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Abstract
The osteochondral interface—characterized by a steep gradient in both composition 
and mechanical properties—remains one of the most challenging anatomical sites 
to regenerate. Reconstructing this spatially complex heterogeneity continues to 
confound conventional osteochondral grafts. Although multilayer scaffolds are 
widely adopted, interfacial delamination frequently compromises repair outcomes. 
Here, we report a self-healing, physically crosslinked silk fibroin–based 3D-printing 
ink that incorporates gelatin and nano-hydroxyapatite for the fabrication of bilayer 
scaffolds with robust interfacial bonding. By tuning ultrasonication time of silk fibroin 
and gelatin content, the ink exhibits exceptional printability and cytocompatibility, 
enabling >90% post-printing cell viability. Leveraging a dual-nozzle alternating-print 
strategy, we generated bilayer constructs that display a stable interface and layer-
specific mechanical heterogeneity. Both upper- and lower-layer inks possess good 
self-healing capacity, eliminating delamination and yielding a monolithic scaffold. 
Functional analyses revealed significant upregulation of the chondrogenic marker 
type II collagen in the upper layer and the osteogenic marker RUNX2 in the lower layer, 
achieving bidirectional lineage instruction required for osteochondral regeneration. 
This silk/gelatin-based, physically crosslinked, integrative bilayer scaffold offers a 
promising therapeutic platform for osteochondral defect repair.
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1. Introduction
Osteochondral tissue serves as the core functional unit of the joint system, with its unique 
gradient heterogeneous structure endowing the joint with exceptional compressive 
resistance, shock-absorbing capacity, and movement coordination.1,2 However, 
Osteochondral interface often suffers from defects due to trauma (e.g., sports injuries, 
traffic accidents), degenerative diseases (e.g., osteoarthritis), or physiological aging. 
These defects lead to the degradation of hyaline cartilage matrix or the destruction of 
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subchondral bone microstructure, ultimately manifesting 
as joint pain, limited mobility, and even loss of motor 
function in severe cases.3 Hyaline cartilage has extremely 
weak self-repair ability after injury due to the lack of 
vascular, neural and lymphatic supply. Once a defect 
occurs, without timely intervention, it is prone to gradual 
progression to irreversible joint dysfunction, imposing 
a heavy burden on patients’ quality of life and the social 
medical system.4,5 

Traditional therapeutic approaches, such as 
microfracture and autologous cartilage transplantation, 
struggle to meet the clinical demand for long-term effective 
repair—either because the regenerated tissue is mostly 
fibrocartilage (characterized by poor mechanical properties 
and high susceptibility to degradation) or due to limited 
donor sources and the risk of donor site morbidity. Tissue 
engineering technology, relying on the synergistic strategy 
of “scaffold-cell-bioactive factor,” has emerged as a core 
research direction to break through the bottlenecks 
of traditional treatments.6,7 Nevertheless,  the gradient 
heterogeneity and interfacial continuity of osteochondral 
tissue pose rigorous challenges to scaffold design: the 
cartilage layer requires a microenvironment with high 
hydrophilicity, and the ability to promote chondrocyte 
phenotype maintenance, while the subchondral bone layer 
needs to meet the requirements of high mechanical strength, 
osteoconductivity, and osteoblast differentiation-inducing 
capacity.8,9 This has rendered biphasic scaffolds that mimic 
the hierarchical structure of natural osteochondral tissue 
a research focus. However, traditional bilayer scaffolds are 
mostly fabricated via layer-by-layer casting or physical 
stacking.10,11 Differences in swelling ratio and degradation 
rate between interlayer materials often result in weak 
interface bonding, ultimately leading to tissue separation 
between regenerated cartilage and subchondral bone, 
which severely restricts the repair efficacy.12,13

The emergence of 3D printing technology has provided 
a new approach to addressing this challenge.14 Compared 
with traditional fabrication methods, 3D printing can 
achieve digital customization of scaffold structures 
and precise construction of functional gradients by 
accurately regulating printing paths, ink compositions, 
and crosslinking methods. However, the performance of 
bioinks remains the core factor determining the quality of 
3D-printed scaffolds, and the performance discrepancies 
and interface integration between heterogeneous materials 
are still the major bottlenecks limiting their clinical 
application.15,16 Notably, constructing a bilayer scaffold 
utilizing the same base material system not only ensures 
the biocompatibility and mechanical tunability of the 
material but also achieves seamless interlayer connection 

through material continuity, self-healing, etc., effectively 
avoiding interface separation and holding great promise 
for enhancing repair outcomes.17,18

Among various bioink materials, the composite of 
silk fibroin (SF) and gelatin has attracted considerable 
attention due to its inherent advantages. Silk fibroin 
exhibits remarkable bioactivity and tunable mechanical 
properties. By regulating its secondary structure (e.g., 
β-sheet content), the elastic modulus and degradation rate 
of scaffolds can be optimized to meet the requirements of 
both cartilage and bone tissues.19,20 However, 3D printing 
using SF alone faces significant challenges: untreated SF 
solutions have low viscosity, failing to meet the rheological 
requirements for extrusion printing, while inducing 
β-sheet crystallization often leads to nozzle clogging due 
to localized gel aggregation and increased brittleness, 
thereby compromising printing continuity.21-23 As a partial 
hydrolysis product of collagen, gelatin not only inherits 
the cell compatibility of collagen but also can improve 
the rheological behavior of the bioink by adjusting 
temperature and concentration, thereby enhancing 
printability and shape fidelity.24,25 The composite of SF and 
gelatin enables the synergistic optimization of “printing 
performance-bioactivity” and is often used to construct 
cartilage scaffolds.26 The active groups such as amino 
and hydroxyl groups on the SF molecular chains can 
form multiple intermolecular forces (hydrogen bonds, 
hydrophobic interactions, etc.) with the peptide bonds 
in gelatin molecules, which provides a natural molecular 
basis for the realization of self-healing performance of 
composite inks—when micro-damages occur in the ink 
due to extrusion shear, interfacial contact and other factors, 
these intermolecular forces can drive the recombination 
of molecular chains at the damaged sites to complete the 
autonomous structural repair. This allows the ink to not 
only meet the extrusion fluidity requirements for 3D 
printing but also strengthen the interlayer bonding through 
the self-healing effect. Photosensitive modified SF-gelatin 
mixtures for 3D-printed scaffold construction have been 
reported.27,28 Notably, most conventional scaffolds tend 
to induce cellular spreading, which in turn stimulates 
the excessive deposition of fibrous matrix—an outcome 
that is incompatible with the cellular microenvironment 
required for cartilage repair. Cell-encapsulated scaffolds 
are favorable for maintaining the spherical morphology 
and functional phenotype of chondrocytes, making 
them an ideal choice for cartilage tissue engineering.29,30 
However, in the specific application scenario of cell-laden 
bioprinting, existing solidification strategies still have 
critical bottlenecks that urgently need to be addressed: 
chemical crosslinkers may exert cytotoxic effects, while 
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photoinitiators combined with ultraviolet (UV) irradiation 
are prone to impairing cell viability, making it difficult to 
meet the core requirement of “instant print-and-culture.” 
Therefore, there is currently a lack of a mild solidification 
strategy that possesses excellent biocompatibility, supports 
cell survival and phenotype maintenance, and is suitable 
for the SF/gelatin system. It is imperative to improve the 
preparation technology of SF/gelatin composite inks and 
develop a cell-laden bioink with good biocompatibility 
that does not require UV irradiation or toxic crosslinkers, 
thereby promoting its direct application in 3D bioprinting 
for cartilage repair.

In our previous studies, we found that crystalline SF 
can induce the self-assembly of untreated SF. This self-
assembly process is synergistically driven by intermolecular 
hydrogen bonding and hydrophobic interactions, enabling 
the rapid formation of physically crosslinked hydrogels 
with stable structures.31 Notably, the gelation time can 
be regulated by adjusting the proportion of crystalline 
SF. Meanwhile, ultrasonic treatment is a green and non-
toxic physical method for inducing the formation of 
crystalline SF. The combination of ultrasonic treatment 
and SF self-assembly can accelerate the gelation process 
of SF, offering potential for constructing cell-friendly 
scaffolds. Furthermore, hydroxyapatite (HAP) is the 
main inorganic component of bone, possesses excellent 
osteoconductivity and osteoinductivity, and is often used 
to enhance the osteogenic activity of scaffolds.32,33 Based on 
this, this work proposes an improved physical crosslinking 
strategy: using SF–gelatin as the matrix, the gelation 
and solidification process of the bioink is regulated by 
adjusting the ink composition and ultrasonic treatment 
conditions to prepare the cartilage layer bioink that can 
directly load cells; HAP particles are uniformly dispersed 
in the SF–gelatin system to construct a bone layer bioink 
with osteogenic activity.

In this study, a physically crosslinked protein-based 
bioink with self-healing properties was developed to 
construct bilayer scaffolds with strong interfacial adhesion. 
A non-toxic and controllable physically crosslinked 
bioink was fabricated based on ultrasound induction. The 
composition and preparation process of the SF–gelatin–
based ink were systematically regulated, and its rheological 
properties and printability were optimized to determine 
the optimal formulations for the chondral layer and 
osseous layer inks. A dual-nozzle 3D printing technique 
was employed to construct osteochondral integrated 
bilayer scaffolds with both self-healing characteristics 
and stable interfaces. The swelling stability, mechanical 
heterogeneity, and interlayer structural continuity of the 
scaffolds were systematically characterized. In vitro cellular 

experiments using separate seeding of ATDC5 cells and 
bone marrow-derived mesenchymal stem/stromal cells 
(BMSCs) verified the excellent biocompatibility and 
bidirectional osteochondral lineage regulation ability of 
the scaffolds (Figure 1). Ultimately, this work provides a 
novel tissue engineering strategy for the functional repair 
of osteochondral interface defects, featuring non-toxic 
crosslinking, high interfacial integration, and precise 
functional differentiation.

2. Materials and methods 
2.1. Preparation of silk fibroin solution

Anhydrous sodium carbonate weighing 4.24 g was added 
to boiled deionized water. Then, 10 g of silk fiber (Jiaxin, 
China) was weighed and immersed in the solution, 
followed by boiling for 30 min. The treated silk was rinsed 
with deionized water 5–6 times and then placed in an 
oven at 60 °C for overnight drying. The dried silk fiber 
was immersed in a 9.3 M lithium bromide solution and 
incubated in an oven at 60 °C for 4–6 h until complete 
dissolution was achieved. The resulting solution was 
transferred into a dialysis bag (3500 kDa) and dialyzed 
for 3 days. After dialysis, the solution was centrifuged to 
remove insoluble components, and the silk fibroin solution 
(SF) was finally obtained.

2.2. Sonication treatment

Six milliliters of silk fibroin/gelatin-based aqueous 
solution were placed into a 10 mL test tube, which was 
then transferred to a constant-temperature water bath 
for preheating and temperature-controlled incubation at 
37 °C for 30 min. Subsequent to preheating, a probe-type 
(conical) ultrasonic cell disruptor was employed to subject 
the solution to ultrasonic treatment, with the instrument 
operating at a full power of 650 W and an output power 
of 10%. The ultrasonic mode was set to a cyclic pattern 
of 2 s on and 2 s off, and the total duration of ultrasonic 
treatment was controlled within the range of 20–150 s. 
Upon completion of ultrasonic treatment, the resulting 
solution was moved to a high-pressure sterilization device 
and sterilized at 120 °C and 0.1 MPa for 15 min. After the 
solution was cooled to room temperature, it was stored in 
a 4 °C refrigerator for subsequent use.

2.3. Preparation of bioinks

2.3.1. Preparation of the upper-layer inks (SSF/GEL)

Gelatin (GEL) particles (Aladdin, China) were weighed 
and dissolved in deionized water to prepare gelatin 
solutions. Specifically, 3% w/v gelatin solution was mixed 
with 4% w/v, 5% w/v, and 6% w/v SF solutions at a volume 
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ratio of 1:1, respectively. Additionally, 6% w/v SF solution 
was mixed with 2% w/v, 3% w/v, 5% w/v, 8% w/v, and 10% 
w/v gelatin solutions at a volume ratio of 1:1, respectively. 
The above mixture was subjected to ultrasonic treatment 
(10% power) using a cell disruptor (Shunliu Instrument 
Company, China), after sterilization,  the cartilage 
layer bioinks labeled as 2SSF/1.5GEL, 2.5SSF/1.5GEL, 
3SSF/1GEL, 3SSF/1.5GEL, 3SSF/2.5GEL, 3SSF/4GEL, and 
3SSF/5GEL were obtained (Table 1).

2.3.2. Preparation of lower-layer inks (SSF/GEL/HAP)

HAP nanoparticles (Aladdin, China) were doped into the 
3% w/v gelatin solution at mass ratios of 5 wt%, 10 wt%, 
and 20 wt%. Each mixture was subjected to ultrasonic 
treatment at 10% power using an ultrasonic cell disruptor 

to homogenize the HAP nanoparticles. Subsequently, 
the HAP-gelatin composite solution was mixed with 
6% w/v SF solution at a volume ratio of 1:1, subjected to 
ultrasonic treatment again. Finally, the resulting solution 
was autoclaved, yielding the bone layer bioinks labeled 
as 3SSF/1.5GEL/5HAP, 3SSF/1.5GEL/10HAP, and 
3SSF/1.5GEL/20HAP (Table 1).

2.4. X-ray diffraction

After freeze-drying, the samples were sectioned and placed 
on glass slides. The crystal structure of the sample was 
determined using an X-ray diffractometer (XRD, Rigaku 
Ultima IV, Rigaku, Japan) at a tube voltage of 40 kV and a 
tube current of 30 mA, with a diffraction angle (2θ) range 
of 10°–40° and a scanning speed of 20°/min.

Figure 1. Schematic diagram of the construction of the physically crosslinked silk fibroin–gelatin bilayer scaffold for osteochondral repair. (a) Silk fibroin 
and gelatin solutions were mixed and treated with ultrasound, by which silk fibroin was induced to form a β-sheet structure; meanwhile, some hydrogen 
bonds were formed between hydrophilic groups. (b) Before the silk fibroin–gelatin solution was gelled, ATDC5 cells suspension was added into it and 
mixed uniformly, by which cartilage ink was constructed; HAP was incorporated into the silk fibroin-gelatin solution, and thus bone layer ink was formed. 
(c) A dual-nozzle 3D printing technique was adopted for the fabrication of the bilayer scaffold: the bone layer scaffold was printed first, followed by the 
direct printing of the cartilage layer scaffold on it; finally, BMSCs were seeded onto the upper surface of the bone layer scaffold, and subsequent culture 
was performed for biological detection. 
Abbreviations: BMSCs: Bone marrow-derived mesenchymal stem cells; GEL: Gelatin; HAP: Hydroxyapatite; SSF: Sonicated silk fibroin.
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2.5. Rheological analysis

After ultrasonic treatment (3–5 h, after bioink gelation), 
a rheometer (MARS40; HAAKE, Germany) was used to 
conduct the following experiments. The gap between the 
rotor and the bottom plate was maintained at 1 mm, the 
operating temperature was set according to Table 2, and 
the relevant tests were initiated after 5 min of temperature 
equilibration: (i) Rotational shear rate sweep tests were 
conducted to evaluate viscosity and shear-thinning 
behavior (shear rate range: 0.1–100 s⁻¹). (ii) Oscillatory 
amplitude sweep tests were performed to assess the solid-
like behavior and linear viscoelastic region of the inks 
through storage modulus (G’) and loss modulus (G”) 
measurements (strain range: 1–100%, frequency: 1 Hz). 
(iii) Cyclic strain amplitude sweep test for evaluating the 
self-healing ability of the bioink (the strain was alternately 
switched from a large strain [100%] to a small strain 
[10%] at an interval of 100 s for 3 cycles). (iv) Oscillatory 
temperature sweep tests were performed to assess the 
storage modulus (G’) and loss modulus (G’’) under varying 
temperatures (temperature range: 0–40 °C, cooling rate: 2 
°C/min, frequency: 1 Hz).

2.6. Preparation of 3D-printed scaffolds

3D-printed scaffolds were fabricated using a bioprinting 
platform (Regenovo, China). Cubic porous scaffolds 
(dimensions: 10 × 10 × 2 mm³, 4 layers) were printed with 
SSF/GEL/HAP bioink and SSF/GEL bioink, respectively. 
A 90° cross-network structure was adopted for printing, 
with a printing speed of 15 mm/s, a printing spacing of 
1.25 mm and a layer height of 0.25 mm. The fabrication 
process of the bilayer scaffold was as follows: First, the 
printing cartridges loaded with SSF/GEL/HAP bioink 

and SSF/GEL bioink were mounted on the 3D bioprinter. 
Based on the thermosensitive property of gelatin, an 
appropriate printing temperature was selected to ensure 
the high-fidelity printed structure of the scaffolds. The 
printing parameters were set according to Table 2, and the 
printing nozzles were calibrated prior to printing. The SSF/
GEL/HAP layer scaffold (dimensions: 10 × 10 × 1 mm³, 4 
layers) was printed layer by layer. Subsequently, the printer 
head was switched to the one loaded with SSF/GEL bioink, 
and the SSF/GEL scaffold (dimensions: 10 × 10 × 1 mm³, 4 
layers) was printed layer by layer on the surface of the pre-
printed SSF/GEL/HAP layer scaffold.

2.7. Mechanical properties of printed scaffolds

The printed samples were immersed in phosphate-buffered 
saline (PBS) solution at 37 °C. The compressive modulus 
of the scaffolds was measured using a universal testing 
machine (Dongri Instruments, China) equipped with a 
100 N force sensor at room temperature. The thickness 
and basal area of each sample (dimensions: 10 × 10 × 2 
mm³) were measured prior to the test, and the samples 
were compressed at a strain rate of 2 mm/min at room 
temperature with the compressive strain range set to 
0–50%. The compressive modulus of the samples was 
calculated based on the stress-strain curves within the 10% 
strain range.

2.8 Compression resilience tests

Cyclic loading unloading tests were conducted on the 
printed scaffolds using a mechanical tester (Dongri 
Instruments, China) to investigate their resilience. The 
thickness and bottom area of each sample (with dimensions 
of 10 × 10 × 2 mm³) were measured. Compression 

Table 1. Formulation and composition of the bioink

Bioink SSF (% w/v) GEL (% w/v) HAP (wt%) Sonication time (s)

2SSF/1.5GEL 2.0 1.5 0 80

2.5SSF/1.5GEL 2.5 1.5 0 60

3SSF/1GEL 3.0 1.0 0 40

3SSF/1.5GEL 3.0 1.5 0 50

3SSF/2.5GEL 3.0 2.5 0 70

3SSF/4GEL 3.0 4.0 0 120

3SSF/5GEL 3.0 5.0 0 150

3SSF/1.5GEL/5HAP 3.0 1.5 5 120

3SSF/1.5GEL/10HAP 3.0 1.5 10 120

3SSF/1.5GEL/20HAP 3.0 1.5 20 120

Abbreviations: GEL: Gelatin; HAP: Hydroxyapatite; SSF: Sonicated silk fibroin.
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was applied at a constant rate of 2 mm/min at room 
temperature. After reaching a compressive strain of 25%, 
the samples were unloaded until a small load of 0.1 N was 
achieved. Each subsequent cycle commenced immediately 
after the previous one, and five loading unloading cycles 
were performed for each specimen.

2.9. Scanning electron microscopy

To observe the interfacial bonding of the bilayer scaffold, 
the samples were first rapidly frozen in liquid nitrogen 
followed by freeze-drying. Subsequently, the freeze-
dried samples were sectioned with a surgical scalpel, and 
the sections were fixed on the SEM sample stage and 
uniformly sputter-coated with a layer of gold. Finally, the 
microstructure of samples (with a focus on the interfacial 
bonding region) was observed using a scanning electron 
microscope (SEM; JSM-7800F, JEOL, Japan) at an 
accelerating voltage of 5 kV.

2.10. Self-healing performance evaluation

2.10.1. Macroscopic morphology observation

To investigate the self-healing properties of the hydrogels, 
the hydrogel blocks of the cartilage layer and the bone layer 
were each cut into two pieces and placed back together, 
respectively. Meanwhile, one piece from each type of 
hydrogel block was spliced together, and self-healing was 
achieved without any external intervention.

2.10.2. Rheological recovery test

The hydrogels were placed on the parallel plate of a 
rheometer, and a strain amplitude sweep test was conducted 
on the osteochondral bioink at room temperature. The 

oscillatory strain amplitude was switched from a small 
strain of γ = 1.0% to a large strain of γ = 100%, with an 
interval of 100 s between each strain for a total of three 
cycles, so as to evaluate the self-healing performance of the 
osteochondral bioink.

2.11. Cell culture

Mouse chondrogenic cells (ATDC5; FH0378, FUHENG 
BIOLOGY, China) were cultured in DMEM/F12 medium, 
which was supplemented with 10% fetal bovine serum 
(FBS) (Sunview, China) and 1% penicillin-streptomycin 
mixture (TBD, USA). Rat (BMSCs were purchased 
from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China, National Collection of Authenticated 
Cell Cultures) were cultured in α-MEM medium (Gibco, 
USA) supplemented with 10% FBS (Gibco, USA) and 
1% penicillin-streptomycin mixture (TBD, USA). For the 
co-culture of ATDC5 cells and BMSCs, a mixed medium 
composed of α-MEM and DMEM/F12 at a volume ratio of 
1:1 was used, with the addition of 10% FBS (Gibco, USA) 
and 1% penicillin-streptomycin mixture (TBD, USA). All 
cells were cultured in a constant-temperature incubator at 
37 °C with 5% CO₂, and the culture medium was refreshed 
every two days.

2.12. Cell seeding

Different cell seeding strategies were adopted for the 
cartilage layer and bone layer scaffolds, respectively. For the 
cartilage layer, ATDC5 cells at a density of 1 × 10⁶ cells/mL 
were pre-loaded into the printing bioink. The 3D-printed 
scaffolds (dimensions: 7 × 7 × 1 mm³) were directly placed 
into 24-well plates for culture. For the bone layer, BMSCs 

Table 2. Printing parameters of bioink

Bioink Printing temperature (°C) Printing pressure (MPa) Needle diameter (mm)

2SSF/1.5GEL 12 0.12 ± 0.03 0.34

2.5SSF/1.5GEL 12 0.12 ± 0.02 0.34

3SSF/1GEL 10 0.1 ± 0.04 0.34

3SSF/1.5GEL 12 0.12 ± 0.02 0.34

3SSF/2.5GEL 15 0.22 ± 0.02 0.34

3SSF/4GEL 20 0.22 ± 0.03 0.34

3SSF/5GEL 25 0.22 ± 0.02 0.34

3SSF/1.5GEL/5HAP 12 0.1 ± 0.04 0.41

3SSF/1.5GEL/10HAP 12 0.1 ± 0.04 0.41

3SSF/1.5GEL/20HAP 12 0.1 ± 0.05 0.41

Abbreviations: GEL: Gelatin; HAP: Hydroxyapatite; SSF: Sonicated silk fibroin.
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were seeded onto the bone layer scaffolds (dimensions: 7 
× 7 × 1 mm³) at a density of 3 × 10⁵ cells/mL. After 2 h of 
adhesion, the non-adherent cells were washed away, and 
the scaffolds were then transferred to new 24-well plates 
for subsequent culture.

2.13. CCK-8 assay

Cell proliferation was evaluated using a Cell Counting 
Kit-8 (CCK-8; Sunview, USA). The culture medium was 
refreshed every 2 days. After 1, 4, and 7 days of culture, the 
medium was removed. Subsequently, a working solution 
with a volume ratio of 10:1 (complete medium : CCK-8 
reagent) was added to the 24-well plate. Each well received 
300 μL of the working solution, and the plate was incubated 
in a 37 °C incubator for 2 h in the dark. Then, the reaction 
solution was transferred to a 96-well microplate, with 100 
μL added to each well. Three blank control wells were set 
up for the assay. The optical density (OD) values were 
measured at a wavelength of 450 nm using a microplate 
reader (Varioskan ALF, Thermo Fisher Scientific, USA). 
The OD value was measured at a wavelength of 450 nm. 
The OD value of cells in the scaffold was obtained by 
calculating the difference in OD values between different 
samples and the control group, followed by averaging the 
results.

2.14. Live/Dead staining

Cell viability was assessed via the calcein-AM/PI double 
staining assay (K231206, KeyGEN, China). The staining 
solution was prepared by adding 1 μL of calcein-AM dye 
and 0.5 μL of propidium iodide (PI) dye to 1 mL of PBS. 
The culture medium was replaced every 2 days. After 1, 4 
and 7 days of culture, 300 μL of the staining solution was 
added to each well, followed by incubation for 10 min at 
37 °C in a cell incubator under light-protected conditions. 
After incubation, the working solution was aspirated, and 
the scaffolds were rinsed with PBS to remove residual 
working solution. Fluorescent images were then observed 
and captured using a confocal laser scanning microscope 
(A1RHD25, Nikon, Japan).

2.15. Immunofluorescence staining

After the samples were fixed with 4% paraformaldehyde 
(Beyotime, China) for 40 min, the cells were permeabilized 
with 0.5% Triton X-100 (OriLeaf, China) for 30 min, 
followed by three washes with PBS, 5 min each time. 
Blocking was performed with a blocking buffer consisting 
of 1% bovine serum albumin (BSA; Invitrogen, USA) and 
0.5% Triton X-100 for 45 min. Subsequently, the samples 
were incubated overnight at 4 °C with primary antibodies, 
including mouse anti-RUNX2 and rabbit anti-collagen 
II (1:200; Boster, China). After washing with PBS, the 

samples were incubated for 2 h at 37 °C in the dark with a 
mixture of secondary antibodies: DyLight 488-conjugated 
goat anti-mouse and CY3-conjugated goat anti-rabbit 
(1:200; Boster, China). After washing with PBS, the cell 
nuclei were stained with DAPI nuclear staining solution 
(1:1000; Biosharp, USA) for 10 min. Finally, the samples 
were imaged using a confocal laser scanning microscope 
(Nikon, Japan).

2.16. Statistical analysis 

All experimental data were tested in triplicate, and the 
results were expressed as the mean ± standard error of the 
mean (SEM). Statistical analyses were performed using 
Origin 2024 software (OriginLab Corporation, USA). One-
way analysis of variance (ANOVA) was used to determine 
the significant differences between groups. Statistical 
significance was indicated as follows: p < 0.05, p < 0.01, 
and p < 0.001, where a value of p < 0.05 was considered 
statistically significant.

3. Results and discussion
3.1. Regulation of printing bioink

Mixing the cell suspension with a gel precursor solution 
to prepare cell-encapsulated pre-gel for 3D bioprinting 
is a widely adopted strategy in the field of bioprinting. 
A cell-compatible gelation induction method is an 
indispensable prerequisite for the realization of cell-laden 
bioprinting. Ultrasonic treatment is a well-established 
approach for the fabrication of SF hydrogels. Previous 
studies have demonstrated that incorporating cells into 
high-concentration SF solutions (>4% w/v) following 
ultrasonic treatment can effectively preserve cell viability,34 
which provides a feasible basis for the development of cell-
laden SF-gelatin inks without the involvement of chemical 
crosslinkers.

Following ultrasonic treatment as described above, the 
SF-gelatin solution was immediately autoclaved to establish 
a sterile physically crosslinked system, which serves as 
a sterile cell carrier for subsequent cell experiments. 
Previous studies have demonstrated that high temperature 
promotes the conformational transition and self-assembly 
of SF molecular chains, thereby affecting the formation of 
β-sheets and the gelation rate. On this basis,35,36 ultrasonic 
treatment can alter the hydrophobic hydration of SF 
via cavitation effects (local transient high temperature, 
high pressure, and high strain rate),34 which modulate 
the hydrophobic hydration of SF molecules, accelerate 
the formation of β-sheet secondary structures,31 and 
thereby facilitate the construction of physical crosslinking 
networks, ultimately achieving rapid sol-gel transition 
(Figure 2a).
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As shown by the XRD results (Figure 2b), pure gelatin 
(GEL) and solution state SF exhibited broad diffuse 
peaks at 20.0° and 21.2°, respectively. These are typical 
characteristics of their amorphous random coil structure, 
with no obvious crystalline signals.37 For the SF/gelatin 
blend (SF/GEL) before sonication, the main diffraction 
peak appeared at 20.6°, with a broadened shape and 
reduced intensity, indicating that SF existed mainly in a 
random coil conformation in the gelatin matrix and did 
not form a β-sheet structure. After sonication (SSF/GEL), 
the blend exhibited a diffraction peak at 20.9°, together 
with new shoulder peaks at 15.0° and 25.1°, suggesting the 
formation of β-sheet structures. Sonicated silk fibroin (SSF) 
showed distinct diffraction peaks at 16.2°, 20.5°, and 24.3°, 
which are characteristic signals of the β-sheet crystalline 
structure (silk II) of SF.38 This confirmed that sonication 
successfully induced the conformational transition of silk 
fibroin from random coil to β-sheet. Compared with SSF, 
SSF/GEL exhibited broader and weaker peaks. This may 
be attributed to intermolecular forces such as hydrogen 

bonds formed between SF and gelatin, which disturbed 
the ordered arrangement of SF chains and resulted in 
decreased crystallinity of the β-sheet structure.39

We mainly investigated the effects of different SF/gelatin 
ratios, protein concentrations, and ultrasound treatment 
times on gel formation (Table 3). When the ultrasonic 
power was maintained constant (with an amplitude of 
10%), the gelation time of SF-gelatin composites decreased 
with the increase in SF concentration (Figure 2c). This 
observation is consistent with previous findings, as the 
treatment of high-concentration solutions results in 
higher crosslinking density of SF, which favors hydrogel 
formation. In contrast, the gelation time was found to 
increase with the elevation of gelatin content (Figure 
2d). Owing to the inability of low-concentration gelatin 
to form stable network structures at room temperature, 
the presence of gelatin in the mixed system hindered the 
gelation process. Among them, the 3SSF/5GEL group 
with the highest gelatin content remained in a liquid state 

Figure 2. Effect of ultrasound treatment on ink structure and gelation time. (a) Schematic illustration of the mechanism by which ultrasound affects 
the structural changes of silk fibroin; (b) X-ray diffraction (XRD) characterization of the ink; (c) Gelation time of the ink under different silk fibroin 
concentrations and durations of ultrasound treatment; (d) Gelation time of the ink under different gelatin concentrations and durations of ultrasound 
treatment. 
Abbreviations: GEL: Gelatin; SSF: Sonicated silk fibroin.
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throughout the experiment, indicating that the SF content 
in this system was insufficient to support the formation 
of a stable three-dimensional network. Furthermore, the 
ultrasonic duration exerted a significant influence on the 
gelation time: when the ultrasonic duration was less than 40 
seconds, all samples remained liquid; with the extension of 
ultrasonic duration, some samples were directly converted 
into solid gels after treatment.

Stable physical crosslinked gels could be obtained by 
incubating the ultrasonically treated solutions at room 
temperature for a certain period (Figure 3a). Temperature 
sweep test results showed that, before ultrasonic treatment, 
the modulus and viscosity of the ink decreased significantly 
with increasing temperature, exhibiting obvious 
thermosensitive characteristics. After ultrasonic treatment, 
the modulus and viscosity of the SSF/GEL ink  remained 
essentially stable over the tested temperature range, and its 
storage modulus (G′), loss modulus (G′′), and viscosity were 
significantly higher than those of the pristine ink (Figure 
3b and 3c). These results indicate that the ultrasonically 
treated ink displayed attenuated temperature sensitivity. 
The enhanced modulus and viscosity of the ink are 
beneficial for improving the structural stability of printed 

constructs. By precisely regulating ultrasonic duration and 
SF-gelatin mass ratio, the gelation time of the ink can be 
tailored within the range of 3–5 h, which provides optimal 
conditions for subsequent 3D printing operations and in 
vitro cell culture.

In the osteochondral repair system, significant 
differences exist in the performance requirements between 
the lower-layer and upper-layer scaffolds. On one hand, 
the lower-layer scaffold must adapt to the mechanical 
microenvironment of bone tissue; on the other hand, 
it sustains the load of the upper layer, thereby imposing 
higher demands on mechanical strength. The incorporation 
of HAP into the bioink not only augments the mechanical 
robustness of the scaffold but also endows it with superior 
osteoinductive potential.  In the present study, the SSF/
GEL/HAP bone layer scaffolds were constructed via the 
introduction of HAP with varying mass fractions into the 
SSF/GEL bioink.

3.2. Printability analysis of bioink

SSF/GEL cartilage layer bioinks with gradient 
concentrations (gelatin: 1%–5% w/v; silk fibroin: 
2%–3% w/v) and SSF/GEL/HAP bone layer bioinks 

Table 3. The state and gelation time of the SSF/GEL ink under different ultrasonic durations

Ultrasound 
time (s)

Time (days) and physical state of the SSF/GEL ink gel after ultrasonic treatment

2SSF/1.5GEL 2.5SSF/1.5GEL 3SSF/1GEL 3SSF/1.5GEL 3SSF/2.5GEL 3SSF/4GEL 3SSF/5GEL

20 >7 (L) >7 (L) 4.50 ± 0.50 (L) >7 (L) >7 (L) >7 (L) >7 (L)

30 >7 (L) >7 (L) 1.83 ± 0.29 (L) 3.83 ± 0.76 (L) >7 (L) >7 (L) >7 (L)

40 >7 (L) 3.83 ± 0.29 (L) 0.13 ± 0.04 (L) 1.17 ± 0.76 (L) >7 (L) >7 (L) >7 (L)

50 4.33 ± 0.58 (L) 0.75 ± 0.43 (L) 0 (S) 0.17 ± 0.04 (L) 4.50 ± 0.50 (L) >7 (L) >7 (L)

60 1.83 ± 0.29 (L) 0.13 ± 0.08 (L) 0 (S) 0 (S) 1.33 ± 0.76 (L) >7 (L) >7 (L)

70 0.83 ± 0.29 (L) 0 (S) 0 (S) 0 (S) 0.17 ± 0.07 (L) >7 (L) >7 (L)

80 0.14 ± 0.02 (L) 0 (S) 0 (S) 0 (S) 0 (S) >7 (L) >7 (L)

90 0 (S) 0 (S) 0 (S) 0 (S) 0 (S) >7 (L) >7 (L)

100 0 (S) 0 (S) 0 (S) 0 (S) 0 (S) 2.83 ± 0.19 (L) >7 (L)

110 0 (S) 0 (S) 0 (S) 0 (S) 0 (S) 2.33 ± 0.58 (L) >7 (L)

120 0 (S) 0 (S) 0 (S) 0 (S) 0 (S) 0.18 ± 0.06 (L) 4.17 ± 0.29 (L)

130 0 (S) 0 (S) 0 (S) 0 (S) 0 (S) 0 (S) 2.83 ± 0.29 (L)

140 0 (S) 0 (S) 0 (S) 0 (S) 0 (S) 0 (S) 1.67 ± 0.58 (L)

150 0 (S) 0 (S) 0 (S) 0 (S) 0 (S) 0 (S) 0.14 ± 0.03 (L)

Notes: Physical state is denoted by either ‘L’ (solution state) or ‘S’ (gel state). 
Abbreviations: GEL: Gelatin; SSF: Sonicated silk fibroin.
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(hydroxyapatite: 5 wt%–20 wt%) were developed (Figure 
4a). The printability of inks with different ratios was 
evaluated through rheological tests (Figure 4b–d). The 
results show that in the amplitude sweep test, the storage 
modulus (G′) of all inks was higher than the loss modulus 
(G″), indicating that the system exhibited significant solid-
like characteristics. With the increase in oscillatory strain, 
the two gradually approached, suggesting that the network 
structure was destroyed and flow behavior began. In the 
rotational sweep test, all inks exhibited shear-thinning 
properties—maintaining high viscosity at low shear rates 
and undergoing a significant viscosity reduction with 
increasing shear rates. This rheological profile is conducive 
to simulating the extrusion behavior of bioinks during 
3D printing, as it enables smooth filament extrusion 
under shear force while preserving structural integrity 
post-extrusion. Collectively, these findings confirmed 
that all developed bioinks possessed prominent solid-like 
characteristics and shear-thinning properties, which were 
indispensable prerequisites for satisfactory printability of 
bioinks in 3D bioprinting.

With the increase in gelatin concentration, the structural 
fidelity of the printed scaffolds showed an increasing trend 
(Figure 4b). The 3SSF/1GEL scaffold displayed the lowest 
printing fidelity, with the scaffold exhibiting phenomena 
of filament breakage and uneven filament extrusion. 
Rheological analysis revealed that the 3SSF/1GEL 

bioink exhibited inferior modulus and viscosity, which 
compromised the shape retention capability of the 
printed scaffold and thus led to unsatisfactory printing 
performance. As the gelatin concentration increased, the 
storage modulus (G′), loss modulus (G″), and viscosity 
of the bioinks were significantly enhanced, resulting in 
improved structural fidelity of the corresponding scaffolds. 
This can be attributed to the elevated protein concentration 
in the bioink: the increase in protein content facilitated 
the enhancement of intermolecular crosslinking density, 
rendering the internal network structure of the bioink 
more stable and thereby optimizing the printability and 
molding quality of the scaffolds. Among all formulations, 
the 3SSF/1.5GEL scaffold presented the most well-defined 
structural morphology.

With the gelatin concentration fixed at 1.5% w/v, the 
printed scaffolds fabricated with different SF concentrations 
(2SSF/1.5GEL, 2.5SSF/1.5GEL, and 3SSF/1.5GEL) 
demonstrated excellent structural integrity without 
filament breakage, indicating that these bioinks possessed 
favorable printability. Rheological characterization 
showed that the storage modulus (G′), loss modulus (G″), 
and viscosity of the bioinks increased progressively with 
increasing SF concentration (Figure 4c). This phenomenon 
was attributed to the enhanced intermolecular crosslinking 
density induced by the increased SF content, which in turn 
improved the mechanical strength and viscosity of the 

Figure 3. Effect of ultrasound treatment on the rheological properties of the ink. (a) Sol-gel transition of the ink at different times after ultrasound 
treatment: 0 h (i), 3 h (ii), and 5 h (iii); (b) Temperature sweep modulus analysis of 2SSF/1.5GEL ink before and after ultrasound treatment; (c) Temperature 
sweep viscosity analysis of 2SSF/1.5GEL ink before and after ultrasound treatment. 
Abbreviations: G′: Storage modulus; G′′: Loss modulus; GEL: Gelatin; SSF: Sonicated silk fibroin.
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bioink matrices.

A small amount of nano-hydroxyapatite 
(nHAP) particles can be uniformly dispersed in the 
SF-gelatin system, and both 3SSF/1.5GEL/5HAP and 
3SSF/1.5GEL/10HAP exhibited good printability. With 
the increase in HAP concentration, the storage modulus 
(G′), loss modulus (G″), and viscosity of the inks increased 
significantly (Figure 4d). This may be due to the enhanced 
intermolecular and interfacial interactions between nHAP 
particles and the SSF/GEL polymer chains with increasing 
nHAP content, which consequently improved the viscosity 
and modulus of the composite system.40 However, when 
the nHAP concentration was elevated to 20 wt%, filament 
breakage and uneven extrusion were observed during 
printing. Excessively high nHAP concentration may lead 
to particle agglomeration and heterogeneous dispersion 

within the bioink matrix, thereby causing nozzle clogging 
and impairing the printability of the bioink.41

To clarify the effect of high-pressure sterilization on the 
printability of the bioink, the rheological properties and 
scaffold forming performance of the bioink before and after 
high-pressure sterilization were compared in this study, 
with rheological tests conducted on the bioink subsequent 
to its gelation. The results show no significant differences 
in the modulus and viscosity of the bioink, and the solid-
state characteristics and shear-thinning behavior remained 
consistent (Figure S1a and S1c, in Supplementary File). 
Meanwhile, no remarkable differences were observed in 
the structural fidelity of the 3D-printed scaffolds for both 
the cartilage and bone layers before and after sterilization 
(Figure S1b and S1d, in Supplementary File). Collectively, 
these findings confirm that this ultrasonic sterilization 

Figure 4. Rheological properties and printability of bioinks under different component concentrations. (a) The states of the cartilage layer (upper) and the 
bone layer (lower) ink before (i) and after gelation (ii); (b) Printed scaffolds of bioinks with different gelatin concentrations, along with their oscillatory 
amplitude sweeps (left) and rotational shear rate sweeps (right). (c) Printed scaffolds with different silk fibroin concentrations, as well as oscillatory 
amplitude sweeps (left) and rotational shear rate sweeps (right); (d) Printed scaffolds with different hydroxyapatite concentrations, together with oscillatory 
amplitude sweeps (left) and rotational shear rate sweeps (right). 
Abbreviations: GEL: Gelatin; HAP: Hydroxyapatite; SSF: Sonicated silk fibroin. 
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process exerts no adverse effects on the printability of 
the bioink, thereby providing a reliable guarantee for 
subsequent 3D bioprinting of scaffolds and relevant 
biological experiments.

3.3. Characterization of bilayer scaffolds

In this study, a bilayer scaffold constructed from SSF/GEL 
and SSF/GEL/HAP bioinks was designed (Figure 5a). The 
SSF/GEL bioink was loaded with ATDC5 cells for printing 
the cartilage layer to facilitate chondrogenic matrix 
formation, while the SSF/GEL/HAP bioink was used to 
mimic the bone layer, with HAP incorporation to induce 
osteogenic differentiation of BMSCs. Gelatin without 
chemical crosslinking undergoes significant swelling and 
drastic volume changes, making it difficult to maintain 
the scaffold structure stability. To construct an integrated 
osteochondral scaffold with a stable structure and avoid 
delamination at the osteochondral interface, inks with 
similar swelling ratios should be selected.42 A series of 
scaffolds were fabricated, and their structures and filament 
diameters were characterized (Figure 5).

The printed scaffolds were immersed in PBS at 37 
°C to evaluate their structural stability (Figure 5b). 
The results showed that only the 3SSF/5GEL scaffold 
exhibited structural damage after immersion (Figure S2, 

in Supplementary File), and all other groups maintained 
good stability. This phenomenon may be attributed to the 
excessively high gelatin content in the 3SSF/5GEL bioink. 
As the temperature increased, the number of hydrogen 
bonds decreased sharply, leading to the transition of 
gelatin from a gel state to a sol state.43 The presence of the 
SF network constrained the mobility of gelatin molecules, 
when the gelatin content was low enough, the scaffold 
structure was preserved, enabling the remaining scaffolds 
to maintain structural stability in PBS at 37 °C.

Quantitative statistical analysis of the filament 
diameters of the cartilage layer and bone layer scaffolds 
before and after immersion in PBS at 37 °C was performed. 
No significant changes in filament diameter were observed 
for all scaffolds before and after PBS immersion (Figure 
5c). This may be attributed to the constraint imposed by 
the SF crosslinked network structure. After ultrasonic 
treatment, SF with a high β-sheet content forms a rigid 
network, which restricts the lateral expansion of the 
material.44 The modulus of both the cartilage layer and bone 
layer bioinks remained overall stable with a slight decrease 
as the temperature increased (Figure 5d), indicating that 
the scaffold performance was less affected by gelatin and 
exhibited low temperature sensitivity. The low swelling 
property and thermosensitivity of these scaffolds facilitated 

Figure 5. Structural stability and self-healing properties of silk fibroin/gelatin scaffolds. (a) Top view of the bilayer scaffold; (b) Morphology of the 
cartilage layer scaffold (2SSF/1.5GEL) and bone layer scaffold (3SSF/1.5GEL/10HAP) before (i) and after immersion in 37 °C PBS solution (ii); (c) Fiber 
diameters of different 3D-printed scaffolds before and after PBS immersion; (d) Oscillatory amplitude temperature sweep tests of the cartilage layer bioink 
(2SSF/1.5GEL) and bone layer bioink (3SSF/1.5GEL/10HAP). 
Abbreviations: GEL: Gelatin; HAP: Hydroxyapatite; PBS: Phosphate-buffered saline; SSF: Sonicated silk fibroin.
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the construction of a bilayer scaffold with stable interfaces, 
preventing interfacial sliding of the printed biphasic 
scaffold caused by the mismatch in swelling ratios between 
the upper- and lower-layer components.

Long-term structural stability of the scaffolds is a critical 
prerequisite for subsequent biological experiments. In this 
study, the prepared scaffolds were subjected to a simulated 
physiological environment via immersion in 37 °C PBS 
solution for one week, which confirmed that the scaffolds 
could maintain an intact and stable structure (Figure 
S3, in Supplementary File), thus meeting the structural 
requirements for scaffolds in biological experiments.

When fabricating the upper and lower heterogeneous 
bilayer scaffolds, the self-healing ability of the bioinks 
(based on a reversible crosslinking mechanism) enables 
the spontaneous filling of interfacial micro-gaps, buffering 
of interlayer stress to avoid stress accumulation, and 
improvement of interfacial contact defects caused by 
process fluctuations. This ability effectively inhibits 
interfacial delamination between the upper and lower 
scaffold layers, and serves as a critical property for ensuring 
the structural stability of the heterogeneous scaffolds.

Rheological self-healing tests verified the self-
repairing capacity of the core bioinks. The cartilage layer 
(2SSF/1.5GEL) and bone layer (3SSF/1.5GEL/10HAP) 
bioinks exhibited a typical gel state at low strain (1%). 
When subjected to large deformation (100%), the internal 
crosslinking network was disrupted and the storage 
modulus (G′) rapidly decreased to a value lower than the 
loss modulus (G″). Upon the recovery of strain to 1%, both 
G′ and G″ quickly reverted to their initial values (Figure 
6a and 6b), which demonstrates the efficient self-healing 
properties of the cartilage layer (2SSF/1.5GEL) and bone 
layer (3SSF/1.5GEL/10HAP) bioinks.

After the two cut hydrogel sections were brought 
into contact, they were left to stand at room temperature 
for a period of time. The gap at the bonding interface 
gradually vanished, and an intact, continuous hydrogel 
was eventually reconstituted. The healed hydrogel could 
withstand mild external tensile stretching (it could be 
lifted by fixing one end) without fracture at the bonded 
site, which confirmed that its macroscopic structure had 
undergone effective repair and possessed a certain degree 
of self-healing integrity (Figure 6c–e). Gelatin molecules 
contain abundant amino and hydroxyl groups, which 
can form hydrogen bonds with hydroxyl groups, amide 
groups, and other functional groups in gelatin and SF 
molecules. When the hydrogel structure is damaged, these 
broken hydrogen bonds can re-form through the thermal 
motion of molecular chains and the reapproximation 
of polar groups, further complementing the repair of 

the crosslinked network and enhancing the stability and 
integrity of the self-healing effect.39,45 Furthermore, studies 
have demonstrated that SF can form a crosslinked network 
via the β-sheet conformation, endowing the material 
with excellent self-healing capacity.46,47 This self-healing 
property facilitates the tight interfacial bonding of SF-based 
bilayer scaffolds, precluding structural delamination.

3.4. Mechanical properties and structural 
characteristics of bilayer scaffolds

The mechanical microenvironment of a scaffold governs 
pivotal biological processes—including proliferation 
and lineage-specific differentiation of resident cells—
and is therefore a critical determinant of successful 
osteochondral regeneration. To systematically refine the 
ink formulation of bilayer scaffold, compressive property 
tests were performed on the cartilage layer and bone layer 
scaffolds separately. With the increase in SF content, the 
compressive modulus increased correspondingly, from 
4.15 ± 0.89 kPa to 11.41 ± 0.53 kPa (Figure 7a and 7b). Silk 
fibroin, the dominant structural protein, self-assembles 
into a denser network as its concentration rises, driven 
by intensified intermolecular hydrogen bonding and 
β-sheet crosslinking. This nano-structural reinforcement 
translates directly into enhanced resistance to mechanical 
loading.48,49 For the bone layer scaffolds, the compressive 
modulus increased significantly with the increase in HAP 
content, reaching a maximum value of 16.69 ± 1.54 kPa 
at a content of 10%. However, when the HAP content 
increased to 20%, the compressive modulus decreased to 
11.15 ± 2.27 kPa (Figure 7c and 7d).  This phenomenon 
may be associated with the printability of the bioink, 
filament breakage of the scaffolds compromised structural 
uniformity, thereby impairing mechanical performance.

Early in chondrogenesis, low-stiffness matrices 
(~3–5 kPa) promote actin cytoskeletal disassembly 
and a rounded cell morphology, thereby facilitating 
chondrogenic commitment of mesenchymal stromal cells 
(MSCs).50 Conversely, high moduli (~17 kPa) activate 
osteogenic signaling cascades and markedly enhance 
osteogenic differentiation efficiency.51 Guided by these 
mechanobiological thresholds—and ensuring comparable 
swelling ratios—we selected 2SSF/1.5GEL (4.15 ± 0.89 
kPa) for the cartilaginous layer and 3SSF/1.5GEL/10HA 
(16.69 ± 1.54 kPa) for the osseous layer for all subsequent 
biological evaluations.

To evaluate the structural stability of the scaffolds under 
dynamic loading, their elastic recovery properties were 
investigated via loading–unloading cyclic compression 
tests. The results showed that both the 2SSF/1.5GEL 
scaffold and the 3SSF/1.5GEL/10HAP scaffold could 
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stably withstand 25% compressive strain. The curves after 
the second loading cycle exhibited good repeatability, 
confirming that the scaffolds maintained stable elastic 
recovery under repeated loading. The residual strain of 
the 2SSF/1.5GEL scaffold was approximately 20% (Figure 
7e), corresponding to a height recovery of about 80% after 
compression (Figure S4, in Supplementary File). For the 
3SSF/1.5GEL/10HAP scaffold, the residual strain was 
approximately 15% (Figure 7f), with a height recovery 
of about 85% (Figure S4, in Supplementary File). This 
limited immediate recovery can be attributed to the release 

of interstitial water and structural densification of the 
hydrogel under high compressive stress, which hindered 
full elastic recovery. In addition, the compressive stress 
retention rates of the two scaffolds relative to the initial 
stress were 85.6% and 84.7%, respectively (Table S1, in 
Supplementary File), further demonstrating their excellent 
structural stability. Notably, after immersion in PBS, the 
height recovery rates of both the cartilage layer and bone 
layer scaffolds increased to 95%, indicating that their 
elastic recovery was significantly restored in an aqueous 
environment (Figure S4, in Supplementary File).

Figure 6. Self-healing behaviors of the osteochondral layer bioinks. (a) Rheological self-healing test of the cartilage layer bioink (2SSF/1.5GEL); (b) 
Rheological self-healing test of the bone layer bioink (3SSF/1.5GEL/10HAP) with alternating strains from 1% to 100%; (c) Self-healing process of the 
cartilage layer bioink material (2SSF/1.5GEL); (d) Self-healing process of the bone layer bioink material (3SSF/1.5GEL/10HAP); (e) Self-healing process 
after splicing of the cartilage layer material (2SSF/1.5GEL, white) and the bone layer material (3SSF/1.5GEL/10HAP, blue). 
Abbreviations: G′: Storage modulus; G′′: Loss modulus; GEL: Gelatin; HAP: Hydroxyapatite; SSF: Sonicated silk fibroin.
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Microscopic inspection of the bilayer interface 
revealed a macroscopically intact construct (Figure 7g, 
left). Scanning electron microscopy (SEM) micrographs 
of the scaffold cross-section exhibited robust interfacial 
integration between the two layers without any signs 
of delamination (Figure 7g). High-magnification SEM 
images of the scaffold surface revealed that the upper layer 
displayed a smooth topographical feature, whereas the 
lower layer surface was uniformly decorated with HAP 
particles (Figure S5, in Supplementary File), demonstrating 
the successful fabrication of an integrated scaffold 
with heterogeneous compositions. This heterogeneous 
design enables biomimetic replication of the mechanical 
properties of native osteochondral tissue, thereby 
providing an integrated structural and functional platform 
for osteochondral regeneration.

3.5. In vitro biological analysis of bilayer scaffolds

In this study, qualitative and quantitative analyses of cell 
viability were performed. For the cartilage layer scaffold, 
ATDC5 cells were homogenously mixed with the SSF/GEL 
bioink prior to 3D bioprinting (Figure 8a); for the bone 
layer scaffold, the BMSCs were seeded onto the pre-printed 
SSF/GEL/HAP scaffold (Figure 8b). Live/dead staining 
assays revealed that both scaffolds (cartilage layer and bone 
layer) exhibited a high viable cell ratio and minimal dead 
cells, achieving a cell viability rate of over 90% (Figure S6, 
in Supplementary File). In the cartilage layer scaffold, cells 
were uniformly dispersed throughout the scaffold on day 
1. After 7 days of culture, the green fluorescence intensified 
and filled the entire scaffold (Figure 8c(i)), indicating 
that the cartilage layer scaffold created a favorable 

Figure 7. Mechanical properties and structural characteristics of the scaffolds. (a) Compressive modulus of cartilage-layer scaffolds with different silk 
fibroin concentrations; (b) Stress–strain curves; (c) Compressive modulus of bone-layer scaffolds with different hydroxyapatite concentrations (n = 3; *p ≤ 
0.05, **p ≤ 0.01, ***p ≤ 0.001); (d) Stress–strain curves; (e) Cyclic loading test of cartilage-layer scaffold (2SSF/1.5GEL); (f) Cyclic loading test of bone-layer 
scaffold (3SSF/1.5GEL/10HAP); (g) Macrostructure of the bilayer scaffold and scanning electron microscopy image of the interface. 
Abbreviations: GEL: Gelatin; HAP: Hydroxyapatite; SSF: Sonicated silk fibroin.
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microenvironment for ATDC5 cells. In the bone layer 
scaffold, green fluorescent spots were mainly concentrated 
on the scaffold surface on day 1, with no obvious fluorescent 
signal detected inside the scaffold. After 7 days of culture, 
the cells gradually migrated into the scaffold interior, and 
the fluorescence intensity increased significantly, covering 
most areas (Figure 8c(ii)). This indicated that the number 
of BMSCs in the bone layer scaffold increased, and the 
cells exhibited a tendency to migrate inward and grow. 
Furthermore, quantitative analysis of cell bioactivity on the 
cartilage layer and bone layer scaffolds via the CCK-8 assay 
(Figure 8d) showed that the OD values of both scaffolds 
increased gradually with the extension of culture time. 
These results indicate that both the bone layer and cartilage 
layer scaffolds possess good biocompatibility. The use of 
physically crosslinked SSF/GEL cartilage ink for cell-laden 
3D printing is feasible, which can maintain high viability 
and proliferation capacity of chondrocytes.

To evaluate the bidirectional differentiation potential 
of the bilayer scaffolds, immunofluorescence staining and 

fluorescence intensity analysis for type II collagen and 
RUNX2 were performed on the cartilage layer scaffolds, 
bone layer scaffolds and bilayer scaffolds after 7 days of 
culture (Figure 9a). The results show strong expression of 
type II collagen in the cartilage layer scaffold, which was 
distributed throughout the printed fibers, while no RUNX2 
signal was detected, indicating a typical chondrocyte 
phenotype. Type II collagen is the most abundant 
collagen in the mature cartilage matrix. It forms a fibrous 
network through self-assembly, providing basic physical 
structural support for cartilage tissue and maintaining the 
morphology and integrity of cartilage. The expression of 
type II collagen confirms that the cells have activated the 
chondrogenic differentiation process, progressively gaining 
the phenotypic traits of chondrocytes. In contrast, the bone 
layer scaffold exhibited significant RUNX2 expression, with 
particularly high fluorescence intensity on the filament 
surfaces, while only weak type II collagen expression 
was detected, which is consistent with the phenotypic 
characteristics of osteoblasts. In the bilayer composite 

Figure 8. Evaluation of the biocompatibility of the osteochondral bilayer scaffold. (a) Schematic illustration of cartilage layer scaffolds printed with ATDC5 
cell-laden bioink; (b) Schematic illustration of bone layer scaffolds seeded with BMSCs; (c) Live/dead staining of cartilage layer scaffolds (2SSF/1.5GEL, 
panel i) and bone layer scaffolds (3SSF/1.5GEL/10HAP, panel ii); (d) Cell viability (OD values) of cartilage layer scaffolds (2SSF/1.5GEL, panel i) and bone 
layer scaffolds (3SSF/1.5GEL/10HAP, panel ii) on days 1, 4 and 7 (n = 3; p ≤ 0.05, p ≤ 0.01, p ≤ 0.001). 
Abbreviations: BMSCs: Bone marrow-derived mesenchymal stem cells; GEL: Gelatin; HAP: Hydroxyapatite; SSF: Sonicated silk fibroin.
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scaffold, the cartilage layer and bone layer maintained high 
type II collagen and RUNX2 expression in their respective 
regions, respectively (Figure 9b and 9c). Therefore, we 
conclude that the SSF/GEL and SSF/GEL/HAP bioinks 
are highly feasible for constructing osteochondral 
scaffolds. ATDC5 cells and BMSCs can be co-cultured, 
exhibiting excellent bidirectional differentiation effects, 
and achieving chondrogenic differentiation and osteogenic 
differentiation in the bilayer scaffold respectively.

4. Conclusion
A physically crosslinked silk fibroin-gelatin bioink 
tailored for cell-laden 3D bioprinting was developed via 
precise regulation of gelation kinetics through ultrasonic 
treatment. Synergistic effect between the self-assembly 
behavior of silk fibroin and the high viscosity of gelatin 
endowed the SSF/GEL ink with excellent printability and 
structural stability. Incorporating nano-hydroxyapatite 

yielded an osteoinductive SSF/GEL/HAP bone layer bioink. 
These physically crosslinked bioinks, featuring tunable 
mechanics, intrinsic self-healing, and biocompatibility, 
enabled fabrication of bilayer osteochondral scaffolds 
with intimate interfacial integration. Functionally, the 
cartilage layer supported chondrogenic differentiation of 
encapsulated ATDC5 cells, while the bone layer promoted 
region-specific osteogenic commitment of BMSCs. This 
work presents a clinically translatable material platform 
and facile 3D bioprinting strategy, offering a promising 
alternative for complex osteochondral defect repair.
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