine blue and S100β/NF200 expression, the 
sensory and motor function evaluation, ultrasound, target organ muscle wet-weight ratio, per
centage of collagen fiber, electromyography and histochemical staining were not different be
tween the two groups and better than blank group. EGF-treated fibroblasts promoted proliferation 
and migration may be Tnc expression dependently.
Conclusion: Our study suggested that PMMA similar to silicon induced biofilm may promote 
autogenous nerve transplantation to repair nerve defects through EGF/Tnc/FN1 to increase 
Schwann cells proliferation and migration.

1. Introduction

The vast majority of peripheral nerve defects are caused by severe trauma or tumor infiltration [1]. These conditions usually result 
in decreased motor function and sensory perception, which affect a patient’s quality of life and ability to work. Peripheral nerve 
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regeneration for long nerve defects is the most challenging aspect of the treatment of peripheral nerve injury, and numerous studies 
employing various approaches have been undertaken [2]. Although various treatments have recently been developed to replace 
autologous nerve grafts. Currently, no other graft material can compete with autologous nerve, a technique that preserves the 
anatomical integrity of the injured nerve and has been recognized as the “gold standard” [3]. For long segmental nerve defects, 
conventional nerve grafts are prone to ischemic necrosis [4]. In order to form an internal environment around the anastomosis that is 
conducive to peripheral nerve regeneration, biological membrane is usually used to wrap around the anastomosis to form a physical 
barrier to prevent adhesion and scar formation between the anastomosis and surrounding tissues after surgery. The traditional 
Masquelet induced membrane technique has been followed by using polymethyl methacrylate (PMMA) bone cement as the induced 
membrane medium. Because the inflammatory response induced by bone cement is milder than other materials, the use of silicone will 
produce strong T cell and macrophage responses [5]. In addition, PMMA is a local antibiotic carrier for treatment of infections [6], and 
appropriate concentration of antibiotics can improve the activity of PMMA induced membrane. Masquelet’s induced membrane 
technique (MIMT) is a relatively new, two-stage surgical procedure to reconstruct segmental bone defects. The reconstruction tech
nique involves two surgical steps: in the first step, PMMA is inserted into the bone defect and the proximal and distal segments are held 
together. Over the next six weeks or so, PMMA is coated with induced membranes (IM). In the second step, the cement spacer was 
removed (after a careful cement incision) and non-vascularized autogenous cancellous bone was filled [7].

The idea of using a silicon pseudo synovial sheath for nerve repair was first proposed by Lundborg [8]. Subsequently, silicone 
induced membrane has been used as an empty conduit to treat nerve defects with good results [9–11]. Synthetic non-degradable 
polymer silicone is one of the first used materials for nerve repair. However, silicone materials have many disadvantages, such as 
non-degradability, large inflammatory reaction and scar formation, which are not conducive to the regeneration of peripheral nerve 
injury, so they are gradually eliminated from use. Takeuchi et al. used a silicone induced biofilm to wrap nerve grafts to treat nerve 
defects and obtained good axonal regeneration. The authors note that PMMA or titanium can also be used instead of silicone [12]. In 
addition, PMMA provides mechanical stability and can be easily supplemented with various antibiotics in various dosages to treat deep 
infections [13].

Ozalp was the first scholar to propose a method based on Masquelet technique for the treatment of bone defects for the repair of 
nerve defects [14]. Subsequently, some scholars also proposed that Masquelet technique could be simulated for two-stage nerve 
transplantation to treat nerve defects [15]. PMMA can also induce a biofilm in muscle that is also rich in neovascularization [16]. There 
have been related reports on the study of PMMA and silicone induced membrane on bone regeneration in bone defects and subcu
taneous [17,18]. However, the relevance of PMMA-induced biofilms in the treatment of nerve defects has not been reported. The 
purpose of this study is to investigate whether PMMA-induced muscle biofilm contains nerve growth related factors and whether its 
histological characteristics are different from those of silicon-induced muscle biofilm. Moreover, the role of PMMA-induced biofilms in 
a rat sciatic nerve defect model was also evaluated and the mechanisms by which biofilms promote nerve regeneration was explored.

2. Materials and methods

2.1. Materials and antibodies

Silicone rods were prepared by our laboratory. PMMA were purchased from Stryker (Kalamazoo, Michigan, USA). siRNA and 
negative control (NC) were designed online (https://www.invivogen.com) and synthesized by Sangon Biotech (Shanghai, China). 
Antibodies of NGF (ab6199, Abcam) VEGFA (ab214424, Abcam), GDNF (ab28956, Abcam), Vimentin (ab92547, Abcam), S100β 
(ab52642, Abcam), NF200 (ab215903, Abcam) and CD31 (ab204527, Abcam) were purchased from Abcam (Cambridge, MA UK). 
Antibodies of IGF (28530-1-AP, Proteintech), Tnc (67710-1-Ig, Proteintech), FN1(15613-1-AP, Proteintech) and β-actin (66009-1-Ig, 
Proteintech) were supplied by Proteintech Group (Wuhan, China), Inc. Primary antibody of EGF (sc-374255, Santa) was purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA)., Inc.

2.2. Experimental design

Following Local Ethical Board approval, seventy-five adult female rats (SD rats, 10–12 weeks, 250–300 g) were used for this study. 
SD rats were intraperitoneally injected with sodium pentobarbital of 5 g/500 mL or 0.4 mL at the rate of 40 mg/kg. CD31 staining of 
biological membrane was performed in 18 rats at 4, 6, and 8 weeks. Thirty-six rats were used to measure the amount of nerve growth 

Abbreviations

PMMA polymethyl methacrylate
VEGF vascular endothelial growth factor
NGF nerve growth factor
GDNF glial cell line-derived neurotrophic factor
IGF insulin-like growth factor
FN1 Fibronectin
EGF epidermal growth factor
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related factors in the induced membranes for different weeks. The 18 rats were used to evaluate the efficacy of the two materials 
induced membrane wrapped autologous nerve grafts in repairing nerve defects. Induced membranes were obtained in the first stage of 
surgery as described below. In the second stage, the nerve regeneration was observed and evaluated at 8 and 12 weeks after operation.

2.3. Biofilm induction in vivo and factors and vascularization detection

In the first part, 18 rats were used for CD31 staining, and the other 36 rats were used for PCR and WB detection. Sixty rats were 
divided into two groups, 30 rats in each group. In the PMMA group, a 15 mm PMMA spacer (13 mm in length and 2.5 mm in diameter) 
was placed parallel to the sciatic nerve (Fig. 1, left). The ends of the PMMA were fixed within the muscle tissue to prevent sliding from 
affecting the formation of the induced membrane. In the silicone group, a 13 mm long and 2.5 mm diameter silicone spacer was placed 
parallel to the sciatic nerve (Fig. 1, right), and was fixed to the muscle tissue in the same manner. After 4, 6, and 8 weeks, we observed 
the biofilm induced by different materials at different weeks under the microscope. Three rats from each group were used for PCR, 
three rats for WB, six rats for proteomic analysis and another three rats for CD31 staining.

2.4. In vivo prefabrication of two kinds of membrane materials and autologous nerve transplantation

An oblique incision approximately 3 cm long was made along the posterior lateral side of the right thigh to expose the right sciatic 
nerve. The sciatic nerve defect model was prepared by cutting and excising the sciatic nerve approximately 1 cm long at the lower 
margin of the piriformis muscle 5 cm away. The nerve defect was repaired with different methods. For the PMMA group, two small 
openings were cut at both ends of the membrane, the PMMA was taken out without harming the membrane, and the autologous nerve 
was rotated 180◦ before being inserted into the membrane (Fig. 2A). For the silicone group, silicone was taken out and otherwise the 
same as that in the PMMA group (Fig. 2B). For the blank group (Fig. 2C), the first stage is suturing the wound after incision of the skin 
to expose the middle sciatic nerve. The second stage is the same method as above, the autogenous nerve was rotated 180◦. The excised 
sciatic nerve segment was repaired between the proximal and distal stump using 10–0 nylon epineural interrupted sutures.

2.5. Detection method and evaluation index

2.5.1. General observation
The systemic and local wound conditions of the three groups were observed at different time points after surgery, and the position, 

area, depth and final healing of postoperative foot ulcers were compared among the three groups. At 8 and 12 weeks after operation, 
the anastomosis and angiogenesis of the grafted nerve were observed, and the adhesion degree of the grafted nerve to the surrounding 

Fig. 1. Placement of PMMA (left) and silicone spacer (right). The PMMA and silicone spacer with 13 mm in length and 2.5 mm in diameter was 
placed parallel to the sciatic nerve.
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tissue was evaluated according to the classification proposed by Lodge et al. [19]. The degree is as follows: Grade 0: no adhesion; Grade 
1: Loose filmy adhesions separable through blunt dissection; Grad 2: Less than 50 % of adhesions requiring separation through sharp 
dissection; Grade 3: More than 50 % of adhesions requiring separation through sharp dissection; Grade 4: Severe adhesion; Grade 5: 
Full-thickness adhesion.

2.5.2. Sensory and motor function detection of nerve regeneration
At 8 and 12 weeks after surgery, sensory and motor functions of rats were measured by pinprick test and the toe-spread test, the 

results were scored as grade 0 to 3 20. The recovery of sensory function was detected by pinprick test. The contractile response of the rat 
foot was observed by pinprick the foot. It is scored from 0 to 3, with higher levels indicating better pain and tactile recovery. The 
recovery of motor function was assessed by means of toe extension tests. The rats were graded by observing abduction and hyper
extension when suspended by the tail. The higher the series, the better the recovery.

2.5.3. Neural electrophysiology
At 8 and 12 weeks after surgery, the rats were anesthetized, and the nerve graft segments were exposed by skin incision and 

dissected proximally and distally. The sciatic nerve proximal to the proximal anastomosis was electrically stimulated with a pair of 
bipolar hook electrodes, and a unipolar needle recording electrode was inserted into the ipsilateral gastrocnemius muscle belly while a 
ground electrode was inserted into the dorsal skin. A hypermaximal stimulus (1 mA in intensity) was administered to evoke the 
maximal CMAP response. The records were repeated three times and averaged. Motor nerve conduction velocity (NCV) was calculated 
by dividing the distance difference between the proximal and distal ends of the stimulated site by the latency difference. To avoid 
muscle jitters caused by cold stimulation, the laboratory temperature should be controlled.

2.5.4. Wet weight ratio of pretibial muscle
The rats were sacrificed at the end of electrophysiological examination at 8 and 12 weeks after nerve transfer, and bilateral tibialis 

Fig. 2. Representative images of in vivo prefabrication of two kinds of membrane materials and autologous nerve transplantation. The three images 
on the far left panel, from top to bottom, are biofilm formation 6 weeks after PMMA placement (A), 6 weeks after silicone placement (B), and blank 
group (C). In the middle panel, a 1-cm sciatic nerve defect model was made 5 mm below the inferior border of the piriformis muscle, and the nerve 
was turned over, and the PMMA group and the silicone group were stuffed into the biofilm. The rightmost group had a tension-free anastomosis at 
both ends.

J. Wang et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e37231

5

anterior muscles were harvested. Then, the wet weight was determined using an electronic balance. The wet weight ratio of the 
anterior tibial muscle on the affected side was calculated by comparing the weight of the anterior tibial muscle on the experimental 
side and the normal side.

2.5.5. qPCR assay
Total RNA was isolated from the samples firstly, and then reverse transcription, amplification and detection on a fluorescent 

quantitative PCR instrument were performed in turn. The primers of VEGFA, NGF, GDNF and IGF were showed in Table 1. 2− ΔΔCT 

method was used to quantify the relative mRNA expression to β-actin.

2.5.6. Protein expression assayed by western blot analysis (WB) and ELISA
The protein expression of VEGFA, NGF, GDNF, IGF, Tnc and FN1 in the biological membrane tissue was measured using western 

blotting. In brief, total protein of the samples was extracted and then SDS-PAGE electrophoresis was performed to isolate the proteins 
which were transferred to PVDF membrane followed by incubation with primary antibodies of VEGFA (1:500), NGF (1:200), GDNF 
(1:500), IGF (1:200), Tnc (1:500), FN1(1:500) or β-actin (1:5000) in the darkroom at 4 ◦C overnight. The membrane was incubated 
with corresponding second antibodies for 2 h at room temperature. Then the membrane was added ECL chemiluminescence solution 
and the images were taken under a chemiluminescence imager. The internal reference protein was β-actin. The gray value of each strip 
was analyzed by ImageJ software, and the statistical analysis was carried out. The levels of EGF in the membrane were quantified by 
ELISA according to the introduction of the kits.

2.5.7. Immunohistochemistry
CD31 expression was used to evaluate vascularization degree in the biological membrane. Paraffin sections were processed by 

continuous rinsing (100 % xylene, three times for 20 min; 100 % alcohol, 5 min; 95 % alcohol, 5 min; 85 % alcohol, 5 min; 75 % 
alcohol, 5 min; Distilled water, 5 min), followed by antigen repair by incubation with primary antibody of CD31 and then with suitable 
secondary antibody. The sections were observed under a microscope and photographs were taken (400× magnification).

2.5.8. Immunofluorescence detection
S100β and Neurofilament 200 (NF-200) staining of cross-sections of the samples was used to observe the regeneration of axons and 

Schwann cells. The samples were paraffin sectioned firstly and then the sections were undergone antigen retrieval, incubation with 
primary antibodies of S100β (1:100) and NF-200 (1:50) followed by incubation with fluorescent probe labeled secondary antibodies. 
The sections were observed under a fluorescence microscope.

EGF co-expression with Vimentin, a marker of fibroblasts in the biological membrane was detected using immunofluorescence. 
Similarly, the samples were paraffin sectioned firstly and then the sections were undergone antigen retrieval, incubation with primary 
antibodies of EGF (1:50) and Vimentin (1:100) followed by incubation with fluorescent probe labeled secondary antibodies. Photo
graphs were taken under a fluorescence microscope.

2.5.9. Masson’s trichrome staining
Masson’s trichrome staining was performed to investigate the muscle recovery after nerve transplantation. The samples were fixed 

overnight with 4 % paraformaldehyde, then dehydrated, embedded and followed by Masson reagent staining to observe the fibers and 
collagen. Photographs of the sections with a 200× magnification were taken under a microscopy.

2.5.10. Toluidine blue staining
The nerve samples were fixed in 4 % paraformaldehyde, embedded in paraffin wax. The semi-thin sections were obtained using a 

microtome followed be staining with toluidine blue and observed under an optical microscope. The total area and number of 
myelinated nerve fibers were measured by Image-Pro Plus software. Three images were randomly collected from each specimen to 
count the number of medullated nerve fibers.

Table 1 
Primers for PCR assay.

Gene Primers Sequence (5’->3′) Product (bp)

VEGFA Forward: TTCGTCCAACTTCTGGGCTC 172
Reverse: GCTTTCTGCTCCCCTTCTGT

NGF Forward: GAGCGCATCGCTCTCCTT 776
Reverse: GTGTGAGTCGTGGTGCAGTA

GDNF Forward: ACACTCGAGGAGGAAGGACA 438
Reverse: CGGCAGTCCCTTGAAGACAT

IGF Forward: GACGTACCAAAATGAGCGCACC 381
Reverse: TCGATAGGGGCTGGGACTTC

Actb Forward: GTCCACCCGCGAGTACAAC 260
Reverse: GGATGCCTCTCTTGCTCTGG
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2.5.11. Proteomic assay
Label-free whole proteomics assay of the biological membrane (4weeks, 6weeks and 8weeks) and bioinformatics analysis was 

performed (Majorbio). Briefly, based on the RAW files detected by mass spectrometry, the corresponding species protein database was 
searched and compared. Based on the database search results, mass tolerance distribution analysis of peptide, protein and parent ion 
was performed to evaluate the quality of the mass spectrometry detection data. Protein identification and quantitative analysis were 
performed on the screened proteins after quality control, and a rough-sample protein statistics was obtained. Then we screen the 

Fig. 3. Biofilm characteristics (A) Images of the induced-membranes at 4, 6, and 8 weeks. (B) PCR were performed to analysis the content of neuro- 
related factor-VEGFA, NGF, GDNF and IGF. (C) Images of the blots of VEGFA, NGF, GDNF and IGF in the induced-membranes at 4, 6, and 8 weeks. 
(D) Statistical analysis of VEGFA expression assayed by western blots. (E) Statistical analysis of NGF expression assayed by western blots. (F) 
Statistical analysis of GDNF expression assayed by western blots. (G) Statistical analysis of IGF expression assayed by western blots. (H) CD31 
staining was used to show the number of new blood vessels. n = 3. ns, no significance; *P < 0.05, **P < 0.01.
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Fig. 4. Morphological observation, Electrophysiological evaluation and Evaluation of target muscle reinnervation. (A) Morphological observation 
and degree of vascularization on the surface of the transplanted nerve at 8 and 12 weeks after operation. (B) Electrophysiological evaluation of 
different groups at 8 and 12 weeks after nerve grafting. (C) Representative CMAP recordings at the injured side in each group at 8 and12 weeks after 
the nerve autograft. CMAP. (D) NCV were calculated. n = 3. ns, no significance; *P < 0.05 compared with blank. (E) Evaluation of target muscle 
reinnervation and representative images. (F) The wet weight rate of tibial anterior muscle in each group at 8 and12 weeks after the nerve. (G) 
Masson staining of the tibialis anterior muscle on the affected sides was used to measure the muscle atrophy of the target organ of sciatic nerve 
injury. (H) Quantitative analysis of collagen fibers by Masson staining. n = 3. **P < 0.01 compared with blank.

J. Wang et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e37231

8

differential proteins and analyze the proteins with the required multiple of difference.

2.6. Experiments in vitro

2.6.1. Cells, cell culture and treatment
Rat Schwann cells RSC96 were purchased from Cell Bank, Chinese Academy of Sciences and cultured in DMEM supplied with 10 % 

fetal bovine serum (FBS) in an incubator with 5 % CO2 and 95 % atmosphere. Rat synovial fibroblasts (rFLS) were isolated from 
synovium of rats (male, 150 ± 20 g) which were cultured in DMEM medium. 10 ng/mL EGF was used to treat rFLS which was plated in 
the subcellular chamber (Transwell) co-cultured with RSC96 in the upper chamber.

2.6.2. Proliferation assay
After co-cultured with rFLS for 12, 24, 48 and 72 h, RSC96 cells were added with 10 μl CCK8 solution and incubated at 37 ◦C for 

another 2 h, optical density value at 450 nm (OD450nm) was obtained using a microplate reader.

2.6.3. Migration assay
After co-cultured with rFLS for 24 h, RSC96 cells in the upper chamber were in FBS-free culture and placed in a suitable orifice plate 

containing complete medium with 10 % FBS at 37 ◦C for another 8 h incubation. After then, the migrated cells were stained using 
crystal violet and cells photographs were taken under a microscope.

2.7. Statistical analysis

Statistical analysis was performed using Graph Pad Prism 8.0 software (Graph Pad software, La Jolla/CA, USA). Descriptive results 
are detailed as means and standard deviations. One-way ANOVA, nonparametric Kruskal-Wallis test for rank-sum ANOVA, and Dunn’s 
test for multiple comparisons were used. The t-test was used to compare the physiological data of irradiated and non-irradiated rats. 
Image-Pro Plus (IPP) software was used to determine the positive level of each protein in the immunofluorescence or immunohis
tochemical specimen. Three fields were randomly selected, and the integral optical density (IOD) value of positive protein expression 
in the region of interest (ROI) was divided by the area of the selected region of interest, that is, the average optical density value was 
used as the positive protein expression level, and the mean value of the three was used as the final statistical result of each sample. The 
P < 0.05 indicates that the difference is statistically significant.

3. Results

3.1. Expression of neurotrophic factors and angiogenesis in biofilms

Microscopically, the most obvious vascularization of the biofilm was observed at 6 weeks, and there was no significant difference in 
the degree of vascularization between the PMMA group and the silicone group (Fig. 3A). The results of PCR (Fig. 3B) and WB 
(Fig. 3C–G) showed that there was no significant difference in the contents of VEGF, NGF, and GDNF between the two membrane 
groups at 6 and 8 weeks. The protein content of IGF was higher in PMMA induced films than that in silicone induced films at 4 and 6 
weeks. Relative quantitative analysis of CD31 staining showed that the number of new blood vessels in the PMMA group was less than 
that in the silicone group at 6 weeks, but there was no significant difference between the two groups at 4 and 8 weeks (Fig. 3H). The 
number of factors, except for IGF, and vessels was the highest at 6 weeks.

3.2. Evaluation of function recovery, neural electrophysiological and target muscle reinnervation in sciatic nerve defect model

The healing time of plantar ulcers in PMMA group and silicone group was 5 weeks after surgery, and in blank group was about 6 
weeks after surgery. There was no significant difference in the healing rate of foot skin ulcer among the three groups. No nerve graft 
was deformed. Eight weeks after surgery, there was no significant difference in the degree of nerve edema among the three groups. At 
12 weeks after operation, there was no obvious edema of nerve grafts in the material group, and the nerve fiber bundles were clearer 
than those in the blank group. The nerve grafts in the three groups were well anastomosed with the peripheral nerve stumps, and no 
neuroma was observed at the anastomosis site. The nerve grafts were well anastomosed with the peripheral nerve stumps in the three 
groups, and no neuroma was found at the anastomosis site. The nerve grafts in PMMA group and silicone group had mild adhesion to 
the surrounding tissue, which was grade 0 according to the adhesion grading standard. In blank group, the adhesion between the 
transplanted nerve and the surrounding tissue was severe, which was grade 3. At 8 and 12 weeks after operation, the degree of 
vascularization of the nerve grafts in the two material groups was more obvious than that in the blank group (Fig. 4A).

Eight weeks after surgery, the Pinprick test and Toe-spread test in the three groups were poor, with 3 rats having 1 rat of grade 1 and 
2 rats of grade 0 (Table 2). Twelve weeks after surgery, two of the three rats were grade 3 and one was grade 2 in the Pinprick test and 
Toe-spread test in the PMMA group and the silicone group. In the blank control group, 1 was grade 3 and 2 was grade 2 in the Pinprick 
test, and all three rats were grade 2 in the Toe-spread test (Table 3).

Electrophysiological evaluation showed that there was no statistically significant difference in CMAP% (Fig. 4B and C) and NCV% 
(Fig. 4D) between the three groups at 8 weeks postoperatively. At 12 weeks postoperatively, there was no statistically significant 
difference in CMAP% and NCV% between the PMMA group and the silicone group; but both were significantly higher than the blank 
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group.
Eight weeks after nerve transplantation, the wet weight rate of the tibial anterior muscle on the affected side in PMMA group (42.87 

± 1.65 %), silicone group (45.7 ± 1.47 %), and blank group (43.83 ± 0.70 %) was not significantly different. At 12 weeks after 
operation, the wet weight rate of target organ muscle in PMMA group (57.97 ± 1.73 %) and silicone group (57.33 ± 3.43 %) was 
higher than that in blank group (50.82 ± 0.93 %), and the difference was statistically significant. There was no significant difference 
between the two groups (Fig. 4E and F). Masson staining showed that there was no significant difference in the percentage of collagen 
fibers among the three groups at 8 weeks after operation (Fig. 4G and H). At 12 weeks after operation, there was no significant dif
ference in the area percentage of collagen fibers between the PMMA group and the silicone group, but the area percentage of collagen 
fibers in the two material groups was significantly lower than that in the blank group.

3.3. Evaluation of nerve regeneration

Toluidine staining (Fig. 5A and B) showed that the number of regenerated myelin axons in the PMMA group and the silicone group 
was more than that in the blank group at 8 and 12 weeks after operation, and the difference was statistically significant. There was no 
significant difference between the two materials groups.

The immunofluorescence staining results of the middle (Fig. 5C) and distal (Fig. 5D) anastomosis of the transplanted nerve showed 
that the staining intensity of the two materials groups was significantly higher than that of the blank control group at 8 and 12 weeks 
after operation, and the difference was statistically significant. There was no significant difference in staining intensity between the 
two material groups.

3.4. Proteomic analysis reveals differential expression of Tnc and associated factors in biofilms during nerve regeneration

In order to further explore the mechanism of biofilm promoting nerve regeneration, proteomics assay was performed and results 
were showed in Fig. 6. There are 3931 proteins were found in the biological membrane of 4, 6 and 8 weeks induction (Fig. 6A–B). Tnc 
was among the differential proteins (∣log2(FC)∣>1, P < 0.05) which was upregulated in the 6-week biological membrane compared 
with 4-week one (Fig. 6C) and was downregulated in 8-week biological membrane compared with 6-week one (Fig. 6D). The dif
ferential proteins involved in biological processes (BP) such as peripheral nervous system axon regeneration and collagen fibril or
ganization (Fig. 6E). Tnc expression were the highest in the 6-week biological membrane and there was no significant difference 
between 4-week and 8-week biological membrane (Fig. 6F). Results of bioinformatics analysis showed that Tnc may be associated with 
EGF/EGFR and FN1 which were involved in cell proliferation, cell adhesion and migration processes (Fig. 6G).

To explore the role of EGF/Tnc/FN1 in the biological membrane and association with nerve regeneration, the levels of EGF/Tnc/ 
FN1 in the biological membrane were detected in the present study. As showed in Fig. 7A–C, the protein levels of Tnc, FN1 and EGF 
were significantly upregulated in the 6-week biological membrane compared with the 4-week one which was downregulated in the 8- 
week membrane. Results of immunofluorescence colocalization protein detection showed that EGF co-expressed with Vimentin, a 
marker protein of fibroblasts was the highest in the 6-week biological membrane which was downregulated in 8-week biological 
membrane significantly (Fig. 7D–E). The relation of fibroblasts secreted EGF with proliferation and migration of Schwann cells were 
then investigated in the followed study. It was showed in Fig. 7F–G that EGF-treated rFLS induced increasing migration ability of 
Schwann cells and siTnc attenuated the effect of rFLS on Schwann cells migration. It was similarly to cell proliferation that EGF-treated 
rFLS induced increasing cell proliferation of Schwann cells which was alleviated by siTnc expression (Fig. 7H).

4. Discussion

Schwann cells, stromal membrane, neurotrophic factors, and good blood supply constitute the microenvironment of nerve 
regeneration. After peripheral nerve injury, a good nerve regeneration microenvironment is beneficial to protect damaged neurons and 
promote effective axon regeneration [20]. Polymethyl methacrylate (PMMA) is an organic polymer extensively utilized in medical 
polymer materials and electronic devices due to its excellent chemical stability, superior dielectric properties, and electrical insulation 
capabilities [21,22]. PMMA induced biofilm can provide a good environment for the growth of second-stage graft bone [23]. Some 
scholars believe that the induced membrane provides a better microenvironment for the regeneration of axons and Schwann cells [9,
11]. In the present study, in 10 mm rat sciatic nerve defect model, PMMA and silicone induced membrane can create good environment 
for neural transplantation, and both materials can achieve the same axonal regeneration effect, histological and functional results to 
achieve the ultimate goal of peripheral nerve repair strategy, which is to maximize functional recovery and shorten recovery time [24]. 
Silicone membranes produce in the animal model membranes with similar characteristics to that of PMMA. However, this material has 

Table 2 
Evaluation of function recovery 8 weeks after surgery.

NO.
BLANK SILICON PMMA

#1 #2 #3 #1 #2 #3 #1 #2 #3

Pinprick 1 0 0 0 0 1 0 0 0
Toe-spread 1 0 0 0 1 0 0 0 1
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never been used in clinical practice for a Masquelet procedure and bone healing has not been evaluated until now [25].
Several studies have reported that the essential components for nerve regeneration [26,27] include vascularity supportive cells 

[28], and growth factors [29,30]. The deficiency of vascularization and growth factor is the key factor restricting the success of its 
repair. Silicone rod-induced biofilms provide a soft lumen, good vascularization, and a stable structure that can be effectively used to 
encapsulate nerve graft segments [15]. There have been several trials to enhance nerve regeneration by using growth factors such as 
NGF, IGF and VEGF in direct repair or acellular nerve allograft models [30–32]. In this study, the results of WB showed that NGF, 
VEGF, IGF and other nerve regeneration related factors were contained in the induced membranes of the two groups, which confirmed 
the conjecture of Abdul et al. [11,33]. The IGF content in PMMA group was significantly higher than that in silica silicon group. 
Combined with the results of subsequent experiments, it is suggested that IGF has little or no effect on nerve regeneration, and the 
inducement of membrane to promote nerve regeneration may be related to the content of VEGF, NGF and GDNF. The proteomic results 
showed that Tnc may be one of differential proteins in the biological membrane induced for 4, 6 or 8 weeks and the highest Tnc 
expression was found in 6-week membrane. The following bioinformatics analysis showed that EGF and FN1 involved in cell prolif
eration [34] and migration [35] may be associated with Tnc which was then explored in the present study. EGF and its receptor EGFR 
may be expressed in fibroblasts contributing to recovery of the severed peripheral nerve in rats [36]. The relation of fibroblasts with 
cell proliferation and migration of Schwann cells was investigated, and results demonstrated that EGF-treated fibroblasts promoted 
proliferation and migration may be Tnc expression dependently which may be consistent with the previous study [37]. Moreover, we 
can see more mature blood vessels with CD31 [38] and there are abundant neovascularization in the membrane, especially in the 
6-week induced membrane, the neovascularization content in the induced membrane was similar between the two groups, which 
provides a rich nutrition for the transplanted nerve.

Scarring near the nerve graft may cause the compression of nerve fibers with the scar tissue, which has a deleterious effect on the 
functional outcome after nerve repair and may result in persistent paresthesia, pain, or incomplete motor return [39]. In this study, the 
blank group appeared to have the most severe adhesion near the repaired nerves, whereas PMMA group and silicon group had 
significantly less adhesion than the blank control group did. This is consistent with Abdulaziz’s report [40] that silicon rod-induced 
biofilm formation minimizes fibrosis-induced adhesion.

The goal of treatment for large peripheral nerve defects is to restore critical function and sensitivity of the limb [41]. In the present 
study, we used the pinprick test and the toe-spread test [42] to evaluate the functional recovery of sensory and motor nerves in the 
three groups at 8 and 12 weeks. At 8 weeks after operation, the material group did not play a significant role. Twelve weeks after 
operation, the material groups, the PMMA group and the silicone group, effectively promoted the functional recovery of the affected 
limb and improved its sensitivity compared with the simple autogenous nerve transplantation.

Amplitude and NCV are two important indexes for detecting the recovery of the function in injured peripheral nerve [43]. NCV can 
reflect the degree of impairment in the nerve myelin sheath [44]. It is also an important indicator of nerve fiber maturity [45]. This 
study demonstrated that biofilm significantly promoted the maturation of transplanted nerve fibers at 12 weeks.

Due to the slow recovery of peripheral nerve injury, different degrees of muscular atrophy will occur in the affected innervated area 
regardless of the transplantation method [46]. After peripheral nerve repair, the re-innervation of nerve fibers to target muscles is an 
important factor affecting nerve function [47]. The methods to evaluate the recovery of sciatic nerve function were target muscle wet 
weight rate and Masson staining. At 12 weeks postoperatively, the area and wet weight ratio of collagen fibers in the two groups were 
similar, and were significantly higher than those in group C, indicating that the biofilm induced by the nerve grafts wrapped by the two 
groups could effectively inhibit the formation of fibrotic tissue to the same extent, and alleviate partial loss of skeletal muscle atrophy 
after denervation at 12 weeks.

Toluidine blue staining showed that induced of membrane-wrapped transplanted nerves from 8 weeks after surgery could promote 
cell proliferation and axon regeneration. The S100β and NF-200 (marked for neurofilaments for axonal tracing) were performed in an 
immunofluorescence assay to further evaluate the axon growth [48]. The intensity of S100β protein and NF-200 in PMMA group and 
silicon group was higher than that in blank group, indicating that there were more newly formed neural tissues in material group than 
in blank group at 8 and 12 weeks after the operation.

The interval between the two stages of surgery varies among different scholars. Ozalp et al. simulated the Masquelet technique by 
putting silica silicon into the nerve side to form a biofilm in the second stage. Five weeks later, the membrane was used to wrap the 
nerve to repair the nerve defect, and good functional recovery was obtained [14]. Subsequently, a second operation at 4 weeks was 
studied, which also demonstrated that the biofilm produced by silicon could enhance the vascularity of the graft and improves 
functional recovery [15]. Takeuchi had a second surgery after eight weeks of silicone placement, also demonstrating that vascularized 
biogenic conduits of the biological catheter with blood could promote the regeneration of the transplanted nerve and can offer superior 
functional and morphological recovery of regenerated axons [12]. This study demonstrated that the biofilm was most active at 6 
weeks. We recommend an interval of 6 weeks between the two nerve transfer procedures.

Table 3 
Evaluation of function recovery 12 weeks after surgery.

NO.
BLANK SILICON PMMA

#1 #2 #3 #1 #2 #3 #1 #2 #3

Pinprick 3 2 2 3 3 2 3 2 3
Toe-spread 2 2 2 3 2 3 2 3 3
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Fig. 5. Evaluation of nerve regeneration. (A, B) Toluidine staining was used to show the number of regenerated myelin axons. Scale bar = 100 μm. 
Immunofluorescence staining of S100β and NF-200 in the middle (C) and distal (D) anastomosis of the transplanted nerve 8 and 12 weeks post- 
surgery were performed to evaluate the axon growth. Scale bar = 50 μm. n = 3. **P < 0.01 compared with blank.
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Fig. 6. Label-free whole proteomics assay of the biological membrane (4weeks, 6weeks and 8weeks) and bioinformatics analysis was performed. 
(A) The Venn diagram shows the overlap of proteins between different groups. (B) Protein expression level clustering heat map, 8-week (W8) 
biological membrane VS 6-week (W6) biological membrane VS 4-week (W4) biological membrane. (C) Differential proteins volcano map, 6-week 
(W6) biological membrane VS 4-week (W4) biological membrane. (D) Differential protein volcano map, 8-week (W8) biological membrane VS 6- 
week (W6) biological membrane. (E) Statistical map of the number of different proteins in biological processes. (F) Tnc expression in the biological 
membrane (W8 VS W6 VS W4). n = 3. ns, no significance; *P < 0.05, **P < 0.01. (G) Bioinformatics analysis of Tnc related proteins.
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Based on the results of our experimental study, we can state the following. At 4, 6, and 8 weeks after operation, PMMA was placed 
near the nerve to form a biofilm which was rich in blood vessels and nerve growth related factors, and the content of neo
vascularization and factors was the highest at 6 weeks. This means that the optimal interval between surgeries is six weeks. Secondly, 
PMMA induced biofilm can significantly promote autogenous nerve transplantation to repair nerve defects, and the effect is not 
significantly different from that of silicon group. The biofilm is produced in vivo, non-immunogenic, has good biocompatibility, and its 
low cost is unmatched by other nerve conduits. Thirdly, the EGF/Tnc/FN1 may be one of the mechanisms by which biofilms promote 
nerve regeneration through increasing cell proliferation and migration of Schwann cells, further investigations were needed to validate 
the mechanisms of EGF/Tnc/FN1 in nerve regeneration. The present work lacked the critical tests as neurophysiological test and 
transmission electron microscopy (TEM) data to detect the thickness of myelin sheath, the diameter of myelinated axons and G ratio, 
which should be investigated in the further.

5. Conclusion

In conclusion, our study confirmed that PMMA-induced biofilms can better facilitate autologous nerve grafting to repair nerve 
defects and may be due to promotes Schwann cells migration and proliferation mediated by fibroblast-derived EGF/TNC/FN1. In 
addition, PMMA could induce the formation of biofilms with similar histological characteristics as silicone rods, and the histological 
and functional test results of the two biofilm-coated nerve grafts were similar. In special cases, such as severely contaminated limb 
open trauma, we consider using antibiotic-loaded PMMA to clear the infected lesion in the first stage and create a good biological 
microenvironment for the preparation of the nerve bed in the second stage. Secondly, in the treatment of perineural scar wounds, 
PMMA-induced biofilm can be used to repair nerve defects, and also create a good microenvironment for transplanted nerves to 
achieve better clinical transformation.

Fig. 7. EGF/Tnc/FN1 in the biological membrane and related experiments in vitro. (A) Western blot of Tnc/FN1 in the biological membrane in each 
group. (B) Western blot analysis of Tnc/FN1 in biological membrane. (C) EGF levels in the biological membrane in each group by ELISA. (D) Co- 
expression of EGF and Vimentin in the biological membrane from immunofluorescence. (E) Analysis of relative expression of EGF and Vimentin in 
the biological membrane. (F) Migration of Schwann cells of control, negatived control (NC) and Tnc siRNA (siTnc) co-cultured with EGF-treated 
fibroblasts assayed using transwell. (G) Quantification analysis of migrated cells in each group. (H) Cell proliferation of Schwann cells in each 
group were assayed using CCK8. OD450nm mediated cell viability. n = 3. *P < 0.05, **P < 0.01.
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