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A B S T R A C T   

Osteochondral repair remains a major challenge in current clinical practice despite significant advances in tissue 
engineering. In particular, the lateral integration of neocartilage into surrounding native cartilage is a difficult 
and inadequately addressed problem that determines the success of tissue repair. Here, a novel design of an 
integral bilayer scaffold combined with a photocurable silk sealant for osteochondral repair is reported. First, we 
fabricated a bilayer silk scaffold with a cartilage layer resembling native cartilage in surface morphology and 
mechanical strength and a BMP-2-loaded porous subchondral bone layer that facilitated the osteogenic differ
entiation of BMSCs. Second, a TGF-β3-loaded methacrylated silk fibroin sealant (Sil-MA) exhibiting biocom
patibility and good adhesive properties was developed and confirmed to promote chondrocyte migration and 
differentiation. Importantly, this TGF-β3-loaded Sil-MA hydrogel provided a bridge between the cartilage layer of 
the scaffold and the surrounding cartilage and then guided new cartilage to grow towards and replace the 
degraded cartilage layer from the surrounding native cartilage in the early stage of knee repair. Thus, osteo
chondral regeneration and superior lateral integration were achieved in vivo by using this composite. These 
results demonstrate that the new approach of marginal sealing around the cartilage layer of bilayer scaffolds with 
Sil-MA hydrogel has tremendous potential for clinical use in osteochondral regeneration.   

1. Introduction 

Osteochondral regeneration has always been a major challenge due 
to the structure and properties of the osteochondral unit. As an inte
grated and functional whole, the osteochondral unit is anisotropic, with 
spatially varying compositional, structural and functional properties 
[1]. Bone tissue exhibits innate repair capability and the ability to 
regenerate in the presence of multiple cell types and the vasculature. 
Unlike bone regeneration, cartilage regeneration remains a difficult 
problem [2]. Articular cartilage, a translucent elastic tissue without 
blood vessels, lymphatic vessels or neural tubes, possesses limited innate 
self-healing ability [3]. Therefore, it is of great societal and academic 
significance to construct a high-performance cartilage repair scaffold 
and further orchestrate a bifunctional scaffold that guides cartilage and 

subchondral bone regeneration simultaneously to reconstruct 
full-thickness osteochondral defects. 

Scaffold-based techniques have been widely used in osteochondral 
engineering since scaffolds can provide 3D microenvironments for 
endogenous or exogenous cells to augment cell adhesion, proliferation, 
migration, differentiation and mechanical support for newly formed 
tissues [4]. Recently, bilayer and multilayer scaffolds designed to mimic 
the anisotropic functional and structural characteristics of cartilage and 
bone tissue have achieved desired outcomes and attracted great atten
tion [5–7]. However, the stable scaffold fixation and further tissue 
integration are often ignored. Integration is critical to the success of 
osteochondral regeneration because it provides stable biologic fixation, 
load distribution, and the appropriate mechanotransduction necessary 
for homeostasis [8,9]. After implantation at the defect site, 
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osseointegration to the scaffold readily occurs due to bone’s high 
metabolism and cell content, including stem cells [10]. Because of the 
scaffold’s intricate stratified structure, the vertical integration of carti
lage to the underlying bone occurs to a considerable extent [11,12]. 
Nevertheless, the lateral integration of neocartilage to adjacent cartilage 
is a difficult problem that urgently needs to be solved [2]. 

Lateral integration is exceedingly difficult to achieve for the 
following reasons: 1) cartilage displays low metabolism and contains 
dense, anti-adhesive extracellular matrix (ECM) [13]. For example, 
proteins transcribed from the proteoglycan 4 (PRG4) gene, contributors 
to cartilage’s low friction, and glycosaminoglycans (GAGs) have been 
shown to directly inhibit cell adhesion [14]; 2) the surgical preparation 
of defects results in cell death at the defect margins, further reducing 
integration potential [15]; and 3) upon loading, mismatches between 
the biomechanical properties of the implanted scaffolds and native 
cartilage tissue result in stress concentration, diminishing integration 
and damaging the surrounding tissue [8,16]. Hence, effective strategies 
to enhance lateral integration are reported rarely, if ever. To date, 
strategies to enhance lateral integration include antiapoptotic agents 
that mitigate cell death at the defect edge [15], matrix-degrading en
zymes that decrease ECM antiadhesive properties [13], and, more 
recently, scaffold functionalization that enables direct bonding to 
adjacent cartilage [17]. However, all these studies focused on in vitro or 
subcutaneous implantation in nude mice without further validation of 
the effect on osteochondral repair in large animals. In addition, 
cartilage-cartilage integration in the mosaicplasty method was 

evaluated, but the integration of scaffold-guided neocartilage and the 
surrounding native cartilage in the tissue-engineering approach was not. 
Therefore, it is of vital importance to develop rehabilitation protocols 
that enhance lateral integration. 

Silk fibroin (SF) is a natural fibrous polymer that has been applied for 
osteochondral engineering due to its biocompatibility, biodegradability, 
high tensile strength, and excellent biological characteristics [18–20]. 
Nonetheless, traditional silk scaffolds focus mainly on the porous 
structure of the cartilage layer, which is incompatible with the native 
cartilage structure and disadvantageous for cartilage formation [21–24]. 
In addition, bilayer or trilayer silk scaffolds are often combined with 
β-tricalcium phosphate (β-TCP) or ceramics as a subchondral bone layer 
to obtain high mechanical strength, which results in poor interface 
strength between the cartilage layer (silk) and the subchondral bone 
layer (β-TCP or ceramics) [18,25]. Therefore, an integral stratified silk 
scaffold designed to mimic osteochondral tissue is urgently needed. In 
addition, Park et al. recently designed and fabricated a silk-modified 
hydrogel with the addition of methacrylate groups to amine residues 
and subsequently realized cartilage tissue formation in the rabbit tra
chea via a chondrocyte-laden Sil-MA hydrogel [26]. However, cartilage 
tissue in joints needs to bear a load, which requires a high-strength 
scaffold for regeneration. Inspired by the application of medical glue 
or adhesive, we proposed this hydrogel as a marginal sealant to enhance 
lateral integration by utilizing its adhesive property [27,28]. 

In this study, we proposed an all-silk-derived composite consisting of 
integral bilayer scaffolds and marginal sealants for rapid and effective 

Fig. 1. Schematic illustration of the integral bilayer silk scaffold combined with Sil-MA hydrogel in osteochondral repair.  
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osteochondral engineering (Fig. 1). The physicochemical, mechanical 
and biological properties of the composite were evaluated in vitro to 
optimize and construct a bifunctional scaffold and photocurable Sil-MA 
hydrogel. For bone regeneration, a porous subchondral bone layer 
loaded with bone morphological protein-2 (BMP-2) could promote fast 
bone formation. For cartilage regeneration, new cartilage could grow 
towards and replace the degraded biomimetic cartilage layer from the 
adjacent cartilage after marginal sealing of the Sil-MA hydrogel. Finally, 
new osteochondral tissue was regenerated, and integration of the engi
neered tissue with the native tissue was achieved. Our study proposed a 
new approach of marginal sealing around integral bilayer scaffolds with 
Sil-MA hydrogel, which holds great potential for future clinical trans
lation in osteochondral regeneration. 

2. Materials and methods 

2.1. Fabrication of the bilayer silk scaffold and Sil-MA hydrogel 

SF and Sil-MA solutions were prepared as previously described [29]. 
Briefly, 20 g of sliced cocoons was boiled in 6 L of 0.02 M Na2CO3 so
lution for 30 min at 100 ◦C to remove the sericin and then washed 
several times with distilled water. Subsequently, the degummed silk was 
dried at room temperature and then dissolved in 100 mL of 9.3 M 
lithium bromide (LiBr) solution at 60 ◦C for 4 h. Immediately after the SF 
was dissolved by LiBr, 3 mL (424 mM) of glycidyl methacrylate (GMA) 
solution (Sigma-Aldrich, St. Louis, USA) was added to 50 mL of the 
mixture with stirring at 300 rpm for 3 h at 60 ◦C to create a high-yield 
reaction between GMA and SF. Then, the resulting solution was centri
fuged and dialyzed against distilled water using Slide-A-Lyzer dialysis 
cassettes (MWCOs of 3500 and 14000 Da for SF and methacrylated SF 
solutions, respectively) for 2 d. Finally, those solutions were frozen at 
− 80 ◦C for 12 h and freeze-dried for 48 h. The lyophilized SF and Sil-MA 
powder were stored at − 80 ◦C for further use. 

Bilayer silk scaffolds were prepared as follows. First, different 
amounts (0.5, 1, and 2 g) of sucrose particles (300–500 μm) were added 
to 1 mL of hexafluoroisopropanol (HFIP) solution to verify the optimal 
ratio of 1:1 (Fig. S1). The lyophilized silk powder was dissolved in HFIP 
without or with sucrose particles to yield 10, 20, and 30% w/v solutions 
(a dense layer of silk scaffold (D/S) and a porous layer of silk scaffold (P/ 
S)). Two hours after the sucrose particles were mixed with 30% silk- 
HFIP solution in the silicone mold, 10% silk-HFIP solution was poured 
onto it. The mixed solution was kept at room temperature overnight for 
crosslinking into the scaffold state. Then, the demolded scaffold was 
placed in pure methanol (100% w/v) for 60 min and running water for 
24 h to remove the HFIP and sucrose particles. Thus, the upper and 
lower layers of the bilayer silk scaffold were denoted as the cartilage 
layer (C layer) and the subchondral bone layer (S layer), respectively. 

Photocuring Sil-MA hydrogels were prepared as follows. Lyophilized 
Sil-MA was dissolved in water at various concentrations from 10 to 30% 
w/v, and the photoinitiator lithium phenyl(2,4,6-trimethylbenzoyl) 
phosphinate (LAP) (0.2% w/v) (Tokyo Chemical Industry, Tokyo, 
Japan) was added and mixed until fully dissolved. The prepared Sil-MA/ 
LAP solution was photocrosslinked via exposure to 30 mW/cm2 UV light 
for 30 s at a distance of 5 cm using an Omnicure S2000 (Lumen Dy
namics Group). 

2.2. Characterization 

To compare the microstructure and pore characteristics among the 
different D/S and P/S groups, scanning electron microscopy (SEM, S- 
4800, Hitachi, Japan) was performed after the lyophilized samples were 
flash-frozen in liquid nitrogen, sectioned and gold-coated. In addition, 
topography and roughness measurements of the cartilage surface and 
different D/S group samples were performed using an optical profiler 
(Contour GT-X3, Bruker, Germany). The roughness parameter (arith
metic mean, Ra) of each specimen was measured. 

For the mechanical property test, cylindrical D/S and P/S scaffolds 
(diameter: 10 mm, height: 6 mm) were measured on a universal testing 
machine (UTM) (HY-0230, Hengyi, China) at a speed of 15 mm/min 
until 50% deformation of the samples was achieved. The elastic modulus 
of the scaffolds was calculated from the slope of the stress versus strain 
curves, limited to the first 10% of the strain. 

For better observation of the interface structure, the HFIP solution 
was mixed with fast-green dye, and the fabricated bilayer scaffold was 
examined with a stereomicroscope (SZX16; Olympus, Japan) and by 
SEM. 

To determine the methacrylation structure, SF and Sil-MA were 
examined through 1H nuclear magnetic resonance (1H-NMR) at a fre
quency of 400 MHz using a Bruker DPX FT-NMR spectrometer (9.4 T, 
Bruker, Germany) and 700 μL of deuterium oxide (D2O, Sigma-Aldrich) 
as the solvent per 5 mg of sample. Sil-MA solution was filtered using a 
0.45 μm filter before analysis. 

A lap shear test was performed to measure the adhesive tensile 
strength of Sil-MA in conjunction with the cartilage tissue and C layer 
and the force necessary to separate this bond. One piece of rabbit 
auricular cartilage (1 cm × 1 cm) and C layer (1 cm × 1 cm) were 
attached to the edge of the short side of two glass slides (7.6 cm × 2.6 
cm). Next, 30 μL of 10% SF and 10–30% w/v Sil-MA solution were 
uniformly placed on the C layer. Then, the other tissue-coated slide was 
symmetrically covered with sealants. All groups were irradiated with UV 
light (30 s) for photocuring. These assembled slides were loaded in a 
UTM for shear testing by tensile loading with a strain rate of 2 mm/min. 
The point of detachment was fixed as the maximum load. Shear strength 
(KPa) was the maximum load (N) divided by the bonding area (1 cm2). 

2.3. Cell viability, attachment, migration and differentiation 

The animals used in this research were provided by the Ninth Peo
ple’s Hospital Animal Center (Shanghai, China). All animal protocols 
were approved by the Animal Care and Experiment Committee of the 
Ninth People’s Hospital. 

Four-week-old New Zealand white rabbits were euthanized via an 
overdose injection of anesthetic and used for the extraction of bone 
marrow stromal cells (BMSCs) and primary chondrocytes. The cells used 
in this research were cultured and expanded in high-glucose Dulbecco’s 
modified Eagle’s medium (DMEM) (HyClone, USA) supplemented with 
10% fetal bovine serum (FBS), 100 U/mL penicillin, and 0.1 mg/mL 
streptomycin (all from Gibco, USA) and incubated at 37 ◦C under a 5% 
CO2 atmosphere. 

BMSCs were extracted from the femurs and tibias of rabbits. After 
flushing repeatedly with culture medium, the bone marrow suspension 
was transferred into a culture dish. The culture medium was refreshed 
every 2 d until approximately 80% confluence was achieved. BMSCs at 
passages 3–5 were utilized for the in vitro experiments in this study. 

Articular cartilage obtained from the femoral heads was used for the 
extraction of chondrocytes. After mincing into small pieces and diges
tion with 0.2% collagenase type II for 12 h, the primary chondrocytes 
were collected and cultivated for two passages before use. 

Before cell seeding, the scaffolds were disinfected using 100% 
ethanol immersion overnight and then lyophilized. Sil-MA solution was 
sterilized through a 0.45 μm filter. A condensed cell suspension at a 
density of 2✕104 BMSCs per P/S sample (diameter of 6 mm, depth of 5 
mm) or chondrocytes per 6 cm2 of D/S sample and Sil-MA hydrogel was 
seeded on each sample and cultured in an incubator for 2 h. PBS was 
added to the peripheral wells to avoid liquid evaporation. After cell 
adherence, culture medium was added for subsequent experiments. 

The cell viability of the D/S layer, P/S layer, and Sil-MA hydrogel 
was examined using a live/dead staining kit (Shanghai Yisheng 
Biotechnology Co., Ltd., China). BMSCs cultured on the P/S layer and 
chondrocytes cultured on the D/S layer and Sil-MA hydrogel for 7 d were 
prepared for the test. After washing with PBS, an assay solution con
taining calcein-AM and propidium iodide was added to the samples and 
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incubated at 37 ◦C for 30 min. The live (green)/dead (red) staining of 
cells in the scaffolds was observed using a confocal fluorescence mi
croscope (Nikon, Japan). For cell attachment observation, rhodamine- 
phalloidin and DAPI were applied for cytoskeletal and nuclear stain
ing of cells seeded on the scaffolds. 

To test the influence of transforming growth factor-β3 (TGF-β3) 
released from Sil-MA on the migration of chondrocytes, a Transwell 
assay was performed. TGF-β3-loaded Sil-MA hydrogel was placed in the 
lower chambers, and chondrocytes were seeded in the upper chambers. 
After coculture for 6 h and 12 h, the upper chambers were removed, 
fixed in 4% paraformaldehyde, and stained with crystal violet. Five 
random fields of view were selected in each well to count cell numbers. 

For the osteogenesis and chondrogenesis tests, BMSCs and chon
drocytes seeded on the P/S and D/S layers, respectively, were stimulated 
with 100 ng/mL BMP-2 (PeproTech, UK) and 20 ng/mL TGF-β3 
(PeproTech, UK) for 4, 7, and 14 d. Untreated BMSCs and chondrocytes 
were used as controls. The gene expression of aggrecan (Acan), Sox9, 
and collagen type II (Col II) (cartilage-related markers) and of osterix 
(Osx), alkaline phosphatase (Alp), and collagen type I (Col I) (bone- 
related markers) was examined using q-PCR analysis with the house
keeping gene Gapdh for normalization. The final results were deter
mined using the 2-ΔΔCt method for relative gene expression. The primers 
utilized in this study were commercially synthesized (Sangon Biotech, 
Shanghai, China), and the sequences are listed in the supporting infor
mation (Table S1). 

To further visualize the expression of cartilage-related and bone- 
related proteins, immunofluorescence staining was used. Primary anti
bodies against Sox9 and Osx (Abcam, USA) and goat anti-mouse IgG 
secondary antibodies (Alexa Fluor® 594, Alexa Fluor® 488, Abcam, 
USA) were used. The cell nuclei were counterstained with DAPI. The 
images were acquired with a fluorescence microscope. 

2.4. In vitro release of BMP-2 and TGF-β3 

For growth factor (GF) loading, 200 μg/mL BMP-2 solution was 
added dropwise onto the S layer of the lyophilized bilayer silk scaffold to 
the extent that no excess liquid flowed out. Immediately after that, the 
scaffolds were quickly frozen and lyophilized for subsequent use. TGF- 
β3 (10 μg/mL) was uniformly mixed with Sil-MA solution and then 
photocrosslinked under UV light irradiation for 30 s. The above GF- 
loaded scaffolds were cultured in 1 mL of complete medium. Half the 
supernatant (500 μL) was collected at different time points (6 h, 12 h, 24 
h, 3 d, 5 d, 7 d, 10 d, 14 d, 17 d, and 21 d), followed by the addition of 
500 μL of fresh medium. Then, the GFs were measured using enzyme- 
linked immunosorbent assay (ELISA) kits following the manufacturer’s 
instructions. 

2.5. Osteochondral defect repair 

All the rabbits (2.5–3.0 kg) were randomly divided into five groups: S 
layer, BMP-2/S layer, bilayer, BMP-2/bilayer, and BMP-2/bilayer +
TGF-β3/Sil-MA (n = 5 for each group). After anesthesia via intravenous 
injection of 1% pentobarbital sodium (40 mg/kg), a full-thickness 
osteochondral defect (diameter of 6 mm, depth of 5 mm) was made 
using an electrical trephine in the articular surface of the femoral 
patellar groove. Then, the bilayer silk scaffold (6 mm × 5 mm) was 
implanted into the osteochondral defects. Sil-MA hydrogel was carefully 
injected into the margins of the cartilage layer and then crosslinked with 
UV light for 30 s. The wound was closed by suturing the knee joint 
capsule and the skin layer by layer. The rabbits were allowed to move 
freely within individual cages. At 0, 3 and 8 weeks post implantation, 
the rabbits were sacrificed to obtain knee specimens for further 
assessment. 

The fixed specimens at 8 weeks were first photographed and graded 
blindly by two independent observers in terms of cartilage repair ac
cording to the international cartilage repair society (ICRS) scoring 

system. Afterwards, micro-CT (μCT50, Scanco Medical, Switzerland) 
analysis was conducted to evaluate bone formation. A cylindrical area 
with its radius in the center of the defect site was selected as the region 
of interest (ROI) for the 3D reconstruction and quantification of bone 
mineral density (BMD), bone volume/tissue volume (BV/TV) and 
trabecular thickness (Th). After decalcification in 20% EDTA, dehydra
tion, and embedding in paraffin, specimens at 3 and 8 weeks were sliced 
at a thickness of 4 μm. The sections were stained with safranin-O and fast 
green for cartilage matrix observation. 

For hard tissue sections, the samples at 0 weeks were fixed, dehy
drated in gradient ethanol, and embedded in polymethylmethacrylate 
(PMMA). The samples were cut into sections with a thickness of 150 μm 
using a Leica SP1600 saw microtome (Leica, Germany), and the sections 
were polished to a final thickness of approximately 40 μm. 

2.6. Statistical analysis 

All of the quantitative data are reported as the means ± standard 
deviations. The statistical analysis was performed using the SPSS 20.0 
statistical software package. The groups were compared using one-way 
analysis of variance (ANOVA) followed by Tukey’s post hoc test for 
multiple comparisons. The levels of significance were established at *P 
< 0.05 and **P < 0.01. NS denoted not significantly different. 

3. Results and discussion 

3.1. Bilayer silk scaffold preparation and characterization 

For osteochondral engineering, we designed and fabricated an inte
gral bilayer silk scaffold based on the optimized parameters (Fig. 2A). To 
optimize the parameters of the ultimate bilayer construct, different 
concentrations (10, 20, and 30% w/v) of D/S and P/S were prepared and 
characterized. As observed by SEM, D/S manifested a smooth and flat 
surface with no differences between different groups, while P/S showed 
a porous structure with collapsed pores in 10% P/S and uniformly 
interconnected pores of 300–500 μm diameter in 20% and 30% P/S 
(Fig. 2B). This may result from the weak mechanical strength of 10% P/ 
S, which is not suitable for bone support [30,31]. In addition, we 
confirmed the mechanical properties by obtaining stress-strain curves 
for compression (Fig. 2C). The compressive elastic modulus increased 
with increasing silk concentrations. The 30% P/S group was the stron
gest, with an elastic modulus of 340 ± 15 KPa (Fig. 2C). Notably, the 
elastic modulus of the 10% D/S group was 1.25 ± 0.3 MPa, close to that 
of native cartilage (Fig. 2C) [32]. After compression to 50% deforma
tion, 10% D/S and 30% P/S restored their original shapes immediately, 
indicating that they possess a degree of elasticity (Fig. S2). Based on the 
above results, 10% D/S and 30% P/S were preliminarily chosen as 
candidates. To further confirm 10% D/S as the best candidate, the sur
face morphology was examined to compare the surface roughness be
tween native cartilage and 10–30% D/S. The results showed that 10% 
D/S had the roughness value (Ra) most similar to that of native cartilage, 
and 30% D/S had the lowest roughness value (Fig. 2D). The different 
roughness values might result from the varying space left by the solvent. 

For the cytological experiments, we tested the cell viability, adhesion 
and differentiation of primary chondrocytes and BMSCs seeded on 
10–30% D/S and P/S materials. All the cells were stained green as live 
cells, indicating the high survival rate of chondrocytes on the scaffold. 
However, the cell numbers of the 30% D/S group increased less than 
those of the 10% and 20% D/S groups after 7 d of culture, suggesting 
that too smooth a surface was not conducive to cell proliferation 
(Fig. 2E) [33,34]. For all groups, chondrocytes maintained their spher
ical shape with good attachment to the surface (Fig. S3). After stimu
lation with TGF-β3 for 4, 7, and 14 d, the expression of cartilage-related 
markers (Sox9, Acan, Col II) was evaluated. The expression of these 
genes increased with prolonged incubation times, and that in the 30% 
D/S group increased the least (Fig. 2F). Immunofluorescence staining of 
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Sox9 showed that the 10–20% D/S group had higher expression than the 
30% D/S group (Fig. S4). These results suggested that 30% D/S group 
with excessive stiffness and smooth surface is unsuitable for chondrocyte 
growth and chondrogenesis [35,36]. On the other hand, almost all 
BMSCs were alive on the P/S materials, verifying the excellent 
biocompatibility of this scaffold (Fig. 2E). Additionally, cell prolifera
tion and adhesion were enhanced with increasing silk concentrations. In 
addition, BMSCs on the 30% P/S material grew better and were fully 
spread, with a spindle shape (Fig. S5). Following coculture with BMP-2 
for 4, 7, and 14 d, bone-related genes (Osx, Alp, Col I) were highly 
expressed, except in the 10% P/S group (Fig. 2G). Protein staining of Osx 
also yielded the same results (Fig. S6). The above investigation illus
trated that substrate stiffness mediates differentiation and induces 
osteogenesis via the mechanical feedback of the ECM anchored to the 

substrate, as previously observed [37,38]. 
Thus, the 10% D/S and 30% P/S groups were adopted as the best 

candidates for the bilayer construct. As indicated in Fig. 2H, this scaffold 
is an integrated whole consisting of an upper dense layer and a lower 
porous layer, and the interface observed by SEM showed a natural and 
continuous connection without cracks. To achieve bone regeneration in 
vivo, a BMP-loaded (on the S layer) bilayer scaffold was prepared. The 
cumulative release profiles of BMP-2 showed that the bioactive factor 
could be sustainably released over an incubation time of 3 weeks 
(Fig. 2I). After induction with BMP-2, the porous structure with a 
300–500 μm diameter facilitated nutrient and tissue ingrowth, 
achieving fast bone regeneration [39,40]. 

Fig. 2. Bilayer silk scaffold preparation and characterization. A) Illustration of bilayer silk scaffold preparation. B) Morphological observation of all samples, 
including 10–30% D/S and 10–30% P/S materials. C) Stress-strain curves and elastic modulus of 10–30% D/S and 10–30% P/S materials. D) Surface roughness of 
native cartilage and 10–30% D/S materials; the value of the representative roughness parameter Ra was quantified. E) Live/dead staining of BMSCs on P/S materials 
and chondrocytes on D/S materials after 7 d of culture. F) After stimulation with TGF-β3 for 4, 7, and 14 d, the expression of cartilage-related genes (Sox9, Acan, and 
Col II) in chondrocytes on D/S materials was evaluated by q-PCR. G) The expression of bone-related genes (Alp, Osx, and Col I) was examined by q-PCR when BMSCs 
on P/S materials were cocultured with BMP-2 for 4, 7, and 14 d. H) Stereomicroscopic and SEM images of bilayer silk scaffolds. I) Cumulative release curve of BMP-2 
from the subchondral bone layer of the bilayer scaffold. 
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3.2. Synthesis and characterization of the Sil-MA hydrogel 

Recently, Sil-MA has been successfully used externally and internally 
as a medical glue for hemostasis, promoting tissue healing [41]. The 
effect relies on the rapid crosslinking, high adhesion and biocompati
bility of the Sil-MA hydrogel [42,43]. Inspired by this, we proposed a 
Sil-MA hydrogel as an adhesive sealant to promote osteochondral 
healing. Thus, the Sil-MA material was fabricated by methacrylate 
substitution of the primary amines of SF (Fig. 3A). Modification of GMA 
on SF was confirmed through identification of GMA-related peaks and 
SF-related peaks in 1H-NMR spectroscopy (Fig. 3B). Specifically, we 
found that the characteristic resonance of the methacrylate vinyl group 
(δ = 6–5.5 ppm) and the methyl group (δ = 1.8 ppm) of GMA appeared 
upon the addition of GMA. 

To make the best choice, the physicochemical and biological prop
erties of the 10–30% Sil-MA hydrogels were evaluated. LAP, which has 
great water solubility and biocompatibility in vitro and vivo, was added 
to photopolymerize and form Sil-MA hydrogel [26,29,44]. Compared 
with primary chondrocytes cultured in normal medium, cells seeded on 
the 10%, 20% and 30% hydrogels survived perfectly, and a mild ag
gregation was detected with increasing concentration of Sil-MA due to 
strong interaction between cells by decreasing pore sizes (Fig. 3C) [29]. 

Furthermore, 10% SF and 10–30% Sil-MA hydrogels were subjected to a 
lap shear test to evaluate the strength properties of sealants under ten
sion. As shown in Fig. 3D, the 20% and 30% Sil-MA hydrogels showed 
higher shear strain and shear stress at break than 10% Sil-MA and 10% 
SF. Though 30% Sil-MA hydrogel performed best in terms of cell 
viability and adhesion strength, the factor of degradation rate should be 
considered. Therefore, the 20% Sil-MA hydrogel was chosen as the best 
sealant. Fig. 3E shows the adhesion interface between native cartilage 
and the cartilage layer of the bilayer scaffold with 20% Sil-MA, verifying 
the tight junction without a gap. 

When injected into the gap between the cartilage layer of the scaffold 
and surrounding tissues, Sil-MA sealant functions as a powerful factor 
that can guide new cartilage to grow, extend, and rapidly undergo 
chondrogenesis. Hence, TGF-β3, an indispensable bioactive factor for 
neocartilage regeneration, was introduced into this hydrogel [45,46]. 
The cumulative release curve showed that 50% of the TGF-β3 was 
released after 10 d, and the total increased to 60% after 21 d, indicating 
that the proteins were encapsulated in the complicated hydrogel net
works (Fig. 3F). In addition, a chondrocyte migration assay was per
formed under the stimulation of the TGF-β3-loaded Sil-MA hydrogel in 
the lower chamber. At the early 6 h time point, purple-stained cells were 
found in the TGF-β3/Sil-MA group, while none were found in the control 

Fig. 3. Synthesis and characterization of the Sil-MA hydrogel. A) Illustration of Sil-MA hydrogel preparation. B) 1H-NMR spectra of SF and Sil-MA. C) Cell viability of 
chondrocytes on 10–30% Sil-MA compared with primary chondrocytes cultured in normal medium. D) Schematic of the measurement procedure for the strength 
property relative to lap shear and its representative stress/strain curve of 10% SF, 10–30% Sil-MA. E) Adhesion interface of 20% Sil-MA bonded between native 
cartilage and the C layer of the bilayer scaffold. Green, red and blue symbols represent the distributions of native cartilage, 20% Sil-MA, and the C layer of the 
scaffold, respectively. F) Cumulative release curve of TGF-β3 from 20% Sil-MA. G) Transwell assay to test the migration effect of TGF-β3 released from 20% Sil-MA on 
chondrocytes. H) Migrated cells were quantified by counting. 
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group. The number of migrated cells increased obviously in the 
TGF-β3/Sil-MA group, whereas only a few cells appeared in the control 
group at 12 h (Fig. 3G). The cell counts confirmed the significant dif
ferences in the migration of chondrocytes between the TGF-β3/Sil-MA 
group and the control group (Fig. 3H). TGF-β3 discharged from the 
Sil-MA hydrogel also enhanced the chondrogenesis of primary chon
drocytes seeded on the cartilage layer of the bilayer scaffold, as revealed 
by q-PCR and immunofluorescence staining (Fig. 2F, S4). 

Even though scaffolds designed for knee repair are commonly 
fabricated with the same size as osteochondral defects made in animals, 
the two are not precisely matched, which always results in a small gap 
that hinders rapid and effective neocartilage formation. In this study, the 
injectable Sil-MA hydrogel loaded with TGF-β3 aimed to adhere the 
cartilage layer of the scaffold to the surrounding tissue and promote 
perfect lateral integration. TGF-β3 can promote cartilage regeneration 
by facilitating the homing of endogenous cells without cell trans
plantation [47]. 

3.3. Marginal sealing effect of the Sil-MA hydrogel in vivo 

Rabbits were used as animal models to evaluate the knee repair ca
pacity of the bilayer scaffold and Sil-MA hydrogel (Fig. 4A). As illus
trated in Fig. 4B, an osteochondral defect was prepared, and blood 
flowed from the bone marrow cavity, suggesting that the depth of the 
defect reached the subchondral bone (Fig. 4B–a). When the bilayer 
scaffold was implanted (Fig. 4B–b), there was still blood oozing from the 
defect, implying that the scaffold was not tightly fitted to the defect 
(Fig. 4B–c). However, after injecting the Sil-MA hydrogel into the gap 

and photocuring by UV irradiation, the bleeding stopped (Fig. 4B–d, e, f) 
(Video S1). This phenomenon indicated that the Sil-MA hydrogel suc
cessfully sealed the cartilage layer of the scaffold and the surrounding 
tissue. It is believed that Sil-MA’s strong adhesive properties result from 
a combination of mechanical interlocking by the penetration of Sil-MA 
solution into the irregular tissue surface and C layer surface [48] and 
covalent bonding of the radicals generated during the photo
polymerization process [49]. Additionally, the hydro
phobic/hydrophilic interactions and electrostatic interactions between 
the tissue surface (C layer surface) and Sil-MA solution would increase 
adhesion. The adhesion mechanism of Sil-MA has not been clarified and 
requires further study. 

Supplementary data related to this article can be found at https://doi 
.org/10.1016/j.bioactmat.2021.04.005. 

To clarify the specific effect of the Sil-MA hydrogel on osteochondral 
regeneration, the repair conditions at different time points (0 and 3 
weeks) were observed (Fig. 4C). At the implantation site, the C layer was 
bonded closely with the adjacent cartilage by the Sil-MA hydrogel in the 
bilayer + Sil-MA group, while there was still a gap between the C layer 
and the adjacent cartilage in the bilayer group at high power. After 3 
weeks, newly formed cartilage filled the whole defect, growing along the 
surface of the C layer and replacing it gradually with new cartilage as the 
scaffold degraded in the bilayer + Sil-MA group. However, neocartilage 
had just begun to extend to the margin of the defect of the adjacent 
cartilage without the Sil-MA sealant. These results proved the effect of 
the Sil-MA hydrogel on the integration of the cartilage layer of the 
scaffold with native cartilage and the promotion of rapid cartilage 
formation. 

Fig. 4. Marginal sealing effect of the Sil-MA hydrogel in vivo. A) Procedures for Sil-MA hydrogel application. B) Surgical procedures for the use of bilayer silk 
scaffolds combined with Sil-MA hydrogel in osteochondral repair: a) defect preparation; b) scaffold implantation; c) bleeding; d) 20% Sil-MA hydrogel injection; e) 
UV irradiation; f) stopped bleeding and completion. The red arrow indicates blood flowing from the defect after scaffold implantation. The blue arrow shows that the 
bleeding stopped after Sil-MA hydrogel application. C) Immediate implantation conditions at 0 weeks and repair conditions at 3 weeks were observed to evaluate the 
effect of the Sil-MA hydrogel. The blue arrow represents the gap between the C layer and native cartilage. The red arrow indicates the tight link between the C layer 
and native cartilage sealed by the 20% Sil-MA hydrogel. Green irregular shapes point to the undegraded C layer material that is replaced with neocartilage. 
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A biologically active, high-strength tissue adhesive for cartilage 
tissue-scaffold integration is needed in osteochondral engineering. On 
one hand, it is important for the initial stability of the implanted scaffold 
and efficient load transfer, which benefit tissue repair at early stage; on 
the other hand, it is crucial for the integration of scaffold-guided neo
cartilage with surrounding native cartilage [50]. Previously, researchers 
reported the use of chondroitin sulphate or M-O-G (composed of gelatin 
methacrylate, oxidized dextran, and gelatin) adhesives for 
hydrogel-based cartilage repair [51,52]. However, a hydrogel scaffold 
alone is inadequate for cartilage regeneration due to its weak mechan
ical strength, and adhesives with limited adhesive strength are insuffi
cient for silk scaffold-based cartilage repair. 

In this work, we proposed Sil-MA hydrogel as a marginal sealant for a 
bilayer silk scaffold, taking advantage of its good biocompatibility, high 
adhesive strength, and excellent adherence and integration with the 
surrounding native cartilage. According to the reasons for difficulty in 
achieving lateral integration, the new approach of Sil-MA sealant com
bined with bilayer scaffold mainly focuses on these aspects: 1) Sil-MA 
hydrogel directly adheres the cartilage layer of the scaffold and adja
cent cartilage together to promote stable scaffold fixation; 2) neo
cartilage formation relies on endogenous cells, for example, cartilage 
progenitor cells; and 3) the cartilage layer of the scaffold is designed 
resembling native cartilage in surface morphology and mechanical 
strength. 

Fig. 5. Osteochondral engineering using the all-silk-derived composite. A) a, e, i, m, q, Gross images of different groups. c, g, k, o, s, Micro-CT 3D images of different 
groups. The dark yellow, green and brown colors in the 3D reconstruction images represent the primary bone, new bone and 3D reconstructed new bone, 
respectively, within the selected ROI. b, f, j, n, r, d, h, l, p, t, Histological analysis of different groups by safranin-O/fast-green staining. The green arrows in Fig. 5A–j, 
n, and r indicate lateral integration between neocartilage and adjacent cartilage. B) The ICRS macroscopic repair scores were quantified. C) BMD (g/cm3), D) BV/TV 
(%) and E) Th (μm) values of micro-CT bone remodeling were quantitatively measured. 
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3.4. Osteochondral engineering using the all-silk-derived composite 

The potential of the all-silk-derived composite for knee repair was 
further evaluated after 8 weeks of healing. The regenerative capability 
of osteochondral tissues was assessed by gross evaluation, micro-CT, and 
histologic analyses. In a conventional cartilage characterization method, 
histological sections were stained with Safranin-O, which dyes glycos
aminoglycan (GAG) red to identify cartilage tissue. In addition, fast- 
green integrates with collagen fibers and can dye bone tissues green or 
blue to distinguish bone from cartilage. In the S layer group, flattened 
tissue steps could be observed within the defect, indicating poor chon
drogenesis (Fig. 5A–a). Neither safranin-O staining nor obvious newly 
formed bone was observed in the osteochondral defect. Only incom
pletely degraded high-density material with fibrous connective tissue 
ingrowth was observed (Fig. 5A–b, c, d). This result suggests that the 
porous silk material alone has no osteogenic or chondrogenic capacity 
and should be combined with bioactive factors to promote osteochon
dral regeneration [19,23,53]. Hence, the BMP-2/S layer group sur
passed the S layer group in terms of the appearance of bone repair, 
which was attributed to the powerful osteogenic stimulator BMP-2, and 
a substantial amount of well-arranged new bone was observed to fill the 
whole defect (Fig. 5A–f, g, h). Then, we constructed a bilayer scaffold 
with high density, a slightly smooth surface, some degree of stiffness, a 
biomimetic cartilage layer and a porous subchondral bone layer for 
osteochondral repair. In the bilayer group, half of the defect was covered 
with whitish tissues, which had a tight connection with the underlying 
cartilage layer material (Fig. 5A–i). It could be inferred that the newly 
regenerated tissue generally grew from the margin of the defects to the 
top and center. Histologically, the newly formed cartilage was thin and 
obviously not integrated with the adjoining cartilage (Fig. 5A–j). In 
addition, scarce bone formation was found at the bottom edge of the 
defect, which was speculated to be intrinsically repaired without the 
influence of BMP-2 (Fig. 5A–j, k, l). Moreover, in the BMP-2/bilayer 
group, the treated area was nearly wrapped with white, translucent 
tissues, still distinguishable from the normal cartilage (Fig. 5A-m). The 
histological examination showed complete osseous filling, with a top 
layer of cartilage-like tissue in the specimens (Fig. 5A-n, p). Unfortu
nately, there was a crack between the new tissues and the adjoining 
cartilage (Fig. 5A-n). The results revealed that the biomimetic design of 
the cartilage layer benefited chondrocyte growth and regeneration, even 
though the structure, morphology and lateral integration with native 
cartilage were not ideal. 

Therefore, a TGF-β3-loaded Sil-MA hydrogel was added to assist the 
BMP-2/bilayer scaffold. After 8 weeks, smooth, consistent and white 
opaque tissues were observed in the regenerated area (Fig. 5A-q). The 
μ-CT reconstruction images showed that the subchondral bone defect 
was filled with newly regenerated bone tissue, and the new bone mainly 
regenerated from the edge of the defect towards the center (Fig. 5A–s). 
Histologically, compact, continuous neocartilage was observed to be 
well interconnected with the adjoining cartilage. In addition, good 
reconstitution of subchondral bone and mature trabecular bone 
ingrowth within the subchondral region were observed, with good 
integration into the native bone tissue and no visible demarcation 
(Fig. 5A-r, t). Thus, the BMP-2/bilayer + TGF-β3/Sil-MA group showed 
better performance for osteochondral defect repair than the BMP-2/ 
bilayer group. 

The ICRS scores (indicative of neocartilage) were apparently higher 
in the bilayer, BMP-2/bilayer and BMP-2/bilayer + TGF-β3/Sil-MA 
groups than the S layer and BMP-2/S layer groups, and highest score was 
found in the BMP-2/bilayer + TGF-β3/Sil-MA groups (Fig. 5B). In 
addition, quantitative evaluation of the newly formed bone within the 
defect verified the above observations. These measurements revealed 
that the values of BMD, BV/TV and Th in the trabecular volume of in
terest were significantly higher in the BMP-2/S layer, BMP-2/bilayer 
and BMP-2/bilayer + TGF-β3/Sil-MA groups than in the other two 
groups, which suggests that incorporating BMP-2 into the porous silk 

layer enhanced the bone regenerative ability (Fig. 5C–E). 
Overall, the BMP-2/bilayer + TGF-β3/Sil-MA group exhibited 

optimal osteochondral defect repair in several respects: 1) the combi
nation of BMP-2 and a porous structure promoted rapid bone formation; 
2) the designed biomimetic cartilage layer facilitated chondrocyte 
growth and regeneration; and 3) the TGF-β3-loaded Sil-MA hydrogel 
sealed the marginal gap between the cartilage layer of the scaffold and 
native cartilage, accelerating lateral integration. 

4. Conclusions 

In summary, an integral bilayer silk scaffold consisting of a dense, 
smooth, biomimetic cartilage layer and a BMP-2-loaded porous layer 
combined with TGF-β3/Sil-MA sealant was successfully constructed for 
osteochondral repair. For bone regeneration, the BMP-2-loaded inter
connected 3D porous network benefits nutrient and tissue ingrowth, 
provides excellent mechanical properties to support newly formed tis
sue, and stimulates the osteogenic differentiation of BMSCs. For carti
lage regeneration, the cartilage layer facilitates chondrocyte growth and 
regeneration and lateral integration with the adjoining cartilage sealed 
by the TGF-β3/Sil-MA hydrogel. This composite achieves osteochondral 
repair by using endogenous cells. Due to its excellent lateral integration 
and its other outstanding properties, this composite design has been 
demonstrated to be a potential scaffold for osteochondral repair and to 
be worthy of further investigation to facilitate clinical application. 
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