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A B S T R A C T   

It is a big challenge to develop a polyethylene terephthalate (PET) artificial ligament with excellent osteogenetic 
activity to enhance graft-bone integration for ligament reconstruction. Herein, we evaluated the effect of bio-
mineralization (BM) and electrodeposition (ED) method for depositing calcium-phosphate (CaP) on the PET 
artificial ligament in vitro and in vivo. Scanning electron microscopy and energy-dispersive X-Ray spectrometer 
mapping analysis revealed that the ED-CaP had more uniform particles and element distribution (Ca, P and O), 
and thermogravimetric analysis showed there were more CaP on the PET/ED-CaP than the PET/BM-CaP scaf-
fold. Moreover, the hydrophilicity of PET scaffolds was significantly improved after CaP deposition. In vitro study 
showed that CaP coating via BM or ED method could improve the attachment and proliferation of MC3T3-E1 
cells, and ED-CaP coating significantly increased osteogenic differentiation of the cells, in which the Wnt/β- 
catenin signaling pathway might be involved. In addition, radiological, histological and immunohistochemical 
results of in vivo study in a rabbit anterior cruciate ligament (ACL) reconstruction model demonstrated that the 
PET/BM-CaP and PET/ED-CaP scaffolds significantly improved graft-bone integration process compared to the 
PET scaffold. More importantly, larger areas of new bone ingrowth and the formation of fibrocartilage tissue 
were observed at 12 weeks in the PET/ED-CaP group, and the biomechanical tests showed increased ultimate 
failure load and stiffness in PET/ED-CaP group compared to PET/BM-CaP and PET group. Therefore, ED of CaP is 
an effective strategy for the modification of PET artificial ligament and can enhance graft-bone integration both 
in vitro and in vivo.   

1. Introduction 

Anterior cruciate ligament (ACL) rupture is a common injury in 
professional sports as well as recreation, and reconstructive surgery of 
the injured ligament using autologous, allogeneic or artificial graft is 
often needed. Autologous graft is the most common choice for surgeons. 
However, it may cause pain, weakness and altered biomechanics at the 
harvest site [1]. The advantages of allogeneic graft are no donor site 
morbidity, a shorter operation time and less painful initial recovery. 
Nevertheless, it has the risk of disease transmission, bacterial infection, 

and the possibility of allergic reactions [2,3]. To avoid drawbacks of the 
autologous and allogeneic grafts, there has been an increasing interest 
on the application of artificial ligament in the clinical practice [4]. 
Although some biodegradable materials such as silk, polylactic-co-gly-
colic acid, polylactic acid and polycaprolactone have been used for 
tendon/ligament engineering in the basic research, there remains dif-
ficulties in their transformation from basic to clinical application [5–9]. 
The Ligament Advanced Reinforcement System (LARS), made of poly-
ethylene terephthalate (PET), one kind of non-degradable materials, is 
the most commonly used artificial ligament for ACL reconstruction, and 
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it is also the only one approved by China Food and Drug Administration 
for clinical use in China. Due to its excellent mechanical property, LARS 
ligament enables a fast recovery with satisfactory short-term and mid-
term outcomes after surgery [10]. Nevertheless, the hydrophobic 
property of PET makes it difficult for cell adhesion and tissue ingrowth, 
and thus result in poor graft-bone healing and relatively high rate of 
graft failure in the long-term follow-up [11]. 

Generally, ligament-to-bone insertions can be divided into two ca-
tegories: indirect and direct types [12]. The indirect type consists of 
three zones including ligament, Sharpey's fibers and bone. The Shar-
pey's fibers extend from ligament tissue into bone tissue. The direct 
type, such as the insertion of the ACL, comprises four zones: ligament, 
unmineralized fibrocartilage, mineralized fibrocartilage and bone tis-
sues. The highly specialized fibrocartilage structure is essential for 
minimizing stress concentrations and mediating load transfer between 
the soft and hard tissues [13]. Therefore, an ideal repair is to establish a 
biomimetic conjunction between the graft and the host bone. However, 
it is difficult to achieve effective interface healing in direct type due to 
the complexity of the transition between ligament and bone tissues 
[14]. 

In recent years, surface modification has been applied to PET in 
order to improve its biological performance and to further enhance the 
integration between PET and host bone [15]. Previous studies have 
used various bioactive substances such as graphene, CaP and bioactive 
glass for surface modification on PET [16–18]. Among them, calcium- 
phosphate (CaP) is characterized by excellent osteoinductivity and 
biocompatibility and has been applied to enhance bone ingrowth across 
the interface between graft and host bone. However, according to the 
histological findings of the previous studies [17,19,20], there was still 
fibrous scar tissue band instead of fibrocartilage structure at the 
graft−bone interface, which was far from the result of an ideal re-
construction. Some technical factors, such as the amount and homo-
geneity of the CaP coating, remained unknown, which may be asso-
ciated with the imperfect results. Our previous studies have used 
electrodeposition (ED) as an approach to deposit apatite coatings onto 
the electrospinning scaffolds [21,22]. It was proved to be an effective 
method to realize rapid mineralization with uniform deposition ma-
trices. However, to date, few studies have reported the effect of ED of 
CaP onto the PET scaffold for artificial ligament application. 

The aim of this study is to evaluate the effect of ED method against 
the conventional biomineralization (BM) method in depositing CaP on 
PET artificial ligament in vitro and in vivo. The effect of CaP coating on 
cellular viability and function were assessed using the MC3T3-E1 
mouse pre-osteoblast cell. Furthermore, an animal study was also per-
formed to evaluate the effect of PET/ED-CaP ligament in a rabbit ACL 
reconstruction model. It is hypothesized that ED is a more effective 
strategy for depositing CaP on PET artificial ligament than the BM 
method and can enhance graft-bone integration in vitro and in vivo. 

2. Materials and methods 

2.1. Preparation of PET/BM-CaP and PET/ED-CaP 

The PET sheets (4 cm × 4 cm) were kindly provided by MicroPort 
Scientific Corporation (Shanghai, China) and were fabricated according 
to our previous study [23]. The PET sheets were cleaned in the 75% (v/ 
v) alcohol solution for 4 h, and then washed with deionized water. For 
the PET/BM-CaP group, the PET sheet was treated with ammonia water 
and then immersed in the Ca–P solution (0.042 M Ca(NO3)2·4H2O and 
0.025 M NH4H2PO4) at 37 °C for 24 h. The pH value was adjusted to 7.4 
using NH3·H2O and HCl. Subsequently, the sheet was washed with 
deionized water and dried at room temperature. For the PET/ED-CaP 
group, ED was performed in an electrolyte containing 0.042 M Ca 
(NO3)2·4H2O and 0.025 M NH4H2PO4, and the pH value was adjusted to 
4.8 by NH3·H2O and HCl. A two-electrode electrochemical system was 
applied for ED. The PET sheet, pretreated with ammonia water, was 

immobilized onto the surface of stainless-steel electrode as the working 
electrode, while a platinum plate electrode used as the counter elec-
trode and a saturated calomel electrode as the reference electrode. The 
deposition voltage, time and temperature in the ED process were fixed 
at 3 V, 2 h and 37 °C. After ED, the PET/ED-CaP sheet was rinsed with 
deionized water and then dried at room temperature. The PET, PET/ 
BM-CaP and PET/ED-CaP sheets were cut into round slices with a 
diameter of 1.4 cm for in vitro study. The sheets and the slices were 
sterilized by ethylene oxide prior to in vitro or in vivo experiments. 

2.2. Characterization 

The morphology of PET, PET/BM-CaP and PET/ED-CaP sheets was 
observed by scanning electron microscopy (SEM) at 10 kV (Hitachi TM- 
1000, Japan). Chemical elemental analysis of CaP coated on the surface 
of PET sheet was detected by energy-dispersive X-Ray spectrometer 
(EDS, Bruker, German). The thermogravimetric analysis (TGA) was 
performed to measure the quantity of CaP in the PET/BM-CaP and the 
PET/ED-CaP groups using on a Pyris 1 thermogravimetric analyzer 
(PerkinElmer, USA). The TGA data of the samples were recorded under 
air atmosphere at a scan rate of 10 °C min−1 from 50 °C to 700 °C. 
Besides, surface hydrophilicity of samples was detected by water con-
tact angle (WCA, JC200C1, Zhongchen Co., Shanghai, China). Images of 
droplets were recorded through image analyzer to measure the contact 
angles. 

2.3. In vitro experiments 

2.3.1. Cell seeding and cytocompatibility tests 
The preosteoblast cell lines (MC3T3-E1) were purchased from the 

Type Culture Collection of Chinese Academy of Sciences (Shanghai, 
China). The MC3T3-E1 cells were seeded on the PET, PET/BM-CaP and 
PET/ED-CaP slices in a density of 1 × 105 cells per well with alpha- 
minimum essential medium (α-MEM, Gibco, USA) containing 10% fetal 
bovine serum (Gibco, USA) as well as 1% penicillin and streptomycin 
solution (Gibco, USA) in 24 well plates. In order to avoid the influence 
of the cells leaking into the bottom of the plate, the slices with adhesive 
cells were transferred into new 24-well plates after 24 h culture ac-
cording to the protocol of our previous study [24]. The culture medium 
was refreshed every other day. After 1 and 5 days of culture, the culture 
medium was removed and the samples were washed with PBS for three 
times. For cell morphology study, the samples were fixed by 2.5% 
glutaraldehyde for 2 h and dehydrated with graded ethanol. Subse-
quently, the samples were sputtered with gold for 30s twice at a current 
of 8 mA and the morphology of cells was observed by SEM. 

For cell viability analysis, LIVE/DEAD Viability/Cytotoxicity Kit 
(Mesgen biotech, Shanghai, China) were used according to the manu-
facturer's instruction. A fluorescence microscope (Olympus 
Corporation, Tokyo, Japan) was used to capture the images. Three 
randomly-chosen fields of view were photographed from each sample. 
Four samples yielded 12 photos for each scaffold after 1 or 5 days of 
culture. To quantitatively evaluate the cell viability at each time point, 
the area of live cells attaching to the sample was divided by the total 
area to obtain: Live cell area per total area = Arealive/Areatotal. 

Besides, cell counting kit-8 (CCK-8) assay was used to evaluate cell 
proliferation after 1, 3 and 5 days of culture. At each time point, the 
culture medium was removed and the cultured cells were washed with 
PBS twice. Then, 360 μL of the fresh culture medium and 40 μL of CCK- 
8 solution (Mesgen biotech, Shanghai, China) were added to each well 
and reacted for 4 h in the incubator. A total of 100 μL of supernatant 
was transferred to a 96-well plate, and the absorbance was measured at 
450 nm with a microplate reader (Multiskan FC, Waltham, MA, USA). 

2.3.2. Alkaline phosphatase (ALP) activity 
The MC3T3-E1 cells were seeded on the different slices in 24-well 

plates at a density of 1 × 105 cells per well and cultured in osteogenic 
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induction medium for 7 and 14 days. At each time point, ALP staining 
was performed using a 5-bromo-4-chloro-3-indolyl phosphate/nitro-
bluetetrazoli (BCIP/NBT) Alkaline Phosphatase Color Development Kit 
(Beyotime, Shanghai, China) according to the manufacturer's protocol. 
Semiquantitative analysis of ALP activity was performed by using the 
ALP assay kit (Beyotime, Shanghai, China). In brief, the cells were lysed 
in 300 μL of 0.2% Triton X-100, followed by sonication and cen-
trifugation at 13 000 rpm for 15 min at 4 °C. The supernatant was 
collected to measure the ALP activity according to the protocol of the 
ALP assay kit. Meanwhile, the total protein content of each sample was 
calculated using a Bicinchoninic Acid (BCA) protein assay kit 
(Beyotime, Shanghai, China). The ALP ability was normalized against 
the total protein content and described as nmol/min/mg total protein. 

2.3.3. Alizarin red S (ARS) staining 
ARS (Sigma-Aldrich, Germany) staining was used as an indicator of 

bone-nodule formation. The MC3T3-E1 cells were seeded onto on the 
different slices in 24-well plates an at a density of 1 × 105 cells per well 
and cultured in osteogenic induction medium for 21 and 28 days. At 
each time point, cells were washed with PBS and fixed with 2.5% 
glutaraldehyde in PBS buffer for 4 h at 4 °C. Then, the cells were wa-
shed with distilled water and stained with 20 mg/mL ARS (pH 4.2) for 
30 min at room temperature and washed with PBS until there was no 
ARS dye in the water. For quantification of the staining of each sample, 
10% (w/v) cetylpyridinium chloride (Sigma) was used and the optical 
density value of the dye concentration was measured at 562 nm. 

2.3.4. RT-qPCR 
Total RNA was extracted from the cells cultured in the different 

sheets by TRIzol (Invitrogen, Carlsbad, CA, USA) after 7 and 14 days of 
culture. The cDNA was generated using oligo-dT primers (oligo-dT 
primers (Promega, USA)) according to the manufacturer's protocol. 
Quantitative PCR was performed with SYBR Green Premix Ex Taq 
(Takara, Kyoto, Japan) and then detected by using an RT-PCR system 
(Takara, Kyoto, Japan). The expression of target genes (ALP, COL1, 
osteocalcin (OCN) and osteopontin (OPN) were normalized against β- 
actin. Relative gene expression values were calculated by 2−ΔΔCt 

method. The primers for RT-qPCR were described in Table S1. 

2.3.5. Western blot 
To investigate the underlying mechanism of the scaffolds for os-

teogenic differentiation of MC3T3-E1 cells, after 7 days of culture, cells 
were lysed with ice-cold RIPA (Thermo Fisher Scientific) and the total 
proteins were extracted. BCA protein assay kit (Beyotime, Shanghai, 
China) was used to measure the concentration of total protein. Protein 
samples (20 μg) were subjected to electrophoresis on 12% sodium do-
decyl sulfate-polyacrylamide gels and electrotransferred onto poly-
vinylidene fluoride membranes (Millipore Corp., Bedford, MA) at 4 °C 
for 2 h. Then the membranes were blotted using 5% Carnation nonfat 
dry milk and incubated with anti-collagen I antibody, anti-osteopontin 
antibody, anti-Wnt-5a antibody, anti-β-catenin antibody and anti-β- 
actin antibody (all purchased from Abcam, Inc., Cambridge, MA) 
overnight at 4 °C, respectively. The membranes were washed with 
phosphate-buffered saline containing 0.1% (v/v) Tween-20 and in-
cubated with horseradish peroxidase (HRP)-conjugated secondary an-
tibodies for 2 h. After extensive washing, immunoreactive proteins 
were visualized using the enhanced chemiluminescence reagent 
(Thermo Fisher Scientific, Rockford, IL, USA) and were quantitatively 
analyzed with Quantity-One analysis software (Bio-Rad, Munich, 
Germany). 

2.4. In vivo experiments 

2.4.1. ACL reconstruction animal model 
Animal experiments procedures were approved by the Animal 

Research Committee of Shanghai Jiao Tong University Animal Science 

Department. Sixty New Zealand rabbits with a mean weight of 
3.0  ±  0.5 kg were randomly divided to three groups: PET group 
(n = 20), PET/BM-CaP group (n = 20) and PET/ED-CaP group 
(n = 20). The PET sheets were cut into the size of 4 cm × 1 cm and 
rolled up into ligament with a diameter of 0.25 cm for in vivo im-
plantation. The ACL reconstruction was performed under strictly 
aseptic conditions. The rabbits were anesthetized by intramuscular in-
jection of 0.8 mL of xylazine hydrochloride and 0.8 mL of diazepam, 
and one of the knees was randomly selected for ACL reconstruction. A 
medial parapatellar incision was made, and the patella was dislocated 
laterally. The native ACL was exposed and sharply dissected from the 
insertion sites. The bone tunnels were drilled with a 0.25 cm-diameter 
Kirschner wire in the femoral and tibial insertion sites of the native 
ACL. The artificial ligament was then passed from the tibial bone tunnel 
to the femoral bone tunnel. Both ends of the grafts were sutured to the 
adjacent periosteum and soft tissue with a 3–0 Ethibond suture 
(Johnson & Johnson, New Brunswick, NJ, USA). The wound was closed 
layer by layer. The animals were returned to cages without immobility 
and the penicillin was injected into them intramuscularly with 100,000 
U/kg for consecutive 3 days after surgery. The rabbits were sacrificed at 
6 and 12 weeks and the femur-graft-tibia complex samples were har-
vested for the Micro-CT analysis, histological and im-
munohistochemical assessment and biomechanical test (Table S2). 

2.4.2. Micro-CT analysis 
At 12 weeks after surgery, the samples were scanned at a spatial 

resolution of 35 μm (1 mm aluminum filter, 65 KV, 380 μA) via Skyscan 
1176 micro-CT imaging system (Bruker, Kontich, Belgium). The Data 
Viewer, CTvol and CTAn were analyzed to calculate the average cross- 
sectional area of the bone tunnel. Moreover, the bone volume fraction 
(BV/TV value), which means the fraction of a given volume of interest 
that is occupied by mineralized bone, was also measured. The higher 
BV/TV value indicated the better graft-bone integration in our study. 

2.4.3. Histological and immunohistochemical assessment 
The samples were fixed in 10% formalin for 48 h, and were then 

decalcified with 10% ethylene diaminete traacetic acid for 8 weeks. 
After dehydration in a graded series of ethanol and embedment in 
paraffin, the samples were sectioned with a thickness of 5 mm per-
pendicular to the longitudinal axis of the graft and stained with he-
matoxylin eosin (H&E), Masson trichrome and toluidine blue (TB). 
Slides were observed using an inverted light microscopy (IX71SBF-2, 
Olympus Co., Tokyo, Japan), and digital images were captured using a 
DP Manager (Olympus Optical Co. Ltd.). To semi-quantify the histolo-
gical results, the slides were evaluated by two independent observers 
who were blinded as to the group and time point of the samples ac-
cording to a modified score system (Table S3) [6,25]. Furthermore, 
immunohistochemical staining was performed to detect the expression 
of collagen I, collagen II, OPN, Wnt-5a and β‐catenin at 12 weeks after 
surgery. Sections were incubated with the associated primary antibody 
overnight at 4 °C and with the associated secondary antibody for 1 h at 
37 °C. Then, the tissues in the sections were developed in DAB solution 
(Dako, Hamburg, Germany) with counterstaining in hematoxylin. 

2.4.4. Biomechanical test 
Immediately after sacrifice, the samples were harvested from each knee 

and prepared for mechanical testing. All the sutures and soft tissues except 
for the ACL graft, were carefully removed from the samples. The femoral 
and tibial bone were immobilized firmly in clamps and biomechanical test 
was carried out using an Instron tensile testing machine. Prior to the test, 
the specimen was preloaded with a preload of 1 N for 5 min. After pre-
conditioning, the ultimate failure load was investigated with an elongation 
rate of 2 mm/min. The failure load was recorded from the load-displace-
ment curve, and the stiffness was calculated from the slope of the curve. For 
each sample, the test was completed when the graft was ruptured or pulled 
out from the bone tunnel. 
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2.5. Statistical analysis 

Data were expressed as mean  ±  standard deviation and analyzed 
using Graphpad Prism 7.0 statistical software (GraphPad Software, 
Inc.). The analysis of variance (ANOVA) or nonparametric Kruskal- 
Wallis test was performed according to the normality test to determine 
significant differences of measurement data among the three groups. 
P  <  0.05 was considered to be significant. 

3. Results 

3.1. Characterization 

SEM images revealed that the surface of fibers in PET group was 
smooth while the surface of fibers in the PET/BM-CaP and PET/ED-CaP 
groups became rough and many crystal particles deposited on the 
surface. The particles of the PET/ED-CaP group were more uniform 
than those of the PET/BM-CaP group (Fig. 1A). Qualitative analysis 
using EDS mapping showed that Ca, P and O ions were distributed on 
the PET fibers after CaP deposition (Fig. 1B). Notably, the Ca, P and O 
ions in the PET/ED-CaP group were more uniform on the surface as 
compared to the PET/BM-CaP group. Furthermore, the Ca/P ratio in the 
PET/BM-CaP group was 1.12/1, while it was 1.54/1 in PET/ED-CaP 
group, which was closer to the Ca/P ratio of hydroxyapatite (HA) 
(1.67/1). 

TGA was used to examine the thermal properties of the PET/BM- 
CaP and PET/ED-CaP. From curves in Fig. 1C, it can be observed that at 
700 °C, the weight percentages of residual weight were 3.96% and 
24.11% for PET/BM-CaP and PET/ED-CaP, respectively. Moreover, the 
WCA of the PET/BM-CaP group (48.2°  ±  2.2°) and the PET/ED-CaP 
group (47.1°  ±  1.3°) was significantly smaller than that of the PET 
group (106.3°  ±  1.1°) (both P  <  0.01), indicating the hydrophilicity 
of PET was significantly improved after CaP deposition (Fig. 1D). 

3.2. Cell attachment and proliferation 

Calcein AM and propidium iodide were used to identify live and 
dead cells. As shown in Fig. 3A, the numbers of both live and dead cells 
increased over time in all three groups. The number and percentage of 
live cells in the PET/BM-CaP and PET/ED-CaP groups were significantly 
greater than that on the PET group after 5 days of culturing (Fig. 2A–B). 

The attachment of MC3T3-E1 cells on PET, PET/BM-CaP and PET/ 

ED-CaP scaffolds were observed by SEM (Fig. 2C). After 5 days of cul-
turing, better cell spreading and more extracellular matrix secretion 
were observed in the PET/BM-CaP and PET/ED-CaP groups compared 
to the PET group. Besides, the level of cell proliferation was determined 
by CCK-8 cell counting (Fig. 2D). The cell proliferation in PET/BM-CaP 
group and PET group showed no significant difference at 1 day. How-
ever, at 3 and 5 days, the outcomes of PET/BM-CaP and PET/ED-CaP 
groups were significantly better than PET group (both P  <  0.01), in-
dicating the positive role of CaP deposition via BM or ED in cell pro-
liferation. 

3.3. Osteogenic differentiation and related signaling pathway of MC3T3-E1 
cells 

ALP activity was measured as an early marker of osteogenic dif-
ferentiation. Fig. 3A showed the ALP staining in the PET/ED-CaP was 
stronger than that in the PET group and PET/BM-CaP group at 7 and 14 
days. Meanwhile, the quantitative analysis revealed that ALP expres-
sion in the PET/ED-CaP group was significantly higher than that in the 
PET/BM-CaP group and PET group at 7 and 14 days, respectively 
(Fig. 3B). Besides, bone mineralization caused by calcium deposition 
was regarded as a late marker of osteogenic differentiation. Fig. 3C 
showed that ARS staining in the in the PET/ED-CaP group was stronger 
than that in the PET/BM-CaP group and PET group at 21 and 28 days. 
The quantitative analysis of the ARS revealed that the calcium nodule 
formation in the PET/ED-CaP group was significantly higher than that 
in the PET/BM-CaP group and PET group at days 21 and 28 days, re-
spectively (Fig. 3D). 

Moreover, the expression of osteogenesis-related genes, including 
ALP, COL1, OCN and OPN were detected by RT-qPCR. As shown in  
Fig. 4A, the expressions of ALP, COL1, OCN and OPN were significantly 
higher in the PET/BM-CaP group and PET/ED-CaP group compared to 
those in the PET group at 7 and 14 days (all P  <  0.01). Meanwhile, 
PET/ED-CaP group also had higher expressions of ALP, COL1 and OPN 
at 7 days (all P  <  0.01) and higher expressions of ALP, COL1, OCN and 
OPN at 14 days (all P  <  0.01) compared to the PET/BM-CaP group. 

To investigate the signaling pathway that may be involved in reg-
ulation of osteogenesis, Western blot was performed. As shown in  
Fig. 4B, a significant increase in the expressions of COL1, OPN, Wnt-5a 
and β-catenin was found in the PET/BM-CaP and PET/ED-CaP groups 
compared to the PET group at 7 days (all P  <  0.01), suggesting CaP 
coating could activate β-catenin pathway for osteogenesis. The 

Fig. 1. (A) SEM morphology, (B) EDS mapping analysis, (C) TGA and (D) WCA measurements of PET, PET/BM-CaP and PET/ED-CaP fibers. **P  <  0.01 compared to 
the PET group. 
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expressions of the COL1, OPN, Wnt-5a and β-catenin in the PET/ED- 
CaP were higher than those in the PET/BM-CaP (all P  <  0.01), in-
dicating PET/ED-CaP had best osteogenic effect in vitro. 

3.4. Micro-CT analysis 

The bone tunnels at 12 weeks were analyzed using micro-CT 

(Fig. 5). The mean areas of bone tunnels in the PET, PET/BM-CaP and 
PET/ED-CaP groups were 6.9  ±  0.4 mm2, 5.1  ±  0.9 mm2 and 
4.0  ±  0.7 mm2, respectively. The mean areas of bone tunnel in the 
PET/BM-CaP and PET/ED-CaP groups were much smaller than those of 
PET group (both P  <  0.01). Furthermore, significant difference was 
also detected between PET/BM-CaP and PET/ED-CaP groups 
(P  <  0.01). The BV/TV values in the PET, PET/BM-CaP and PET/ED- 

Fig. 2. The viability and SEM morphology of MC3T3-E1 in the PET, PET/BM-CaP and PET/ED-CaP groups. (A) Fluorescent images of live and dead cells staining after 
MC3T3-E1 cells cultured at 1 and 5 days on each scaffold. Scale bars = 100 μm. (B) Live cell area per total area analyzed from the fluorescent images of live and dead 
staining. (C) The SEM morphology of MC3T3-E1 cultured at 1 and 5 days on each scaffold. Scale bars = 40 μm. (D) CCK-8 assay of MC3T3-E1 cells cultured at 1, 3 
and 5 days on each scaffold. **P  <  0.01 compared to the PET group. 

Fig. 3. Osteogenic differentiation evaluation of 
MC3T3-E1 in the PET, PET/BM-CaP and PET/ED- 
CaP groups. (A) ALP staining and (B) quantitative 
analysis of the MC3T3-E1 on each scaffold after os-
teogenic induction for 7 and 14 days. (C) ARS 
staining and (D) quantitative analysis of the MC3T3- 
E1 on each scaffold after osteogenic induction for 21 
and 28 days. (A, C) Scale bars = 400 mm 
**P  <  0.01 compared to the PET group; #P  <  0.05 
compared to the PET/BM-CaP group; ##P  <  0.01 
compared to the PET/BM-CaP group. 
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CaP groups were 10.1  ±  1.6%, 14.3  ±  3.4% and 18.2  ±  4.4%, re-
spectively. Similarly, the BV/TV values were much higher in the PET/ 
BM-CaP and PET/ED-CaP groups compared to those in the PET group 
(P  <  0.05, P  <  0.01 respectively). The BT/TV value of PET/ED-CaP 
group was significantly higher than those of the PET/BM-CaP group 
(P  <  0.05). These results indicated that ED-CaP had most positive 
effect on bone ingrowth around the graft. 

3.5. Histological and immunohistochemical assessment 

As shown in Fig. 6A–B, interface filled with fibrous tissue was ob-
served between the bone tissue and the graft in all the three groups at 6 
weeks. However, the interface width in the PET/ED-CaP group was 
smaller than that of the PET/BM-CaP and PET groups, which indicated 
a better bone ingrowth. At 12 weeks, the fibrous tissue at the interface 
became mature and still existed in the PET group. However, there was 
new bone tissue instead of fibrous tissue growing into the graft in the 
PET/BM-CaP and PET/ED-CaP groups. Besides, the amount of new 
bone was larger in the PET/ED-CaP group than the PET/BM-CaP group. 
More importantly, TB staining showed that the fibrocartilage tissue 
formation was only observed in the PET/ED-CaP group (Fig. 6C). 

Accordingly, the histological score of the PET/ED-CaP group at 12 
weeks was highest among the three groups (Fig. S1). 

Meanwhile, the immunohistochemical staining showed that both 
the PET/BM-CaP and PET/ED-CaP groups at 12 weeks exhibited highly 
positive staining of Wnt-5a and β-catenin at the interface, highly po-
sitive staining of OPN at the bone tissue, and highly positive staining of 
COL1 at and around the bone tissue (Fig. 7). Moreover, COL2, COL1, 
OPN, Wnt-5a and β-catenin were most strongly expressed in the PET/ 
ED-CaP group. 

3.6. Biomechanical test 

No graft rupture occurred and all the ligaments were pulled out 
from the bone tunnel. The ultimate failure load and stiffness increased 
in all the three groups from 6 to 12 weeks after surgery (Fig. 8A). At 6 
weeks, the ultimate failure load of the PET/BM-CaP (39.0  ±  6.3 N) 
and PET/ED-CaP (40.4  ±  10.5 N) groups were higher than that of the 
PET group (24.3  ±  6.7 N) (P  <  0.05, P  <  0.01 respectively). 
However, significant difference was not detected between the PET/BM- 
CaP (76.4  ±  6.3 N) and PET/ED-CaP (93.9  ±  6.7 N) groups until at 
12 weeks (P  <  0.01). Besides, the stiffness of the three groups did not 

Fig. 4. (A) RT-qPCR for the relative mRNA expressions of ALP, COL1, OCN and OPN of MC3T3-E1 cells in the PET, PET/BM-CaP and PET/ED-CaP groups at 7 and 14 
days. (B) Western blot assay and semi-quantification for COL1, OPN, Wnt-5a and β-catenin expressions of MC3T3-E1 cells in the PET, PET/BM-CaP and PET/ED-CaP 
groups at 7 days. **P  <  0.01 compared to the PET group; ##P  <  0.01 compared to the PET/BM-CaP group. 
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display any significant difference until at 12 weeks (Fig. 8B). The 
stiffness in the PET/BM-CaP (15.8  ±  2.5 N/mm) and PET/ED-CaP 
(23.1  ±  3.9 N/mm) groups were significantly higher than that in the 
PET group (10.2  ±  2.3 N/mm) (both P  <  0.01) (Fig. 8C). In addition, 
there was a significant difference of stiffness between the PET/BM-CaP 
and PET/ED-CaP groups (P  <  0.05). 

4. Discussion 

The technique of CaP deposition onto PET ligament surface is a 
potential choice to facilitate graft-bone integration. Several studies 
have investigated the material characterization and the biological 
performance of CaP-based surface modification for PET ligament 

Fig. 5. Micro-CT analysis of the PET, PET/BM-CaP and PET/ED-CaP groups at 12 weeks after surgery. (A) The cross-sectional areas of the femur and tibial bone 
tunnels were measured and the three-dimensional (3D) images were reconstructed. (B) Quantitative analysis of cross-sectional bone tunnel areas. (C) Quantitative 
analysis of the BV/TV value. Scale bars = 3 mm *P  <  0.05 compared to the PET group; **P  <  0.01 compared to the PET group; #P  <  0.05 compared to the PET/ 
BM-CaP group; ##P  <  0.01 compared to the PET/BM-CaP group. 
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[13,19,20]. However, more studies are still needed to focus on how to 
give full play to the biological effect of CaP. In the present study, we 
compared the effect of PET ligament modified with ED and BM methods 
in vitro and in vivo, and demonstrated the superiority of ED-CaP based 
surface modification. 

The deposition of CaP on the surface of PET scaffolds can be 
achieved via either BM or ED method. However, there were dramatic 
differences in the preparation and characterization of the scaffolds. For 

one thing, the deposition of CaP on the surface of PET fibers took only 
2 h using the ED method, whereas it took more time using the BM 
method. For another, TGA exhibited that increased amount of CaP with 
Ca/P ratio closer to the HA was obtained on the PET/ED-CaP scaffold 
compared to the PET/BM-CaP scaffold. These results demonstrated that 
ED is a more efficient method for CaP deposition. Moreover, the BM 
method cannot uniform the CaP particles depositing on the surface of 
PET scaffolds, while the ED method was capable to achieve 

Fig. 6. (A) H&E, (B) Masson and (C) TB staining results of pathological sections in the PET, PET/BM-CaP and PET/ED-CaP groups at 6 and 12 weeks after surgery. 
New bone tissues grew into the graft (yellow rectangles) in the PET/BM-CaP and PET/ED-CaP groups at 12 weeks. Fibrocartilage tissue formed at the interface (red 
arrows) in the PET/ED-CaP group at 12 weeks. G, graft; B, bone; IF, interface. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 7. Immunohistochemical staining results of COL2, COL1, OPN, Wnt-5a and β-catenin for the PET, PET/BM-CaP and PET/ED-CaP groups at 12 weeks after 
surgery. Red arrows indicate the positive staining tissues. G, graft; B, bone; IF, interface. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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homogeneous distribution of CaP particles on the surface of scaffold. 
This uniform topography of CaP particles in the PET/ED-CaP scaffold 
effectively avoided the shortcomings of random CaP particles, which 
might cause inflammatory reactions and slower bone formation 
[26,27]. Therefore, the PET/ED-CaP scaffolds may give full play to the 
bioactivity of CaP. 

In vitro study showed that PET/BM-CaP and PET/ED-CaP scaffolds 
were capable of promoting MC3T3-E1 cells attachment and prolifera-
tion as compared to the PET scaffold. These results revealed the good 
cytocompatibility of CaP. Moreover, osteogenic differentiation of the 
MC3T3-E1 cells was stronger on the PET/ED-CaP scaffold than the PET/ 
BM-CaP and PET scaffolds according to the results of ALP and ARS 
staining, RT-qPCR and Western blot. PET/ED-CaP scaffold had a larger 
amount of and more uniform CaP depositing on the surface, which 
lead to better osteogenic differentiation of the MC3T3-E1 cells. 
Bhattacharjee et al. [28] compared the osteogenic effect of different 
methods including co-electrospin, alternative soaking, and ED for in-
troduction of nHA in the dual growth factor mediated silk fibroin 
grafted poly (ϵ-caprolactone) nanofibrous scaffolds. The authors found 
that the scaffolds with electrodeposited nHA most significantly pro-
moted cell viability, ALP activity and osteogenesis-related genes ex-
pression levels of human mesenchymal stem cells, thus substantiating 
the superiority of ED. Besides, we observed that Wnt5a and β-catenin, 
which were known to play a role in the CaP-enhanced osteogenic dif-
ferentiation [29], had highest expressions in Western blot and im-
munohistochemical staining of the PET/ED-CaP group. This indicated 
the Wnt/β-catenin signaling pathway might be involved in graft-bone 
integration induced by ED-CaP in our study. 

It is well established that the healing potential of grafts in a bone 
tunnel is extremely poor due to an intervening layer of fibrovascular 
scar tissue between the graft and the bone [19]. This layer is poor in 
mechanical performance and becomes a “weak link” after surgical re-
construction [30]. In the present study, interface with a large amount of 
fibrous tissue was obviously observed in the PET group at 6 and 12 
weeks, which lead to a poor ultimate failure load and stiffness ac-
cording to the biomechanical test. On the contrast, there was new bone 
tissue instead of fibrous tissue growing into the graft in the PET/BM- 
CaP and PET/ED-CaP groups at 12 weeks, which conferred the me-
chanical strength. Therefore, the ultimate failure load and stiffness 
significantly increased in the PET/BM-CaP and PET/ED-CaP groups 
compared to the PET group. 

More importantly, ED-CaP helped to generate not only new bone 
but also fibrocartilage tissues according to the histological results at 12 
weeks, which contributed to the highest biomechanical property among 
the three groups. Previously, different methods such as dip coating, 

chemical grafting and pulsed laser deposition have been applied for 
surface modification of the PET ligament with several bioactive sub-
stances to enhance its bioactivity [18,20,31]. Yu et al. [31] chemically 
modified the PET artificial ligament with dopamine self-polymerization 
and then with mesoporous bioactive glass by sonication. Li et al. [18] 
reported copper containing bioactive glass nanocoating on the PET 
artificial ligament was successfully prepared by pulsed laser deposition. 
However, these methods did not induce a fibrocartilage structure be-
tween the graft and the bone. As this type of biomimetic tissue structure 
cannot be regenerated easily, the findings in our study could be of great 
significance. Schell et al. [32] reported that HA coating of the metallic 
osteochondral plug led to a better contact between implant and 
neighbouring bone as well as cartilage tissue for the osteochondral 
defect of sheep. The author noted that HA might have chondro-in-
ductive quality in some condition in vivo. Mutsuzaki et al. [33] de-
posited CaP onto the autograft for ACL reconstruction of goats and also 
found a small fibrocartilage layer at the interface after 26 weeks post-
operatively. We suppose that the CaP can induce direct bonding be-
tween the graft and bone. After direct bonding, the local mechanical 
environment of the graft-bone structure changes, as there is little graft- 
tunnel motion, which further induced chondrogenic differentiation of 
the interface tissue to form fibrocartilage structure [34]. 

Our study is not without limitations and scope for further work. 
Firstly, we merely focused on the graft-bone integration in the in-
traosseous part but not the remodeling process in the intra-articular 
part of the artificial ligament, which needed further assessment. 
Secondly, regarding to the animal model, the time points set at 6 weeks 
and 12 weeks were relatively short. Hence, long-term effects should be 
evaluated. Lastly, considering the biomechanical properties of the 
samples were still inferior to the native ACL [35], the growth factors as 
well as seed cells can be incorporated into the PET/ED-CaP scaffold for 
a better outcome. However, our study provides a promising modifica-
tion strategy for PET artificial ligament to promote graft-bone in-
tegration after ACL reconstruction. 

5. Conclusions 

In this study, BM or ED method was applied to modify PET ligament 
with CaP. The ED method was proved to be more efficient and can 
produce uniform surface topography compared to BM method. In vitro 
study demonstrated that PET/ED-CaP scaffold significantly stimulated 
the proliferation and facilitated osteogenic differentiation of MC3T3-E1 
cells, in which the Wnt/β-catenin signaling pathway might be involved. 
Moreover, in vivo study of a rabbit ACL reconstruction model sub-
stantiated that PET/ED-CaP significantly promoted graft-bone 

Fig. 8. Biomechanical test for specimens of the PET, PET/BM-CaP and PET/ED-CaP groups at 6 and 12 weeks after surgery. (A) Digital camera image of bio-
mechanical test of a specimen. (B) Comparison of ultimate failure load among the three groups. (C) Comparison of stiffness among the three groups. *P  <  0.05 
compared to the PET group; **P  <  0.01 compared to the PET group; #P  <  0.05 compared to the PET/BM-CaP group; ##P  <  0.01 compared to the PET/BM-CaP 
group. 
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integration. Particularly, the PET/ED-CaP induced fibrocartilage tissue 
formation and numerous new bone tissue ingrowth into the interface, 
which was responsible for the best biomechanical property among three 
groups at 12 weeks. Therefore, the PET/ED-CaP artificial ligament 
displays a great potential application for clinical ACL reconstruction in 
the future. 
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