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Abstract: Recently, three-dimensional (3D) bioprinting technology is becoming an appealing approach for osteochondral 
repair. However, it is challenging to develop a bilayered scaffold with anisotropic structural properties to mimic a native 
osteochondral tissue. Herein, we developed a bioink consisting of decellularized extracellular matrix and silk fibroin to 
print the bilayered scaffold. The bilayered scaffold mimics the natural osteochondral tissue by controlling the composition, 
mechanical properties, and growth factor release in each layer of the scaffold. The in vitro results show that each layer of 
scaffolds had a suitable mechanical strength and degradation rate. Furthermore, the scaffolds encapsulating transforming 
growth factor-beta (TGF-β) and bone morphogenetic protein-2 (BMP-2) can act as a controlled release system and promote 
directed differentiation of bone marrow-derived mesenchymal stem cells. Furthermore, the in vivo experiments suggested that 
the scaffolds loaded with growth factors promoted osteochondral regeneration in the rabbit knee joint model. Consequently, 
the biomimetic bilayered scaffold loaded with TGF-β and BMP-2 would be a promising strategy for osteochondral repair.

Keywords: Tissue engineering; Three-dimensional bioprinting; Osteochondral repair; Extracellular matrix; Silk fibroin; 
Polycaprolactone 

1. Introduction
Osteochondral defects, which occur due to inflammation, 
trauma or aging, involve lesions of cartilage and 
subchondral bone and constitute a significant healthcare 
burden[1,2]. Current treatment strategies include 
microfracture, autologous chondrocyte implantation, 
and mosaicplasty. Nonetheless, there are still failures 
and undesirable complications in the above-mentioned 
treatment strategies[3-6]. In recent years, tissue engineering 
that provides suitable biomaterials to support the growth 
and differentiation of cells provides a promising strategy 
for osteochondral regeneration[7,8]. The application of 
bilayered scaffolds that concerned physical structure of 
osteochondral tissue has been the focus of osteochondral 

regeneration research[9,10]. Ideal bilayered scaffolds should 
be equipped with biological and physical properties that 
can match the native tissues[11,12]. However, traditional 
tissue engineering strategies have not been able to develop 
a bilayered scaffold with anisotropic structural properties 
to mimic a native osteochondral tissue[13]. Furthermore, 
each layer of the current bilayered scaffolds is usually 
fabricated separately and then joined together, resulting 
in a poor integration between two layers of the bilayered 
construction[11,14,15]. Recently, 3D bioprinting has 
emerged as a continuous way to fabricate biomimetic and 
complex tissue structure, such as osteochondral bilayered 
structure[11,13,16]. Three-dimensional (3D) bioprinting 
technology integrates equipment manufacturing industry, 
biomaterial science, and computer aided to fabricate 
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“living” engineered tissue or organ using bioink 
containing living cells, and thus has great potential in 
regeneration medicine[17-20].

3D bioprinting techniques can be classified into 
three distinct process categories: (i) Material extrusion[21], 
(ii) material jetting[22], and (iii) vat polymerization 
bioprinting[23]. Of these, extrusion-based bioprinting 
is the most prevalent employed research approach to 
fabricate 3D cell-laden scaffolds due to its accessibility, 
cost-effectiveness, and capacity to replicate tissue 
complexity[21]. For extrusion-based bioprinting, various 
biomaterials, such as gelatin, HA, or alginate, have been 
extensively used as bioink sources[24-28]. However, some 
problems remain, such as the cell toxicity of the chemical 
cross-link process, poor cell-material interactions, and 
inferior tissue formation[29,30]. In addition, only a small 
percentage of cells in these materials could drive cell 
differentiation towards target cell lineage[30,31]. Moreover, 
these materials cannot represent the complexity of 
extracellular matrices of repaired natural tissue. 
Therefore, there is an urgent need to develop a bioink that 
is sufficient to create a tissue-specific microenvironment 
with 3D cellular organization and cell-to-cell/cell-to-
matrix communication that are typical of natural tissues.

Decellularized extracellular matrix (dECM) has been 
developed as bioink to fabricate 3D bioprinted tissues and 
organs[32,33]. Both biologically and functionally, dECM is 
more representative of the natural extracellular matrix 
(nECM) than other kinds of biomaterials. dECM provides 
a native-mimicking microenvironment for the migration, 
proliferation, and differentiation of bone marrow-derived 
mesenchymal stem cells (BMSCs)[34,35]. Furthermore, 
BMSCs encapsulated in cartilage dECM (DCM) or 
bone dECM (DBM) hydrogel can recognize and interact 
with surrounding matrix that specifically enhanced 
chondrogenic/osteogenic differentiation and tissue 
maturation[36]. However, the mechanical strength of DCM 
and DBM is insufficient because of the loss of cartilage/
bone native tissue structure during the homogenization 
and solubilization process[36,37]. Silk fibroin (SF) is a 
natural biopolymer that is widely investigated for various 
3D bioprinting and tissue engineering applications due to 
its remarkable mechanical properties, biocompatibility 
and biodegradation nature[38,39]. In our previous study, we 
reported the use of a cross-linker-free DCM-SF bioink 
in printing 3D construct which had similar mechanical 
properties compared with native cartilage tissue[37].

Since dECM-based bioink most likely retain 
endogenous growth factors than other kinds of bioink, it 
will lead to enhancement of osteochondral regeneration 
that incorporates additional exogenous growth factors 
in dECM bioink. The previous studies have shown that 
dECM acts as an excellent growth factor delivery system 
since the extracellular matrix (ECM) itself is a natural 

reservoir for growth factors which have a natural affinity 
to ECM[40,41]. Transforming growth factor-beta (TGF-β) 
is regarded as a highly efficient chondrogenic factor[42]. 
Bone morphogenetic protein-2 (BMP-2) plays a key 
role in driving osteogenesis of BMSCs[43]. Hence, the 
combination of such a bioink with TGF-β and BMP-2 is 
effective to enhance osteochondral regeneration.

Therefore, on the basis of our previous study, we 
employed dECM-SF bioink to fabricate 3D-printed 
bilayered constructs. First, polycaprolactone (PCL) was 
first extruded to print frame of bone layer, and the DBM 
bioink was printed to fill the space. The DCM bioink was 
used to print the cartilage layer on the bone layer. Next, 
we evaluated the mechanical strength and degradation 
rate of the two layers to confirm the properties of 
constructs. Furthermore, the delivery capacity of growth 
factors and the potential of constructs for chondrogenesis 
or osteogenesis were measured in vitro. Finally, we 
implanted bilayered constructs containing TGF-β1 and 
BMP-2 into the osteochondral defect and determined the 
osteochondral regeneration efficacy in vivo.

2. Materials and methods
All experimental procedures involving animals have been 
approved and implemented in accordance with the animal 
use guidelines outlined by the Medical College of Nanjing 
Medical University (IACUC-2005033). All animal 
subjects were treated in accordance with the National 
Laboratory guidelines for Laboratory Animal Nursing.

2.1. Preparation of decellularized cartilage/ 
bone ECM
Decellularized DCM and DBM were prepared based 
on our previously reported method[37]. Briefly, articular 
cartilage and cancellous bone segments were harvested 
from female goats (n = 12) within 6  h after sacrifice. 
These cartilage and bone segments were washed, 
freeze-dried, and immersed in liquid nitrogen and cut 
into small pieces (1~2 mm3). The cartilage pieces were 
rinsed with phosphate-buffered saline (PBS), while the 
bone pieces were demineralized using an adaptation of 
previously reported methods by submerging in 0.5 M 
hydrochloric (HCL) under agitation for 24  h, and then 
degreased with 1:1 mixture of chloroform and methanol 
for 2–3  h[44]. Cartilage and demineralized bone pieces 
were washed thoroughly with PBS and lyophilized 
before decellularization. The cartilage and bone pieces 
were homogenized, milled, and soaked in PBS containing 
0.1%  w/v ethylenediaminetetraacetic acid (EDTA; 
Sigma-Aldrich, St. Louis, MO, USA) and 3.5%  w/v 
phenylmethyl sulfonylfluoride (PMSF; Beyotime, 
Shanghai, China) for 24  h to inhibit protease activity. 
These cartilage and bone granules were treated with a 1% 
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solution of Triton X-100 in a protease inhibitor cocktail 
(0.1% w/v EDTA, 3.5% w/v PMSF in Tris-HCl, pH = 7.5) 
for 24  h. Next, the cartilage and bone granules were 
washed and digested with 50 U/mL deoxyribonuclease 
and 1 U/mL ribonuclease (Sigma-Aldrich, St. Louis, MO, 
USA) for 12 h. To obtain DCM and DBM, the granules 
were lyophilized and solubilized using a previously 
reported protocol with modifications[30]. In brief, 10 mg 
decellularized granules were mixed with 1 mL of 0.1 mol 
HCl containing 1 mg of pepsin powder (Sigma-Aldrich, 
St. Louis, MO, USA) at room temperature for 2  days. 
After solubilization, 1 Mol NaOH was added to adjust the 
pH to 7.4. The solution was centrifuged at 10,000 ×g for 
3 min to remove undigested particles and the supernatant 
was lyophilized and stored at −80℃ for longer storage.

2.2. Preparation of TGF-β1-loaded DCM/SF 
bioink
Solubilized and lyophilized SF protein (SF, molecular 
weight >100  kDa) was purchased from Simatech 
Inc. (Suzhou, China). Polyethylene glycol (PEG 400; 
molecular weight 380~420 Da) was provided by Aladdin 
Inc. (Shanghai, China). About 10% w/v of SF, 5% w/v 
DCM, and 4 μg/mL of TGF-β1 (PeproTech, Rocky Hill, 
USA) were dissolved in PBS to prepare SF/DCM blends. 
The blends were then mixed with an equal volume 
of 80%  v/v PEG for gelation of the DCM/SF bioinks 
(5%  w/v final SF concentration; 2.5%  w/v final DCM 
concentration; and 2 μg/mL final TGF-β1 concentration).

2.3. Preparation of BMP-2-loaded DBM/SF 
bioink
About 10% w/v of SF, 5% w/v DBM, and 4 μg/mL of 
BMP-2 (PeproTech, Rocky Hill, USA) were dissolved in 
PBS to prepare SF/DBM blends. The blends were then 
mixed with an equal volume of 80% PEG for gelation 
of the DBM/SF bioinks (5% w/v final SF concentration; 
2.5%  w/v final DBM concentration; and 2 μg/mL final 
BMP-2 concentration).

2.4. Cell isolation and encapsulation
BMSCs were harvested and isolated as we previously 
described[45,46]. Briefly, bone marrow aspirate was 
isolated from the medullary cavity of femur bone in New 
Zealand rabbits. The mixture of cells was separated by 
gradient density centrifugation in 1.073 g/ml lymphocyte 
separation solution (Gibco, NY, USA). The mononuclear 
fraction interphase was collected and washed twice in 
sterile PBS. The cells were resuspended in low-glucose 
DMEM containing 100 U/ml penicillin, 100 U/ml 
streptomycin, and 10% fetal bovine serum (HyClone, 
UT, USA), and subsequently incubated at 37°C with 
5% CO2. The culture medium was changed to remove 

suspension cells after 48 h, and the adherent cells were 
expanded up to passage 3. To encapsulate cells for 3D 
bioprinting, BMSCs were trypsinized after reaching 
approximately 80% confluence and then washed with 
low-glucose DMEM containing 10% fetal bovine serum. 
After centrifugation at 1200 rpm for 5 min, BMSCs were 
resuspended in bioinks at a density of 1.0 × 107 cells mL−1.

2.5. Fabrication of bilayered scaffolds
3D bioprinting system (3D Discovery, Regenhu, Villaz-
St-Pierre, Switzerland) provided by Bioexcellence Inc. 
(Beijing, China) was used to fabricate the bilayered 
scaffolds. DBM bioink and DCM bioink were prepared 
and loaded into 10  mL plastic containers at room 
temperature. FDA-approved PCL (molecular weight 70–
90 Kda) provided by Polysciences Inc. (PA, USA) was 
loaded into metal container with temperature control, and 
the container temperature was set to 60°C. The parameters 
related to the process of printing are listed in Table 1.

For the fabrication of the bone layer (4  mm in 
diameter, 4.5 mm in height), PCL was first extruded to 
print outline, and then, the DBM/SF bioink was printed 
to fill the space. DCM/SF bioink was used to print the 
cartilage layer (4 mm in diameter, 0.5 mm in height) on 
the bone layer (Figure  1). The thicknesses of cartilage 
layer and bone layer were adjusted to 2 mm for in vitro 
investigation.

2.6. Fourier-transform infrared (FTIR) 
spectroscopy

The infrared spectra of DCM/SF and DBM/SF 
hydrogels were evaluated using Thermo Scientific 
Nicolet iS5 FT-IR Microscope (Waltham, MA, USA). 
The samples were prepared by lyophilization for FTIR 
analysis. Scanning was conducted in the spectral range 
from 1000 cm−1 to 2200 cm−1.

Table 1. Parameters of the designed construct and 3D bioprinting.

Parameters Cartilage layer Bone layer
DCM/SF 

bioink
DBM/SF 

bioink
PCL

Container 
temperature

15°C 15°C 60°C

Nozzle diameter 0.25 mm 0.25 mm 0.25 mm
Size (length * 
width * height)

4 mm* 
4 mm*0.5 mm

4 mm*4 mm*4.5 mm

Interlayer spacing 0.25 mm 0.25 mm 0.25 mm
Line spacing 0.20 mm 0.20 mm 2 mm
Printing speed 4 – 7 mm/s 3 –  

5 mm/s
1 . 8 ~ 2 . 7 
mm/s

Print pressure 0.20–0.30 MPa 0 . 2 0 –
0.30 MPa

0.50~0.60 
MPa
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Figure 1. Schematic illustration of the bilayered scaffold loaded with transforming growth factor-β and bone morphogenetic protein-2 for 
osteochondral repair.

2.7. Rheological analysis
Thermo Scientific HAAKE MARS 40 Rheometer 
(Waltham, MA, USA) was used to investigate rheological 
properties fitted with 25 mm parallel geometry. Frequency-
dependent loss modulus (G’’), storage modulus (G’), and 
dynamic viscosity of DCM/SF and DBM/SF hydrogels 
were determined by the frequency sweep in the shear rate 
range of 0.1~100 Hz at 15℃.

2.8. Growth factor releasing
To investigate release of growth factors, cartilage layer 
and bone layer construct samples were encapsulated with 
2 μg/mL TGF-β1 and 2 μg/mL BMP-2, respectively. To 
evaluate the release rate of TGF-β1, pre-weighed cartilage 
layer samples were rinsed with 2  ml PBS solutions 
containing 0.05% EDTA, 0.1% heparin, 0.02% sodium 
azide, and 0.1% BSA at 37°C. The PBS solution was 
replenished and harvested every 48  h for 21  days. The 
harvested PBS samples were then assessed by TGF-β1 
ELISA Kit assay (PeproTech, RH, USA). To evaluate the 
release rate of BMP-2, pre-weighed bone layer samples 
were rinsed with 2  ml PBS solutions containing 0.05% 
EDTA, 0.1% heparin, 0.02% sodium azide, and 0.1% BSA 
at 37°C. The PBS solution was replenished and harvested 
every 48 h for 14 days. The harvested PBS samples were 
then assessed by BMP-2 ELISA Kit assay (PeproTech, 
Rocky Hill, USA). All samples were analyzed in triplicate.

2.9. Cell viability
For the observation of cell viability, LIVE/DEAD cell 
staining kit (Molecular Probes, OR, USA) was used to 

stain cells. Cell-scaffold construct samples were incubated 
in low-glucose DMEM containing 2 μM calcein AM 
(live) and 4 μM ethidium homodimer-1 (dead) reagents 
at 37°C for 45 min. Fluorescence images were obtained 
from a fluorescence microscope (Zeiss, Nanjing, China). 
Calcein AM (green) and ethidium homodimer-1 (red) 
were detected by excitation wavelengths of 495 nm and 
560 nm, respectively. The cell survival rate at 1 and 3 days 
was analyzed using ImageJ software. Cell proliferation 
and viability in construct samples were examined using 
CCK8 assay (Beyotime, Nanjing, China) after 1, 4, and 
7 days of culture.

2.10. Degradation of 3D bilayered scaffolds
For the analysis of degradation of bilayered scaffolds, 
the rates of weight loss were performed with treatment 
of protease XIV enzyme at several time points over 
24 days. The weight loss test of cartilage layer and bone 
layer was conducted separately. The initial dry printed 
scaffold was weighed as W0 and the enzyme solution 
was changed every day. Scaffolds were taken out from 
the enzyme solution and weighed at dry state at each time 
point (Wd). The degradation rate was defined as 100% × 
(W0 – Wd)/W0.

2.11. Comprehensive stress
For the investigation of comprehensive properties, 
cartilage layer and bone layer construct samples were 
loaded on an Instron Tensile Force Tester (Instron, HW, 
UK). A  displacement rate of 0.1  mm/min was set to 
obtain stress-strain curve. The compression modulus was 
determined from the linear region of the stress-strain curve.
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2.12. mRNA expression
For mRNA expression analysis, cell-scaffold construct 
samples were cultured for 7 and 14  days (n = 3). For 
mRNA extraction, the samples were homogenized and 
lysed in TRIzol (Yeasen, Shanghai, China) before being 
centrifuged at 12,000 rpm at 4°C. Subsequently, a cDNA 
reverse transcription kit (Yeasen, Shanghai, China) was 
used to reverse-transcribed total RNA into cDNA. The 
expression levels of cartilage-related markers (COL II, 
type-2 collagen; ACAN, aggrecan; SOX-9, SRY-box 
transcription factor 9) and osteogenic-related markers 
(COL I, type-1 collagen; OCN, osteocalcin; ALP, alkaline 
phosphatase; RNUX2, runt-related transcription factor 
2) were analyzed by real-time qPCR system (Applied 
Biosystems, CA, USA). The target mRNA was normalized 
to a housekeeping control (glyceraldehyde 3-phosphate 
dehydrogenase mRNA) and determined using the ΔΔCt 
method. The sequences are listed in Table S1.

2.13. In vivo surgical operation
To determine the osteochondral regeneration effect in 
vivo, New Zealand white rabbits weighted 2.0 – 3.0 kg 
were chosen to create osteochondral defect models. After 
general anesthesia, osteochondral defects (diameter: 
4 mm, depth: 5 mm) were caused on the patellar groove 
of right knee joints. In the control group (n = 6), the 
defect was left blank without material added. In the 
pristine-bilayered construct group (PB group) (n = 6), 
the constructs without bioactive growth factors were 
implanted into the defects. In the GF-bilayered construct 
group (GB group) (n = 6), bilayered constructs containing 
TGF-β1 and BMP-2 were implanted in the osteochondral 
defect (Figure S2A and B). The rabbits were anesthetized 
and executed 3 months after operation.

2.14. Histological and immunohistochemical 
analysis
For histological assessment, rabbit femurs were fixed 
overnight in 4% paraformaldehyde at 4°C and then 
decalcified with decalcification solution for about 30 days. 
The decalcified constructs were dehydrated with a graded 
series of ethanol and embedded in paraffin for sectioning. 
The deparaffinized paraffin sections were stained with 
safranin O and Masson’s trichrome, and imaged with an 
Olympus microscope. To further observe the expression 
of COL II and OCN, immunohistochemical staining 
was performed as we previously described[47]. The ICRS 
Visual Histological Assessment Scale was carried out to 
score the morphology and the degree of metachromatic 
staining, respectively. The total score ranged from 0 to 
18, including semi-quantitative scales to rate the surface, 
matrix, cell distribution, viability of the cell population, 
subchondral bone, and cartilage mineralization.

2.15. Biochemical analysis
We analyzed the contents of collagen and sulfated-
glycosaminoglycan (sGAG) of samples. Samples were 
dissolved in papain digestion (125 μL/mL papain, 100 mM 
EDTA, and 5 mM L-cysteine; Sigma-Aldrich, MO, USA) 
at pH 6.5 at 60°C under rotation for 18 h. Collagen content 
was examined by quantifying hydroxyproline concentration. 
Briefly, the hydroxyproline content of the solution 
was determined by the chloramine-T assay after acidic 
hydrolyzation in 38% HCl for 18 h at 110°C. Collagen content 
was calculated by assuming a hydroxyproline:  collagen 
ratio of 1:7.69. The total sGAG content was analyzed by 
the 1,9-dimethylmethylene blue (DMMB; Sigma-Aldrich, 
MO, USA) assay. The sGAG and collagen content were 
normalized by dry weight of construct.

2.16. Statistical analysis
All data are expressed as the mean ± standard deviation 
(SD), and P < 0.05 was considered statistically significant. 
For statistical analysis, intergroup differences were 
calculated by analysis of variance (ANOVA) after testing 
for homogeneity of variance. All statistical analysis 
was performed using Statistical Package for the Social 
Sciences (SPSS) version  19.0 software (IBM SPSS 
Statistics for Windows, Armonk, NY, USA).

3. Results and discussion
3.1. Preparation and characterization of DCM/
SF and DBM/SF bioinks
To estimate the ECM component change, we determined 
the collagen and glycosaminoglycans (GAGs) contents 
before and after decellularization (Figure S1A and B). 
A  significant loss of collagen and GAGs in DCM and 
DBM was observed after decellularization. The reason 
behind the reduction of the collagen and GAGs is the 
treatment with the enzymes during the trypsinization 
and decellularization including deoxyribonuclease , 
ribonuclease and pepsin[30,48]. Quantification of DNA 
content from native ECM (NCM and NBM) and dECM 
(DCM and DBM) revealed the significant reduction 
(~96%) in the case of dECM as compared to the native 
ECM before decellularization.

We investigated rheological behavior to explore 
flow properties of DCM/SF and DBM/SF bioinks. The 
frequency sweep indicated that viscosity of DCM/SF 
and DBM/SF bioinks decreased in response to linearly 
increasing shear rate (Figure  2A), indicated that the 
bioinks exhibited shear-thinning flow behavior, which 
are similar to most polymer gels[36]. Furthermore, the G’ 
values exceeded the G’’ values over the whole angular 
frequency range (G’ > G’’; Figure  2B), indicating the 
formation of a typical gel structure[49].
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FTIR spectroscopy was done to analyze the 
crystallization of SF in DCM/SF and DBM/SF bioinks 
(Figure  2C). The pure SF control group showed a 
major peak at 1,650.8 cm−1 in the amide I region (C=O 
stretch), suggesting the presence of a higher proportion 
of random coils than β-sheet structure[50]. The major 
peak of DCM/SF and DBM/SF bioinks in the amide-I 
region shifted to a lower wavelength at 1628–1632 cm−1 
(Figure 2D), indicating that the mixture was dominated 
by β-sheet structure[51].

3.2. One-step 3D-bioprinting and 
characterization of a bilayered scaffolds
We printed the bilayered scaffolds as shown in Figure 3A. 
PCL was first extruded to print frame of bone layer, and 
the DBM bioink was printed to fill the space. The DCM 
bioink was used to print the cartilage layer on the bone 
layer. The PCL frame not only provided a mechanical 
support in the bone layer but it is also favorable for the 
cell migration and exchange of nutrients because the 
DCM/SF hydrogel take up more space than PCL frame 
in the bone layer.

For the analysis of degradation of bilayered scaffolds, 
the rates of weight loss were performed with treatment of 
protease XIV enzyme at several time points over 24 days 
(Figure 3B). Bone layer constructs showed a significantly 
lower degradation rate than cartilage layer constructs. The 
reason lies in the slow degradation characteristics of PCL 
frame in the bone layer. For measurement of compressive 
strength, 3D-printed constructs were subjected to 

mechanical tests. We performed the stress-strain curve 
to investigate the relation between compressive stress 
and strain (Figure  3C). The compressive stress finally 
reached the maximum before yielding for bone layer 
construct, bone layer construct without PCL frame, and 
cartilage layer construct at the compressive stress of 310 
kpa, 47 kPa, and 44 kPa, respectively. The compressive 
modulus was significantly higher in bone layer construct 
than in the bone layer construct without PCL and cartilage 
construct, with about 9-fold enhancement (Figure 3D). 
Ding et al. reported that the difference in compressive 
modulus is approximately 5–20  times between natural 
cartilage and bone[52].

We then observed the viability of BMSCs in 
printed cartilage and bone layers by live/dead staining 
assay (Figure 4A and B). The survival rates of BMSCs 
in the printed cartilage and bone layer were over 80% 
(Figure  5C). CCK8 cell proliferation assay was also 
carried out to ascertain the viability of BMSCs in both 
layers at different time points (Figure 5D). The optical 
density (OD) value increased over the 7 days of culture 
and did not differ significantly between cartilage and 
bone layer. The results indicated that the cartilage and 
bone layers promoted the proliferation of BMSCs and 
exhibited low cytotoxicity.

3.3. Release of growth factors from the scaffolds 
promoted differentiation of BMSCs in vitro
Growth factors such as TGF-β and BMP-2 play an 
important role in promoting directed differentiation of 

Figure 2. (A) Frequency sweep of the DCM/SF and DBM/SF bioinks. (B) Dynamic viscosity measurement of the DCM/SF and DBM/SF 
bioinks. (C, D) FTIR absorption spectra of the DCM/SF and DBM/SF bioinks.
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Figure 3. (A) PCL was first extruded to print frame of bone layer, and the DBM bioink was printed to fill the space. The DCM bioink was 
used to print the cartilage layer on the bone layer. (B) Degradation rate of cartilage layer and bone layer in protease XIV. (C) Stress-strain 
curve that was used to investigate the relation between compressive stress and strain. (D) Comprehensive modulus calculated by linear 
region of the stress-strain curve (n = 3; *P < 0.05).

A B

C D

A

Figure 4. Viability of BMSCs in the printed constructs. Fluorescence microscopy findings of the LIVE/DEAD assay of BMSCs cultured in 
the (A) cartilage layer and (B) bone layer. (C) Quantification of cell viability. (D) Cell viability results obtained by the CCK-8 assay on 1, 
4, and 7 days of cell culture (n = 3; *P < 0.05).

A

C D

B
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BMSCs[53,54]. Although dECM-based bioink most likely 
retain endogenous growth factors than other kinds of bioink, 
the pure dECM is always insufficient for the effective 
treatment of osteochondral defects due to the loss of 
bioactive factors during decellularized process. Datta et al. 
reported the reduction of BMP-2 in decellularized bone 
matrix due to decellularization[55]. Almeida et al. reported 
that the addition of exogenous TGF-β in dECM promoted 
the chondrogenesis of fat pad-derived stromal cells[41]. 
Moreover, the previous studies have shown that dECM 
acts as an excellent growth factor delivery system since 
the ECM itself is a natural reservoir for growth factors 
which have a natural affinity to ECM[40,41]. In this study, 
we developed a controlled release system by encapsulating 
TGF-β1 and BMP-2 into the bilayered construct.

We evaluated the TGF-β1 and BMP-2 release using 
ELISA to determine the capacity of scaffolds to support 
the controlled release of growth factors. The printed 
cartilage layer suggested a relatively fast release of 
TGF-β1 about 65.91 ± 3.29% in the beginning 9 days, 
with a slow release reached to 88.51 ± 1.51 % in the 
following days (Figure 5A). BMP-2 in the printed bone 
layer displayed an initial burst release to 59.39 ± 7.36% 
within the first 9 days (Figure 5B). BMP-2 exhibited a 
sustained release profile after being released for more 
than 12 days. The cumulative release of BMP-2 reached 
to 82.45 ± 8.26% after being released for 21 days. The 
results indicated that the bilayered construct exhibited 
sustained long-term release of growth factors.

Next, we investigated whether the release of TGF-β 
has an effect on chondrogenic differentiation potential of 
BMSCs in cartilage layer in vitro. To answer this question, 
we examined the mRNA expression levels of collagen I 
(COL I), collagen II (COL II), aggrecan (ACAN), and 
SOX-9 by real-time quantitative polymerase chain reaction 
(qPCR) on days 7 and 14 of culture (Figure 5C-F). The 
reverse transcription polymerase chain reaction (RT-PCR) 
analysis showed that the mRNA expression levels of COL 
I in C+TGF-β group were comparable to that in C group. 
The mRNA expression levels of COL I were significantly 
decreased from day 7 to day 14. The expression of COL 
II and ACAN in the C+TGF-β group was significantly 
higher than that in the C group at 2  time points. In 
addition, the expressions of COL II and ACAN in the 
C+TGF-β group and C group at day 14 were significantly 
increased as compared with day 7. SOX-9, a member of 
the Sry-type HMG box (SOX) gene family, is expressed 
to activate the expression of cartilage ECM-related gene 
(COL II and ACAN) and suppress the expression of 
fibrotic-related gene (COL I)[56]. SOX-9 plays a key role 
in the chondrogenic differentiation process of stem cells. 
The previous studies reported that SOX-9 is activated 
during very early events in chondrogenesis of BMSCs, 
and directly or indirectly maintains its regulation during 
the differentiation and maturation of chondrocytes[57]. The 
RT-PCR analysis showed that the SOX-9 transcription 
level was similar at the 2 time points. Significantly higher 
SOX-9 transcription occurred in the C+TGF-β group 

Figure  5. (A) Release kinetics of TGF-β1 from printed cartilage layer. (A) Release kinetics of TGF-β1 from printed cartilage layer. 
(B) Release kinetics of BMP-2 from printed bone layer. mRNA expression level of cartilage-related genes, including (C) collagen type I 
(COL I, a fibrotic marker gene), (D) collagen type II (COL II), (E) aggrecan (ACAN), and (F) SOX-9 in cartilage layer group (C group) and 
cartilage layer loaded with TGF-β1 group (C+TGF-β group) on days 7 and 14 (n = 3; *P < 0.05).
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than in the C group, suggesting that a higher extent of 
signaling cascade was activated during the chondrogenic 
differentiation of BMSCs over the C+TGF-β group than 
C group.

Furthermore, to investigate the osteogenic 
differentiation of BMSCs in the bone layer, the expression 
levels of COL I, RUNX2, OCN, and ALP were measured 
by RT-PCR (Figure  6A-D). The result showed that 
mRNA expression levels of COL I, RUNX2, and OCN 
for B+BMP-2 group were obviously higher than those for 
B group after culture for 14 days. The mRNA expression 
levels of ALP did not differ significantly between the 
B+BMP-2 group and the B group at day 7. On the other 
hand, the expression of ALP in the B+BMP-2 group was 
significantly higher than that in the B group at day 14. As 
a transcription factor, RUNX2 is expressed to activate 
the expression of bone-related gene (COL I, OCN, and 
ALP). The activation and expression of RUNX2 peak in 
the early stage of osteogenic differentiation of BMSCs[11]. 
The RT-PCR suggested that the RUNX2 expression 
level showed no significantly difference at the 2  time 
points. Meanwhile, the RUNX2 transcription level was 
significantly higher in the B+BMP-2 group than in the 
B group at days 7 and 14, indicating that a higher extent 
of signaling cascade was activated during the osteogenic 
differentiation of BMSCs in the B+BMP-2 group than 
in the B group. The result indicated that the B+BMP-2 
constructs were able to enhance osteoinductive abilities 
in vitro.

3.4. The scaffolds loaded with growth factors 
promoted osteochondral regeneration in vivo
To investigate whether the composite constructs stimulate 
osteochondral regeneration in vivo, regenerative efficacy 
was further observed in a rabbit osteochondral defect 
model. No deaths occurred during the whole observational 
period. The grafts were sampled 3 months after operation. 
The gross macroscopic observations suggested that the 
regenerated tissues of the PB and GB groups seemed 
smooth and similar to the surrounding normal tissues 
(Figure 7A). The defects of the PB and GB groups were 
completely covered with excellent integration, whereas 
the repaired tissues of the control group only partially 
filled the defect and showed incomplete integration with 
the native cartilage tissues.

Histological and immunohistochemical staining 
analyses were conducted to evaluate repair efficacy. 
Compared to the control group and PB group, the GB 
group had smoother and more homogeneous neocartilage 
which had a considerable number of typical cartilage 
lacunae structures (Figure 7B). The cells in neocartilage 
of GB group were in a typical linear arrangement and 
similar to normal chondrocytes. Masson (blue staining) 
and safranin O (red staining) staining were carried out 
to evaluate the proportion of collagen and proteoglycan 
content, respectively (Figure 7C and D). Compared to 
other groups, the collagen and proteoglycan deposition in 
the neocartilage of GB group was abundant and uniform. 

Figure 6. mRNA expression level of bone-related genes, including (A) collagen type I (COL I, a fibrotic marker gene), (B) RUNX family 
transcription factor 2 (RUNX2), (C) osteocalcin (OCN), and (D) alkaline phosphatase (ALP) in bone layer group (B group) and cartilage 
layer loaded with BMP-2 group (B+BMP-2 group) on days 7 and 14 (n = 3; *P < 0.05).
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Coll II immunohistochemical staining demonstrated 
more intense staining in the GB group compared to other 
two groups (Figure  8A). A  high expression of Coll II 
surrounding the chondrocytes could be observed in the 
neocartilage of GB group. Neovascularization, trabecula 
structure (Figure  8B and C), and higher intensity of 
staining of OCN (Figure  8D) could be observed in 
the neo-bone of GB group. While in the control group, 
incompletely calcified cancellous bone could be found in 
the bone layer. Furthermore, we performed a histologic 
score according to the ICRS Visual Histological 
Assessment Scale (Figure S2C). The histologic score 
was significantly higher in the GB group than in the PB 
and control groups.

Regenerated cartilage was further investigated by 
quantifying sGAG and collagen contents. The sGAG 
content of neocartilage was 9.36 ± 1.279 μg/mg in 
control group, 16.03 ± 0.784 μg/mg in PB group, and 
24.83 ± 1.866μg/mg in GB group, with statistically 

significant differences (P < 0.05). The collagen content 
of neocartilage was 72.95 ± 5.82 μg/mg in control 
group, 106.50 ± 7.84 μg/mg in PB group, and 115.50 ± 
11.28 μg/mg in GB group. The collagen content of GB 
group and PB group was significantly higher than that 
of control group. There was no significant difference 
between collagen content in the GB group and PB 
group.

In the current study, we demonstrated that a 3D 
bioprinted bilayered scaffolds can be used as a controlled 
released system, which leads to the reconstruction of 
osteochondral tissue. Each layer of bilayered scaffolds 
had a suitable mechanical strength and degradation rate. 
Furthermore, the scaffolds encapsulating TGF-β1 and 
BMP-2 can act as a controlled release system and promote 
osteochondral regeneration. Although the mechanical 
strength of the bilayered scaffolds needs to be further 
enhanced, this method does provide a novel strategy for 
osteochondral regeneration.

Figure 7. The bilayered constructs facilitated the regeneration of osteochondral tissues in vivo (n = 6). The grafts were sampled 3 months 
after operation. (A) Gross observations of defect repair at 3 months for the control group, pristine-bilayered construct group, and GF-
bilayered construct group (scale bar: 4 mm). (B) Hematoxylin and eosin (H & E) staining of repaired cartilage at 3 months (N, normal 
cartilage; R, repair cartilage; blue arrows, typical cartilage lacunae structures; black arrows, the repair boundary of the cartilage surface; 
scale bar: 200 μm). (C) Masson staining of repaired cartilage at 3 months (scale bar: 200 μm). (D) Safranin-O/fast green staining of repaired 
cartilage at 3 months (scale bar: 200 μm).
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4. Conclusions
The present study has shown that each layer of scaffolds 
had a suitable mechanical strength and degradation rate. 
Furthermore, the scaffolds encapsulating TGF-β1 and 
BMP-2 can act as a controlled released system and promote 
directed differentiation of BMSCs. The in vivo experiments 
suggested that the scaffolds loaded with growth factors 
promoted osteochondral regeneration in the rabbit knee joint 
model. Altogether, the biomimetic bilayered scaffolds offer 
a novel option for application in osteochondral regeneration.
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