
Heliyon 9 (2023) e21123

Available online 21 October 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Repair of full-thickness articular cartilage defects with a 
3DP-anchored three-phase complex 

Kai Sun a, Ruixin Li b, Meng Fan c,* 

a Tianjin First Central Hospital, Address:Baoshan West Road No. 2, Xiqing District, Tianjin, 300192, China 
b Academy of Military and Medical Sciences, China 
c Tianjin First Central Hospital, China   

A R T I C L E  I N F O   

Keywords: 
Three-phase complex 
Printing 
Anchoring 
Scaffolds 
Biocompatibility 

A B S T R A C T   

Introduction: To repair cartilage defect as well as the calcified cartilage layer (CCL) and bone 
tissue, there is need to fabricate a three-phase complex that mimics the natural cartilage tissue. 
Materials and methods: SF/Col-II/HA scaffolds were constructed by low-temperature 3D printing, 
and to prepare a three-phase complex. The microstructure were showed using a SEM image 
analysis program. To observe collagen and glycosaminoglycan expression and analyze morpho-
metric parameters, HE staining was performed to reveal new cartilage. Immunohistochemical 
were performed to investigate the collagen content and defect repair status in the new cartilage 
group in vitro and vivo. 
Results: Physical and biochemical properties and biocompatibility of three-phase complex met the 
requirements of constructing tissue-engineered cartilage. The OD values increased gradually at 
different time points. With increasing culture time, the OD values showed an upward trend. The 
HE and immunohistochemical staining results showed that new cartilage had formed at the defect 
and new cartilage formation occurred during in vivo repair. 
Conclusion: 3DP-anchored three-phase complexes have good physical and biochemical properties 
and biocompatibility and thus represent an alternative cartilage tissue engineering material.   

1. Introduction 

At present, most experimental studies lack research on the mechanism of layered scaffolds to repair osteochondral defects [1], and 
research on the separation between layers of biphasic and multiphase scaffolds have not provided clear results [2,3]. The growth 
microenvironment of cartilage and bone tissue requires different oxygen and nutrient compositions. The calcified cartilage layer 
provides a key barrier for this different microenvironment [4]. The lack of a calcified cartilage layer will lead to damage to new 
cartilage and bone tissue [5]. 

According to the biological structure of natural bone and cartilage tissue, researchers have designed and prepared integrated 
biphasic scaffolds, including cartilage layers and osteogenic layers. Yan et al. [6] used silk combined with nanocalcium phosphate to 
fabricate bone cartilage biphasic complex, in which silk fibroin was prepared to used cartilage and bone was composed of mixture of 
the two materials. Lin et al. [7] drilled the osteochondral complex from the pig joint, generated extracellular matrix, and implanted it 
as a scaffold into the osteochondral joint defect of the rabbit knee. However, a composite intermediate layer, or a CCL has not been 
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implemented in the design of biphasic scaffolds [8], which results in poor bonding at the interface between bone and cartilage. In vivo 
research has shown that separation of bonding sites occurs, resulting in an unsatisfactory repair effect [9]. Therefore, there is need to 
fabricate a three-phase complex to repair full cartilage defect [10]. With emerging simulation of natural biomaterial, the ideal scaffolds 
can integrate function, especially silk and collagen [11]. A few of studies [12] have found that when combined with these two kinds of 
material, they can showed better performance. Thus, we used these to repair full cartilage injury and try to points out the research 
fields for the development of cartilage tissue engineering. 

2. Materials and Methods 

2.1. Materials 

Sigma provided all the chemicals, except where indicated otherwise (Sigma Chemical Co., St. Louis, MO, USA). Five-month-old 
healthy New Zealand rabbits, including 7 males and 5 females, with weights ranging from 2.5 kg to 2.7 kg were used in the 
experiments. 

2.2. Fabrication of three-phase complex 

8 wt% silk solution and 2.5 wt% collagen slurry was obtained from Silk liquid and fresh bovine tendon, and mixed to made the 
printing material [13]. Medical nano hydroxyapatite (concentration: 10 g/L, molecular weight 1004) was crushed by ultrasonication 
to obtain 22–40 nm hydroxyapatite particles, which were fused and stirred in silk fibroin and collagen solution and precipitated at the 
bottom of the complex. 

3D printing technology can obtain a high porosity, diversified structural patterns. The 3D scaffold digital model was designed using 
the computer-aided design software Solidworks. The cartilage layer was silk fibroin/collagen (mass fraction of 11.2 %), the calcified 
layer was collagen/hydroxyapatite (mass fraction is 4.8 %), and subchondral bone was composite of hydroxyapatite. The thickness of 
cartilage scaffold and the calcified layer should both be 2 mm, and subchondral bone scaffold layer is 6 mm (Fig. 1). Then, the scaffolds 
were fabricated [13]. 

2.3. Microstructure 

3DP-anchored three-phase complex were dehydrated and observed inner structure and pore size using SEM(Hitachi) image analysis 
program t. Rabbit ADTC-5 chondrocytes were seeded on the three-phase complex. Briefly, complex were seeded with 100 ml of ADTC- 
5 cell suspension containing 2 × 107 cells. After 14 days in culture, the complex were washed with PBS (pH 7.4 4 % glutaraldehyde 
solution) and fixed with 1 % osmic acid at 4 ◦C for 4h. Finally, complex were fulled with gold palladium and cell morphology and 
extracellular were observed using SEM. 

2.4. Physical characterization 

Physical characterization contain much of many aspects. Porosity, and water absorption expansion rate can be calculated as the 
formula, (%)=(M2-M1/M1)M1 × 100 %. As follows, three-phase complex scaffolds was dried, and marked M1 (g). Deionized water 
was added to the centrifuge tube (Medical Centrifuge Factory, Beijing, China), preheated for 30 min. The last residual weight was 
measured, and was marked M2. Stress-stain curve can be showed by Young’s modulus which was measured using Instron 5865 
(Instron). As parameter followed, 0.1 N load was used at 0.5 mm/min, combined with compression of 10 %, and obtained the dynamic 
displacement of 5 % amplitude at frequencies of f = 0.5 Hz under environmental conditions and got stress-strain curve. 

Fig. 1. 3DP-anchored three-phase complex.  
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2.5. Live cell proliferation and viability 

Cell proliferation and viability can be asses and quantified by the MTT (3-(4,5-dimethyl -2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium 
bromide) methods which is based on the metabolic activity of live cells. The experiment was divided into the cell-scaffold and blank 
scaffold group. Rabbit chondrocyte ADTC-5 cell suspensions were seeded on the two groups of scaffold. Purple crystals and growth 
curve can be detected at 520 nm by spectrophotometry. 

2.6. In vivo repair 

The cell suspension was directly dropped into the scaffold, and the complex was cultured in a cell incubator at 5 % CO2 and 37 ◦C. 
Five-month-old healthy New Zealand rabbits (6 in each group) were used as the experimental animal model to carry out the animal 

experiment. The femoral trochlea, was made the full-thickness cartilage defect (4 mm diameter, 10 mm depth). Animals were 
randomly divided into two groups: the control group (blank scaffold) (The left limb and right limb remained blank and defective) and 
the experimental group (cell-scaffold complex) (Perform surgery on both left and right limbs of the rabbit simultaneously). The repair 
of cartilage defects in the experimental and the control group was detected at 2, 4 and 8 weeks after the operation (Table 1). T MRI and 
micro CT scanning were performed on the repaired area to observe the thickness of cartilage tissue and analyze morphometric pa-
rameters (bone volume fraction (BVF), bone mineral density (BMD), tissue mineralized density (TMD), trabecular thickness (Tb.Th), 
trabecular number (Tb.N), and trabecular spacing (Tb.SP). Histological staining was performed at 8 weeks after the operation to 
investigate whether new cartilage began to form. The repaired tissue was stained with hematoxylin and eosin (H&E), toluidine blue 
and safranin O. Type II collagen immunohistochemically was found to detect. Briefly, the tissue was fixed with 4 % polyformaldehyde, 
3 % H2O2, 0.5 % hyaluronic acid, rabbit anti-rat type II collagen monoclonal antibody, and a 1:300 dilution of sheep anti-rabbit 
biological biotinylated secondary antibody was added and observed under a microscope. 

2.7. Statistical analysis 

Quantitative data were expressed as mean ± SEM. SPSS18.0 (SPSS, Inc., Chicago, IL, USA) software was used for statistical analysis. 
The difference was determined by unpair t-test (P < 0.05). 

3. Results 

3.1. Morphology and microstructure 

Scaffold were white and had a regular structure and uniform diameter. Moreover, the scaffolds were stratified and had a three-layer 
distribution, with the cartilage scaffold layer, calcified scaffold layer and subchondral bone scaffold layer are stacked from top to 
bottom. The thickness of the cartilage layer is consistent with that of the calcification layer at 2 mm, and the thickness of the sub-
chondral bone layer is 6 mm. SEM micrographs revealed a porous structure (Fig. 2a) 

3.2. Physical properties of scaffolds 

Complex scaffold showed interconnected pores. The porosity was 98.65 ± 2.5 %; the average wall thickness was 91.5 ± 16.5 μm; 
and water absorption expansion rate was 1200.95 ± 85.56 %. It showed porous morphology and evaluate pore diameters of 
approximately 200 ± 10 μm. Stress-strain curve showed complex exhibit good viscoelastic behavior (Fig. 2b). 

3.3. Cell morphology and viability 

The morphology and viability of chondrocyte ADTC-5 cells were further analyzed (Fig. 2c). Cells proliferation and viability can 
promote and express matrix deposition. As shown by the arrow, cells were attached and interact with inner structure, and could 
express much extracellular matrix (arrow heads). The OD values increased gradually at different time points (Fig. 2d). With increasing 
culture time, the values showed an upward trend, and differences at each time point were observed (P < 0.05). 

3.4. In vivo repair 

Micro-CT and MRI scanning were performed on implant areas at 2, 4 and 8 weeks, and the repair part was selected for three- 

Table 1 
Sampling of experimental animals.  

Time Point(w) Control group Experimental group Total 

2 2 2 4 
4 2 2 4 
8 2 2 4  
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Fig. 2a. 3DP anchored scaffold appearance 
Fig. 2b Stress-strain curves indicating that the scaffolds exhibited viscoelastic behaviors 
Fig. 2c Presence of cells in the scaffolds 
Fig. 2d Cell viability and proliferation. 
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dimensional reconstruction. The reconstructed image is shown in Fig. 3a–h (experimental and control groups). An analysis of the 
results for the experimental group suggested the BMD, BV/TV, TMD, Tb.N, Tb.Th and cartilage thickness gradually increased while Tb. 
SP gradually decreased (Table 2). This result shows that the cartilage was being repaired, and at the same time, the subchondral bone 
tissue was also being repaired. However, in the control group (blank scaffold), with increasing culture time, cartilage was not repaired 
and defects remained. 

Fig. 2a. (continued). 

Fig. 3. Micro CT (a, b, c) and MRI (d) scans at different times after the operation.  
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3.5. Histological and immunohistochemical analyses 

In the experimental group, the HE, safranin O and toluidine blue results suggested that dark stained area was newly formed hyaline 
cartilage and calcified and the light stained area in the lower layer was subchondral bone (Fig. 4a–d). Moreover, the results indicate 
that new cartilage had formed at the defect. Immunohistochemistry analysis also proved type II collagen staining can be expressed. In 
control research group, with scaffold degradation, newly formed hyaline cartilage was not observed (Fig. 4e–g), and the immuno-
histochemistry analysis (Fig. 4h) showed that type II collagen was not expressed. 

Table 2 
Histomorphometric parameters of subchondral bone.  

Time (w) BVF (%) BMD 
（g/cm3)） 

TMD（g/cm3)） Tb.Th (mm) Tb.N 
（mm） 

Tb.SP (mm) MRI 
Cartilage (mm) 

2 23.64829 0.24149 1.21789 0.20021 1.08948 0.80116 0.33785 
4 26.56891 0.26889 1.60012 0.21228 1.37689 0.63457 0.76458 
8 30.67345 0.28881 1.88992 0.22006 1.48987 0.60126 1.32289  

Fig. 4. Histological and immunohistochemical staining (8 w).  
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4. Discussion 

In this study, 3D printing anchoring technology were used to generate individualized, highly bionic and full-layer three-phase 
tissue-engineered cartilage scaffolds anastomosed with the defect area and the functional artificial cartilage complex was constructed 
and implanted into an animal model for repair interface integration. This study solves the shortcomings of the traditional monophasic 
and biphasic cartilage complex to a certain extent, and the proposed design has the following advantages [14,15]. First, imaging 
technology and three-dimensional mapping software can be used to accurately obtain the external shape and size data of normal 
articular cartilage and strictly set the ratio of the transverse and longitudinal diameters of articular cartilage [16]. Moreover, the 
scaffold is not simply cylindrical but rather can accurately reflect the shape of in situ cartilage in the cartilage defect area. Second, the 
bionic scaffold is based on the articular cartilage tissue structure and supported by subchondral bone. An individualized, high bionic, 
full-layer three-phase tissue-engineered cartilage scaffold was prepared that is consistent with the defect area [17]. A series of parallel 
channels are designed in the scaffold, which can provide extension space for the growth of chondrocytes and is conducive to the 
extension of chondrocytes and coupling with in situ cartilage [18]. 

The three-phase scaffold [19] can simultaneously reconstruct full layer cartilage to repair bone and cartilage injury [20]. Lev-
ingstone et al. [21] constructed a new three-phase composite scaffold in which the bone layer is made of type I collagen and hy-
droxyapatite, the middle was used type I and II, and cartilage is type I, II and hyaluronic acid. The three-phase composite scaffold was 
implanted into an rabbits osteochondral defect model, and the repaired tissue in the experimental group obtained better results in 
general appearance, a tidal line structure was observed in the new layered structure of repaired tissue, and the CCL was regenerated. 
But there is no clear way to construct between the three layers, and they use type I collagen matrix, which differs greatly from the 
native cartilage layer structure. Yucekul et al. [22] used polylactic acid to construct a cartilage layer, L-polylactic acid to construct an 
intermediate layer, and polycaprolactone and L-polylactic acid to construct a bone layer and covered its surface with mixed type I 

Fig. 4. (continued). 
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collagen and collagen β⁃tricalcium phosphate material. Six months after implanting into sheep femoral condyle defect, new cartilage 
had repaired the injury and no local adverse reactions or other complications were found. These studies show that a three-layer 
biomimetic scaffold has a positive effect on repairing osteochondral defects and regenerating cartilage tissue. However they used 
polycaprolactone and L-polylactic acid which have poor biocompatibility to construct a bone laye and can lead to immune inflam-
matory response. Yang Qiang et al. [23] used paraffin microsphere leaching and thermally induced phase separation technology to 
construct a vertically oriented cartilage layer, porous bone layer and dense intermediate layer with silk fibroin and hydroxyapatite as 
materials, and can provide an environment for BMSCs to differentiate into chondrocytes and the interlayer has a good isolation effect. 
But the effect on tissue repair in vivo needs to be further proven by animal experiments. Therefore, challenges remain in developing a 
simple and effective method for preparing heterogeneous osteochondral scaffolds containing intermediate layers and closely con-
nected layers to achieve high bionics [24]. 

At present, cartilage tissue engineering has advanced to clinic, although the repair of defects still faces problems of a "gap" interface 
and cartilage fibrosis. Based on scaffolds, cartilage differentiation and the mechanical environment around the joint, which can affect 
repair interface integration, this paper proposes a method of solving the difficult problem of applying cartilage defect repair in the 
clinic. This study extends the application of three-phase complexes and 3D printing anchoring technology in articular cartilage injury, 
repair and reconstruction, which is of great value for the development and clinical application and can promote the development of 
basic medicine and improvement of clinical treatment methods based on cartilage injury. More important, to compare with other 
established methods, our study have low cost of this technique and would be practical and useful for cartilage tissue engineering. 

5. Conclusion 

We constructed SF/Col/HA scaffolds by low-temperature 3D printing to prepare a three-phase complex and the its physical, 
biochemical properties and biocompatibility in vitro and vivo can met the requirements, represent an alternative biomaterial for 
cartilage tissue engineering. 

5.1. Limitations and future prospects 

The mixture material ratio determined in the early stage of the research was fabricated, and which is biased toward fluidity. 
Research on such ratios that are biased toward solids has not been carried out. In the later stage, we can find a new production method 
suitable for semisolid materials. This experiment mainly studied cartilage defects. In future research, the research process can focus on 
performing nanomechanical tests on the repair areas over different periods. 
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