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Background: These normal entheses are not reestablished after repair despite significant 

advances in surgical techniques. There is a significant need to develop integrative biomaterials, 

facilitating functional tendon-to-bone integration.

Materials and methods: We fabricated a highly interconnective graphene oxide-doped elec-

trospun poly(lactide-co-glycolide acid) (GO-PLGA) nanofibrous membrane by electrospinning 

technique and evaluated them using in vitro cell assays. Then, we established rabbit models, the 

PLGA and GO-PLGA nanofibrous membranes were used to augment the rotator cuff repairs. 

The animals were killed postoperatively, which was followed by micro-computed tomography, 

histological and biomechanical evaluation.

Results: GO was easily mixed into PLGA filament without changing the three dimensional 

microstructure. An in vitro evaluation demonstrated that the PLGA membranes incorporated 

with GO accelerated the proliferation of BMSCs and furthered the Osteogenic differentiation 

of BMSCs. In addition, an in vivo assessment further revealed that the local application of GO-

PLGA membrane to the gap between the tendon and the bone in a rabbit model promoted the 

healing enthesis, increased new bone and cartilage generation, and improved collagen arrange-

ment and biomechanical properties in comparison with repair with PLGA only.

Conclusion: The electrospun GO-PLGA fibrous membrane provides an effective approach 

for the regeneration of tendon to bone enthesis.

Keywords: enthesis, osteogenic material, cartilage, collagen arrangement, rabbit model

Introduction
The enthesis is a special complex tissue interface that connects mechanically dissimilar 

tissues and transfers stress between tendon/ligament and bone.1,2 Several common sports 

medicine injuries, including rotator cuff tendon tear and cruciate ligament rupture, 

require the reconnection of tendon or ligament to bone.3,4 Promoting the healing of the 

bone and tendon/ligament at the implant site is particularly important clinically.5 How-

ever, these normal critical entheses are not reestablished after repair despite significant 

advances in surgical techniques.6,7 In fact, the new connections of tendon or ligament 

to bone are filled with the mechanically inferior fibrovascular scar tissue, which com-

promises the long-term clinical outcome. For this reason, there is a significant need 

to develop integrative biomaterials, facilitating functional tendon to bone integration.

Recently, some studies put emphasis on electrospun fibrous membranes for tissue 

regeneration and loading growth factors because of their high porosity.8,9 Lots of bio-

materials are fabricated into scaffolds or membranes with different sized fibers by the 

electrospinning technique, and the diameter of the nanofibers is similar to type I collagen.5 

The three-dimensional porous structure of fibrous membranes mimics the natural structure 
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net and is the ideal substrate for tissue cell attachment and 

proliferation.10 Synthetic poly(lactic-co-glycolic acid) (PLGA) 

has been widely used in forming an electrospun fibrous mem-

brane with proper mechanical properties and low immuno-

genicity and toxicity.11,12 Furthermore, it can be structured to 

degrade when the tissue grows into its structure.13 However, 

PLGA lacks an excellent osteoinductivity ability, which 

restricts its independent application in the field of orthopedics.

Graphene oxide (GO), one of the most important deriva-

tives of graphene, is a two-dimensional carbon material with 

many impressive properties, including sp2 carbon domains, 

large surface area, and hydrophilic groups, and it has received 

much focus in the area of biomedical engineering.14,15 Previous 

research demonstrated that GO bound aromatic anticancer 

drugs and proteins through electrostatic interaction, π−π 

stacking, and hydrophobic interaction.16,17 Previous studies 

have also shown that mesenchymal stem cells proliferated 

quickly and could differentiate into osteoblasts under the 

induction of GO.18,19 It is known that bone marrow mesen-

chymal stem cells (BMSCs) migrate to the bone tunnels after 

cruciate ligament reconstruction or to the cancellous bone 

surface after tendon footprint preparation and differentiate 

into osteoblasts.20,21 Previous research showed that the devel-

opment process of the tendon to bone enthesis was similar 

to the process of endochondral bone formation.22 The osteo-

genic ability of biomaterial scaffolds is critical for enhancing 

tendon/ligament to bone integration. It is reported that the 

osteoconductive calcium phosphate materials had positive 

effects on tendon to bone healing in vivo.23,24 Accordingly, we 

speculate that GO enhances the osteointegration of tendon/

ligament to bone, utilizing its osteogenic characteristics.  

To exhibit its ideal effects, GO needs to be combined with 

scaffolds to distribute uniformly in the tendon/ligament to 

bone interface. In addition, retaining the GO at the injured 

part of the body for a persistent period is necessary, which 

keeps the desired effect and reduces the potentiality of het-

erotopic ossification.25 With the electrospinning technique, 

GO is dispersed in the PLGA nanofibrous membrane and 

avoids being transferred to the surrounding tissues.

The aim of this study was to comprehensively investi-

gate the effect of the GO-PLGA nanofibrous membrane on 

osteointegration in a rabbit supraspinatus tendon repair model 

(Figure 1). To prove our hypothesis, highly interconnective 

PLGA/GO-PLGA fibrous membranes were fabricated and 

characterized, and their effects on the proliferation and differ-

entiation of BMSCs in the rabbit were investigated. Then, the 

PLGA/GO-PLGA fibrous membranes were used to investigate 

the effect on tendon to bone integration in a rabbit model.

Materials and methods
Fabrication of the GO-PLGA nanofibrous 
membranes
A 15 wt% PLGA suspension was mixed with 1% GO. Briefly, 

30 mg GO was dispersed in a 20 mL mixed solvent of tetra-

hydrofuran and dimethylformamide (3/1, v/v) for 24 h with 

a magnetic stirrer at 4°C, and 3 g of PLGA was mixed into 

the solvent. An ultrasonic wave cleaner (50 W, SK1200H; 

Shanghai KUDOS, Shanghai, China) was used to sonicate this 

solution for 10 min. The PLGA/GO suspension was put into 

a syringe with a needle. The equipment supply (BGG40/2; 

Institute of Beijing High Voltage Technology, Beijing, China) 

was linked with the needle. An aluminum board served as 

the ground collector. The distance between the pinpoint and 

collector was 20 cm, and the applied voltage was 10 kV. The 

nanofibrous membranes were dried to remove the trace sol-

vent at 37°C and were kept in a dryer at 4°C for further use.

Characterization of the nanofibrous 
membranes
The net structure of the nanofibrous membranes was scanned 

by scanning electron microscopy (S-4800; Hitachi Ltd., 

Tokyo, Japan), according to the procedures described by a 

previous study.26 The mechanical characters of the PLGA and 

GO-PLGA membranes were measured by a mechanical test 

device (H5K-S; Hounsfield, Salfords, UK). The stress–strain 

curve of these membranes was obtained from the deformation 

curves at a tensile speed (0.5 mm/s).

Figure 1 Diagram of transosseous supraspinatus tendon repair with gO-Plga 
fibrous membranes.
Abbreviations: gO, graphene oxide; Plga, poly(lactic-co-glycolic acid).
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Proliferation and osteogenic 
differentiation of rabbit BMscs
Before BMSC seeding, sterilization of the PLGA and 

GO-PLGA nanofibrous membranes was conducted, followed 

by washing and soaking overnight in cell medium. A total 

of 1×104 rabbit BMSCs were cultured on these nanofibrous 

membranes and were placed in a 24-well plate for 1, 3, 

and 7 days under the condition of 5% CO
2
 at 37°C. Rabbit 

BMSCs cultured in plates without nanofibrous membranes 

were used as the blank control (BC). The proliferation of the 

BMSCs was evaluated with a Cell Counting Kit-8 (Dojindo 

Molecular Technologies, Kumamoto, Japan). The absorbance 

was recorded at 450 nm by an ELX Ultra Microplate Reader 

(Bio-tek, Winooski, VT, USA). The osteogenic differentia-

tion of the rabbit BMSCs was evaluated by the ALP activity 

and alizarin red staining. A total of 1×105 rabbit BMSCs were 

seeded on the PLGA and GO-PLGA nanofibrous membranes 

in a 24-well plate for 7 and 14 days. Rabbit BMSCs cultured 

in plates without nanofibrous membranes were also used as 

the BC. After the coculture, the nanofibrous membranes/cells 

were treated with cell lysis medium for a whole night at 4°C. 

The ALP activity was assessed by a test kit (ALP kit; Nan-

jing Jiancheng Institute of Biotechnology, Nanjing, China) 

according to the manufacturer’s instructions. The absorbance 

was obtained at 520 nm. With the above-mentioned cultur-

ing procedure for rabbit BMSCs, after coculture for 14 days 

these nanofibrous membranes were washed with PBS three 

times, and the paraformaldehyde solution was used to fixed 

membranes for 10 min. The membranes were finally stained 

with an alizarin red solution for 30 min and washed with 

PBS three times again. After the alizarin red staining, images 

of the BC, PLGA, and GO-PLGA nanofibrous membranes 

groups were captured by microscope (DM4000B; Leica 

Microsystems, Wetzlar, Germany).

rabbit supraspinatus tendon repair model
The procedures of animal experiments were in strict accor-

dance with the policy of the Institutional Animal Care and 

Use Committee of Shanghai Jiao Tong University Affiliated 

Shanghai Sixth People’s Hospital, and the Animal Welfare 

Ethics Committee of Shanghai Sixth People’s Hospital 

approved this study. A total of 108 mature male rabbits 

(weight 3.0±0.3 kg) were used. All of the rabbits underwent 

transosseous supraspinatus tendon repair. Under general 

anesthesia, one of the shoulders was shaved and then 2.5% 

iodophors were used to sterilize the incision skin. The 

insertion of the supraspinatus tendon was exposed and 

excised through an anterior superolateral approach for the 

shoulder joint. The native enthesis was decorticated with a 

No 15 blade knife. Two 1.2-mm-diameter bone tunnels were 

drilled through the greater tuberosity of the humerus. In the 

experimental groups, the PLGA and GO-PLGA nanofibrous 

membranes were interposed between the supraspinatus 

tendon and humerus bone, and No 2-0 nylon sutures were 

passed through the tendon, nanofibrous membrane, and 

bone tunnels and were tied to fix the tendon to the bone 

(Figure S1). In the control group, the tendon was sutured back 

to the bone without any nanofibrous membrane interposi-

tion. The surgical incision was closed. Postoperatively, the 

rabbits were allowed to move freely after the operation. All 

rabbits were sent back to their cages and given 0.05 mg/kg 

buprenorphine two times a day for 4 days to reduce pain. 

At 4, 8, and 12 weeks, six supraspinatus tendon–humerus 

complexes were sacrificed for microcomputed tomography 

(micro-CT) and histology examination, and six complexes 

were used for biomechanical testing.

Micro-cT analysis
The newly formed bone and bone density on the greater 

tubercles were evaluated with a micro-CT machine (eXplore 

Locus SP; GE Healthcare, London, ON, Canada). Each 

tendon–humerus complex was scanned at a voltage of 90 

kV, 270 mA, and a 0.018-mm effective pixel size. After 

thresholding, three-dimensional reconstruction images were 

obtained. A uniform 5×11 mm2 cylindroid region of interest 

(ROI) was selected at the surface of the tendon–humerus 

complex footprint. The ROI included a portion of the connec-

tion of the tendon and the humerus bone. The bone mineral 

density and bone volume fraction (bone volume/total volume 

[BV/TV]) were calculated over the ROI.

histological analysis
For the histological observation, the supraspinatus tendon–

humerus complexes were fixed, dehydrated, decalcified, and 

embedded. Five-micrometer serial sections were cut from 

each paraffin block in the repaired tendon direction. H&E, 

Safranin O/Fast Green, and picrosirius red stainings were 

performed and the morphological changes were evaluated. 

The images of the H&E and Safranin O/Fast Green staining 

sections were taken by a microscope (DM4000B; Leica 

Microsystems). The images of the picrosirius red staining 

sections were captured with a polarized light microscope 

(Eclipse E800; Nikon Instruments, Melville, NY, USA) 

for semiquantitatively analyzing the collagen maturation at 

the connection of the tendon to bone, following the procedure 

reported in a previous study.25
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Biomechanical testing
The cross-sectional area of the tendon at the insertion site 

was measured by a digital caliper after the supraspinatus 

tendon–humerus complexes were harvested from the rabbits. 

All of the specimens were frozen at -80°C until biomechani-

cal testing. At the time of testing, the supraspinatus tendon 

was weaved by polyester sutures, and then the polyester 

sutures were fixed in a screw grip. The proximal humerus was 

fixed into the polyvinyl chloride cylinder. The supraspinatus 

tendon was fixed in the direction of the supraspinatus muscle 

contraction. To define a standard “zero load,” 10 consecutive 

cycles were conducted from a load of 5 N to a peak load of 

50 N. After preconditioning, the ultimate load to failure of 

the supraspinatus tendon–humerus complexes was recorded 

at a stretching rate of 0.5 mm/min. The load and displacement 

curve data were obtained with the machine data system. 

The ultimate stress and stiffness were calculated.

statistical analysis
The data were presented as the mean±SD. One-way ANOVA 

with post hoc testing was used to evaluate three groups. 

Significance was set at P,0.05.

Results
Preparation and characterization of Plga 
and GO-PLGA nanofibrous membranes
The PLGA and GO-PLGA nanofibrous membranes were 

fabricated by the electrospinning technique as described 

in our previous work.27 The morphology of the fabricated 

nanofibrous membranes was observed by scanning electron 

microscopy (Figure 2A). It was clear that both nanofibrous 

membranes displayed a three-dimensional network with 

high porosity, the GO was not observed on the surface 

of the nanofibers, and the mean diameter of the PLGA 

was 1,341±245 nm. When the GO was doped into the 

PLGA fibrous mats, the mean diameter of the GO-PLGA 

fibers became 1,045±189 nm. The influence of the GO 

on the mechanical property of PLGA fibrous membrane 

was then investigated. The tensile strengths of the PLGA 

and GO-PLGA membranes were 2.37±0.31 MPa and 

2.05±0.29 MPa, respectively (Figure 2B). It was clear that 

the breakdown strength and Young’s modulus reduced when 

1% GO was added into the PLGA.

In vitro rabbit BMsc tests
Figure 3A shows the proliferation behavior of rabbit BMSCs 

on the nanofibrous mats with culture time. There was no 

significant difference between the electrospun nanofibrous 

membrane groups and the BC group after 1 day of coculture 

with cells (P,0.01), but an obvious difference appeared 

after 3 days. More importantly, when GO was added into 

the PLGA fibers, the rate of BMSC proliferation increased 

significantly compared with the PLGA group. Quantitative 

analysis for ALP activity revealed that the ALP activity 

of the rabbit BMSCs cultured on the PLGA/PLGA-GO 

membrane group, by 7 and 14 days, was higher than that on 

a BC group, and this increase was higher for the PLGA-GO 

group (Figure 3B). Similar osteogenic differentiation was 

also demonstrated by alizarin red S staining. Mineralized 

nodules were observed when the rabbit BMSCs were cul-

tured on the PLGA and PLGA-GO membrane for 14 days 

(Figure 3C). More distinct nodules formation were observed 

in the PLGA-GO membrane than in the PLGA membrane. 

The results indicated that the BMSCs cultured on the nano-

fibrous membranes could be better induced into osteoblasts 

and this differentiation was greater on the PLGA-GO nano-

fibrous membranes.

In vivo macroscopic observations
No obvious infection was found at the operative region in all 

rabbit shoulders, and no scar adhesion affected the motion 

of the shoulder. The repaired supraspinatus tendon was 

connected to the bone in all rabbits during necropsy. There 

were no obvious differences in the general appearance of 

the supraspinatus tendon to the bone complexes among the 

three groups at the time of sacrifice.

Micro-cT evaluation of the supraspinatus 
tendon to humerus complexes
At each time point, the micro-CT evaluation revealed that the 

PLGA and GO-PLGA groups possessed more mineralized 

tissue compared with the control group, which indicated that 

the nanofibrous membranes provided support for the newly 

formed bone between the supraspinatus tendon and bone 

(Figure 4A). Importantly, significant differences in bone 

mineral density and BV/TV were always found between 

the PLGA group and the GO-PLGA group at all time points 

(Figure 4B). In general, these data demonstrated that the 

GO-PLGA exhibited significant ability to format new bone 

at the tendon–bone interface and promoted supraspinatus 

tendon to bone integration.

histological examination
cellularity and host tissue response
In the PLGA and GO-PLGA groups, the residual membranes 

showed a rapid degradation rate at 4 and 8 weeks after 
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Figure 2 (A) scanning electron microscopy images and (B) representative stress–strain curves of electrospun PLGA and GO-PLGA nanofibrous membranes.
Abbreviations: gO, graphene oxide; Plga, poly(lactic-co-glycolic acid).

operation. At 4 weeks, the membranes began to degrade, 

and fibroblasts were found in the gap between the fibers and 

the bundles of the inherent tissue architecture. An irregular 

arrangement of fibroblasts was observed and microvascules 

formed at the gap between the GO-PLGA nanofibrous 

membranes and native tissues. At 8 weeks, the membrane 

degraded completely. The interfacial tissues began to 

align regularly and cellularity decreased in the GO-PLGA 

group from 8 to 12 weeks. In comparison, the fibrovascular 

granulation tissue of the control group regenerated slowly 

at each time point (Figure 5).

Metachromasia
The results of the metachromasia staining showed that the 

interface of the tendon to bone interposed with PLGA and 

PLGA-GO membranes was entirely connected by a lump of 

new mineralized tissue (Figure 6). At the time points of 8 and 

12 weeks, there was still no new cartilage regeneration in 
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∆
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Figure 3 (A) ccK-8 assay, (B) alP activity, and (C) alizarin red staining of the Bc, Plga, and gO-Plga groups after rabbit BMscs were seeded onto electrospun 
nanofibrous membranes.
Notes: results are presented as the mean±sD (n=3 for each group). *P,0.05 vs control; **P,0.01 vs control; ***P,0.001 vs control; ∆P,0.05 vs Plga; ∆∆P,0.01 vs Plga.
Abbreviations: Bc, blank control; BMsc, bone marrow mesenchymal stem cell; ccK-8, cell counting Kit-8; gO, graphene oxide; Plga, poly(lactic-co-glycolic acid); 
D, days.

the control group, which was filled with fibrous scar tissue. 

A few chondrocytes and a certain amount of new bone were 

found at the interface in the PLGA, while a larger new car-

tilage formation area was observed in the GO-PLGA group.

collagen organization
Confirming the initial results of the H&E staining, the 

picrosirius red-stained sections showed that the collagen 

fiber bundles of the tendon insertion of the GO-PLGA group 

aligned more irregularly than the other groups (Figure 7A). 

At 4 weeks, the tendon insertions of both the control and 

experimental groups were filled with irregular tissues. 

At 8 and 16 weeks, the parallel cartilaginous continuity was 

gradually reestablished along the long axis in the GO-PLGA 

group. At all time points, the GO-PLGA group exhibited sig-

nificantly improved type I collagen production at the healing 

location than the other groups, according to birefringence 

under polarized light (Figure 7B). There was no significant 

diversity between the control and PLGA groups at 4 weeks, 

while the PLGA group exhibited significantly improved 

type I collagen production at 8 and 12 weeks.

The results of biomechanical testing
At each time point, there was no marked difference in the cross-

sectional area of healing connection between the experimental 

groups and the control group (Figure 8A). The ultimate load 

to failure, stress, and stiffness of the supraspinatus tendon to 

humerus complexes were raised in all groups from 4 to 12 weeks 

(Figure 8B–D). At all time points, the ultimate load and stress 

value of the supraspinatus tendon to humerus complexes in the 

GO-PLGA group were significantly higher than those in the 

control group (Figure 8B and C). The strength of the tendon to 

humerus complexes in the GO-PLGA group increased more 

rapidly. However, no significant difference was observed 

between the control and PLGA groups. The difference in the 

stiffness of the supraspinatus tendon to humerus complexes 

between the control and experimental groups began to appear 

at 12 weeks, and we found no significant difference in stress 

when comparing the control and PLGA groups (Figure 8D).

Discussion
Over the last decades, tissue engineering has become a poten-

tial approach for musculoskeletal tissue regeneration.28–30 
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Figure 4 (A) representative microcomputed tomography images of the proximal humerus and (B) analysis of BMD and BV/TV.
Notes: Black arrows and red rectangles indicate newly formed bone between supraspinatus tendon and bone. results are presented as the mean±sD (n=6 for each group). 
*P,0.05 vs control; **P,0.01 vs control; ***P,0.001 vs control; ∆∆P,0.01 vs Plga; ∆∆∆P,0.001 vs Plga.
Abbreviations: BV/TV, bone volume/total volume; BMD, bone mineral density; gO, graphene oxide; Plga, poly(lactic-co-glycolic acid); W, weeks.
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Figure 5 representative h&e-stained tissue sections (40×) of the supraspinatus tendon insertion site at 4, 8, and 12 weeks postoperatively. 
Note: scale bars for h&e-stained images=200 µm.
Abbreviations: gO, graphene oxide; Plga, poly(lactic-co-glycolic acid); B, bone; I, interface; T, tendon; W, weeks.

Figure 6 representative histology images of the cartilage tissue at the insertion site (40× magnification). 
Notes: Yellow region indicates newly formed cartilage between supraspinatus tendon and bone. scale bars for h&e-stained images=200 µm.
Abbreviations: gO, graphene oxide; Plga, poly(lactic-co-glycolic acid); B, bone; I, interface; T, tendon; W, weeks.
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∆∆∆

∆∆∆

Figure 7 (A) representative picrosirius red-stained tissue sections of the healing enthesis (100×) and (B) analysis of the collagen birefringence. 
Notes: rectangle indicates the area of interest for collagen organization. results are presented as the mean±sD (n=6 for each group). **P,0.01 vs control; ***P,0.001 vs 
control; ∆∆∆P,0.001 vs Plga.
Abbreviations: gO, graphene oxide; Plga, poly(lactic-co-glycolic acid); B, bone; I, interface; T, tendon; W, weeks.

Tremendous progress has been made in research involving 

tendon to bone healing using a combination of biomaterials, 

cells, and growth factors.6,31–33 In the clinic, the surgically 

repaired tendon to bone construct is connected by scar for-

mation. The percentage of patients with failure after tendon 

to bone repair is relatively high.34–36 The insertion of tendon/

ligament and bone is a strong mechanical structure established 

via a collagen fiber architecture and mineral composition in 

the native enthesis.5,37–39 Therefore, it is likely that a fibrous 

membrane system that generates a fiber architecture and min-

eral composition will increase the feasibility of tendon to bone 

healing and may be the key to improve clinical prognosis.

PLGA is considered an excellent biomaterial for bone 

tissue engineering due to its satisfactory biocompatibility,40–42 
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Figure 8 Biomechanical testing of the tendon at the insertion site: (A) cross-sectional areas, (B) ultimate load to failure, (C) stress to failure values, and (D) stiffness. 
Notes: results are presented as the mean±sD (n=6 for each group). *P,0.05 vs control; **P,0.01 vs control; ***P,0.001 vs control; ∆P,0.05 vs Plga; ∆∆P,0.01 vs Plga.
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which was also observed in our experiment (Figures 3A and 5). 

Moreover, the PLGA membrane can be directly placed into 

the interface of the tendon to bone, conforming to the require-

ment of local application. Previous research used PLGA to 

promote tendon to bone healing after rotator cuff repair.43,44 

However, the low osteoinductivity ability of PLGA prevents 

PLGA from being widely applied in the field of orthopedics, 

because newly formed bone tissue may be not enough. Simi-

larly, in our study, a few mineralized nodules were observed 

when cocultured with rabbit BMSCs (Figure 3C), and there 

was limited newly formed bone tissue in the PLGA group 

after rotator cuff repair (Figure 4). In order to obtain more 

new bone formation, and thus tendon healing at the bone 

interface can be improved, researchers have attempted to 

use osteo-biomaterials, such as calcium phosphate ceramics 

and bone morphogenetic proteins.25,45,46 The in vivo results 

gained with the osteo-biomaterial were desirable. Previous 

studies reported that GO exhibits the ability to allow for 

the migration and growth of osteoblasts and mesenchymal 

stem cells and had a greater osteoconductivity ability com-

pared with traditional calcium phosphate ceramics.47–49 

Therefore, in this study we fabricated the combined nanofi-

brous scaffold (GO-PLGA) by the electrospinning technique.

GO has received enormous attention in the bone tissue 

engineering field due to its unique sp2 carbon domains, large 

surface area, and hydrophilic functional group structure.49–51 

The enhanced BMSC growth was probably due to the 

capability of the adsorption of the protein to the GO-PLGA 

scaffolds. As shown in Figure 2A, the basic structure of 

GO-PLGA had a high porosity and surface area, which 

achieved an appropriate interconnected pore network for 

new bone formation. Moreover, it was previously reported 

that GO promotes osteogenesis in vitro.52–54 Thus, the cell 

proliferation and ALP activity results demonstrated that 

PLGA-GO membrane may be conducive to the proliferation 

and osteogenic differentiation of BMSCs compared with 

PLGA. The local use of the PLGA-GO membrane in vivo 

was related to an increase in the area of new cartilage between 

the tendon and the bone surface. The well-organized collagen 

fiber orientation at the healing insertion site was consistent 

with the tensile strength of the tendon, which underlined the 

significance of GO in the course of tendon–bone healing.
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Compared with PLGA, the PLGA-GO investigated in 

this research was lowly resistant. This can be attributed to 

its two-dimensional topological plane structure; the GO 

might be vertical to the nanofibers. When the nanofibers are 

in a stress state, GO cannot transfer part of the force, result-

ing in a decrease of the breakdown strength. Although the 

compression strength of the PLGA-GO fibrous membranes 

was inferior to the strength of PLGA alone, the biomechani-

cal properties of PLGA-GO are not essential for repairing 

tendon to bone injury, because the major function of the 

membranes used between a tendon and bone gap is support-

ing bone growth rather than bearing mechanical forces.20 

A biomechanical test of the tendon to humerus complex 

was key to evaluating whether the application of the fibrous 

membrane improved the biomechanical character of the 

repaired insertion. In our study, the local implantation of 

GO-PLGA resulted in a greater ultimate load to failure 

and stiffness. Furthermore, the mechanical properties of 

the tendon to humerus complex with GO-PLGA obviously 

increased after 8 weeks. These results confirmed the prac-

ticability of the implantation of GO-PLGA for tendon to 

bone repair. Although the biomechanical advantages found 

in this study are comparatively small, they are inspiring and 

clinically important.

In view of the weaknesses of this study, the implantation 

of PLGA-GO in patients has a long way to go and further 

studies are needed. Notably, this study was conducted on a 

rabbit model rather than the complex condition of a tendon 

in a human.55,56 Another limitation of our study is that the 

last time point we selected is 12 weeks after the operation; 

it is desirable to carry out histological observation of the 

tendon to bone junctions even up to 1 year after surgery.20 

Finally, the underlying mechanisms of the promotion of 

BMSC differentiation and the enhancement of the tendon to 

bone healing by the nanostructured PLGA-GO membranes 

are unknown and need to be clarified.

Conclusion
Highly interconnective PLGA/GO-PLGA fibrous mem-

branes were successfully fabricated by the electrospinning 

technique and were used as a scaffold for tendon to bone 

healing. GO can be easily mixed into the PLGA filament 

without changing the three-dimensional microstructure. The 

GO-doped PLGA nanofibrous mats afford a suitable enthesis 

microenvironment for BMSC proliferation. An in vitro evalu-

ation demonstrated that the PLGA membranes incorporated 

with GO accelerated the proliferation of BMSCs and fur-

thered the osteogenic differentiation of BMSCs. In addition, 

an in vivo assessment further revealed that local application 

of the GO-PLGA membrane to the gap between the tendon 

and the bone in a rabbit model promoted the healing enthesis, 

increased new bone and cartilage generation, and improved 

collagen arrangement in comparison with repair with PLGA 

only. These results indicate that the electrospun GO-PLGA 

fibrous membrane provides an effective approach for the 

regeneration of tendon to bone enthesis.
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Supplementary material

Figure S1 (A) general view of Plga and Plga-gO membranes and (B–F) surgical procedure of interposition of Plga and Plga-gO membranes in the rabbit 
supraspinatus tendon repair model. 
Abbreviations: gO, graphene oxide; Plga, poly(lactic-co-glycolic acid).
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