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A B S T R A C T   

The unique gradient structure and complex composition of osteochondral tissue pose significant challenges in 
defect regeneration. Restoration of tissue heterogeneity while maintaining hyaline cartilage components has 
been a difficulty of an osteochondral tissue graft. A novel class of multi-crosslinked polysaccharide-based three- 
dimensional (3D) printing inks, including decellularized natural cartilage (dNC) and nano-hydroxyapatite, was 
designed to create a gradient scaffold with a robust interface-binding force. Herein, we report combining a dual- 
nozzle cross-printing technology and a gradient crosslinking method to create the scaffolds, demonstrating stable 
mechanical properties and heterogeneous bilayer structures. Biofunctional assessments revealed the remarkable 
regenerative effects of the scaffold, manifesting three orders of magnitude of mRNA upregulation during 
chondrogenesis and the formation of pure hyaline cartilage. Transcriptomics of the regeneration site in vivo and 
scaffold cell interaction tests in vitro showed that printed porous multilayer scaffolds could form the correct tissue 
structure for cell migration. More importantly, polysaccharides with dNC provided a hydrophilic microenvi
ronment. The microenvironment is crucial in osteochondral regeneration because it could guide the regenerated 
cartilage to ensure the hyaline phenotype.   

1. Introduction 

The repair of osteochondral injuries has long posed a significant and 
complex challenge in treating osteoarthritis. The combination of me
chanical damage, traumatic aging events, and inflammatory responses 
makes it difficult to achieve the desired regeneration in clinical practice 
[1]. Currently, research on osteochondral repair mainly focuses on 
tissue-engineering methods. However, the restoration of the heteroge
neity while maintaining a continuous gradient interface during osteo
chondral regeneration remains challenging [2]. Its primary concern is 
forming a cartilage layer with a functional hyaline phenotype under 

avascular and nonneural conditions [3]. Second, the frequently over
looked aspect of rebuilding the calcification layer leads to tissue 
disjunction between the regenerated cartilage and subchondral bone, 
posing a significant obstacle to overall regenerative capacity [4,5]. 
Third, replicating the intricate gradient structure of natural osteochon
dral tissue using conventional fabrication techniques is challenging [6]. 
Therefore, attention and resolution of these disadvantages are essential 
for osteochondral regeneration. 

The matrix components inherent in the hyaline cartilage at the joint 
site serve as the biochemical foundation for the intricate functions of the 
bone joint. Extensive research has demonstrated the ability of the 
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hyaline cartilage to withstand complex compressive and shear stresses, 
thereby providing a stable cellular microenvironment for subchondral 
bone cells [7]. Researchers initially introduced stem cells and growth 
factor induction into the regeneration materials to accelerate hyaline 
cartilage formation in osteochondral repair [8]. Additionally, manipu
lating material activity or using paracrine effects to stimulate the 
migration of surrounding chondrocytes has proven to be a practical 
approach [9]. However, the physicochemical microenvironment pro
vided by the material, particularly its hydrophilic and viscoelastic 
properties, also significantly influences the formation and maintenance 
of the hyaline cartilage matrix [10]. For example, hydrophilic poly
saccharides have been identified as inhibitors of chondrocyte focal 
adhesion, thereby impeding the fibrotic phenotype and promoting the 
production of more collagen type II (COL II) than collagen type I (COL I) 
[11]. Therefore, focusing on the interaction between cartilage layer 
materials and chondrocytes to achieve hyaline matrix formation is vital. 

The calcification cartilage zone (CCZ) is a pivotal interfacial struc
ture crucial for transmitting mechanical stress and regulating fluid ex
change between the hyaline cartilage and the subchondral bone [12]. 
Numerous studies have focused on constructing an integrated scaffold 
for the CCZ interface by employing the same continuous phase and 
relying on gravity to bond the upper and lower layers [13]. However, the 
heterogeneity inherent in the osteochondral tissue has often been 
overlooked during the preparation of the calcification layer. Owing to 
the physiological distinctions between cartilage and subchondral bone, 
using heterogeneous materials to simulate the hyaline cartilage and 
subchondral bone is necessary. In a notable example, Da et al. [14] 
successfully achieved osteochondral regeneration by preparing a 

heterogeneous scaffold with robust interfacial forces using dissolving 
conglutination and lyophilized compression methods. Therefore, the 
fabrication of osteochondral structures with stable mechanical in
terfaces is critical. 

The preparation of integrated scaffolds to replicate the bionic 
structure has consistently captured the attention of researchers. Never
theless, the distinct components and structural characteristics of the 
cartilage layer and subchondral bone limit the use of traditional prep
aration methods [15]. Some researchers have successfully utilized 
three-dimensional (3D) printing to create integrated gradient scaffolds 
for osteochondral tissues, thereby presenting a promising avenue for 
guiding tissue regeneration [16,17]. Currently, the most effective 
method involves using purified natural proteins or polysaccharide 
hydrogels, such as collagen, sodium alginate, and hyaluronic acid, with 
the active stimulus of the target tissue for layer-by-layer printing 
molding [18]. Despite these advancements, comprehensive research 
that details the ink-flow dynamics from pre-extrusion within the nozzles 
to post-extrusion solidification on the platform is still lacking, which is 
crucial for understanding structural stability, guiding cell migration, and 
matrix secretion. Therefore, a combination of multiple crosslinking 
methods is required to construct an ideal 3D-printed 
osteochondral-integrated heterogeneous scaffold. 

Based on the current research status and critical challenges in 
osteochondral repair, precise fabrication of structures within the carti
lage layer and subchondral bone is pivotal. This endeavor aimed to 
authentically achieve hyaline cartilage formation and establish a me
chanical framework for the calcification layer. This study’s initial focus 
was to develop inks suitable for bioprinting. The first type comprised a 

Fig. 1. Schematic of bioink formulation and 3D bioprinting to create heterogeneous constructs to repair osteochondral defects. A) Cartilage layer bioink (blue) was 
formed by sodium alginate with certain Ca2+ and decellularized natural cartilage (dNC). The subchondral layer bioink (purple) was formed by sodium alginate with a 
certain amount of Ca2+, gelatin methacryloyl (GelMA), and nano-hydroxyapatite (nHA). B) Illustration of 3D printing biphasic constructs for osteochondral defect 
repair. Multiple crosslinking methods were employed in combination. This entailed initial low-concentration calcium ion pre-crosslinking, thermosensitive cross
linking, high-concentration Ca2+ second crosslinking, and finally, photocrosslinking. The transitional zone was constructed using a dual-nozzle cross-printing 
approach. The biphasic scaffold was transplanted into the osteochondral defect area of a rat for osteochondral regeneration. 
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pre-crosslinked upper-layer printing ink (depicted in blue) incorporating 
sodium alginate (SA), decellularized natural cartilage (dNC), and a small 
amount of CaCl2. The second type was a pre-crosslinked lower-layer 
printing ink (depicted in purple) comprising SA, gelatin methacryloyl 
(GelMA), nano-hydroxyapatite (nHA), and a small amount of CaCl2 
(Fig. 1A). The inks exhibited excellent printing rheology and specific 
biological activity through optimized proportioning. Subsequently, a 
dual-nozzle cross-printing technology and the gradient crosslinking 
method were applied to construct refined osteochondral structures, 
particularly the calcification layers (Fig. 1B). Finally, the ensuing stages 
involved conducting animal experiments and exploring cell–scaffold 
interactions through in vitro testing. Further studies are required to 
elucidate the relationship between the complex polysaccharide ink and 
refined microstructure construction, which is crucial for hyaline chon
drogenic and osteochondral structure regeneration. 

2. Materials and methods 

2.1. Materials 

SA (15–25 cP, 1 % in H2O), Triton X-100, 2-hydroxy-4-(2-hydroxye
thoxy)-2-methylpropiophenone (I2959), dithiothreitol (DTT), papain, 
and gelatin were purchased from Sigma-Aldrich (USA). Methacrylic 
anhydride (MA), calcium chloride (CaCl2), deuterium oxide (D2O), so
dium hydroxide (NaOH), ethylenediaminetetraacetic acid (EDTA), and 
HA nanopowder (nHA) were purchased from Aladdin (China). Tryp
sin–EDTA solution, phosphate-buffered saline (PBS), pen
icillin–streptomycin (PS), cell counting kit-8 (CCK-8), Calcein/PI Cell 
Viability/Cytotoxicity Assay Kit, and Actin-Tracker were procured from 
Beyotime Biotechnology (China). Dulbecco’s modified Eagle’s medium 
(DMEM) with high or low glucose was purchased from Gibco (Thermo 
Fisher Scientific, USA), and fetal bovine serum (FBS) was purchased 
from Corning (USA). 

2.2. Preparation method 

2.2.1. Preparation of GelMA and dNC 
GelMA was synthesized by dissolving 5 g of gelatin in 50 mL of PBS at 

50 ◦C, followed by the dropwise addition of 4 mL of MA. The reaction 
was allowed to proceed for 2 h. After that, the reaction solution was 
poured into a dialysis bag with a molecular weight cut-off of 
8000–14000 DA. This solution was dialyzed for 5 d and freeze-dried to 
obtain GelMA. 

Fresh pig cartilage was cut and crushed using a blender to prepare 
the NC fragments. The resulting fragments were then subjected to a 
decellularization treatment involving sequential exposure to surfactant 
Triton X-100 for 48 h at 37 ◦C, NaOH for 45 min at 2–8 ◦C, and DNAse 
for 3 h at 37 ◦C. This treatment resulted in the formation of dNC 
fragments. 

2.2.2. Preparation of printing inks 
Preparation of the upper-layer inks: A 5 % w/v SA solution was 

mixed with 0.01, 0.02, and 0.04 mol/L CaCl2 solution. Meanwhile, 15 % 
w/v dNC (<150 μm) and 5 % w/v SA solutions were mixed with 0.01, 
0.02, and 0.04 mol/L CaCl2 solution separately. The prepared solutions 
were placed in a refrigerator at 4 ◦C overnight for degassing. 

Preparation of lower-layer inks: 0.02 mol/L CaCl2, 0.5 % w/v I2959, 
and 5 % w/v SA were added to a 10 % w/v GelMA solution to obtain Gel- 
SA solution. Subsequently, 2 % (w/v) nHA was added to the Gel-SA 
solution to obtain the Gel@nHA-SA solution. 

2.3. Characterization of printing inks 

2.3.1. Characterization of components of printing inks 
Freeze-dried dNC samples were digested overnight in a 0.3 mg/mL 

papain buffer, 0.2 × 10− 9 mol/L DTT, and 0.1 × 10− 9 mol/L EDTA. The 

DNA content of the samples was measured using the fluorescence 
Hoechst 33258 assay [19]. Glycosaminoglycan GAG content was 
determined using the 1,9-dimethyl-methyl blue dye-binding method 
[20], whereas total collagen content was determined using the hy
droxyproline method [21]. 

The degree of GelMA substitution was determined using a proton 
nuclear magnetic resonance (1H NMR) spectrometer (400 MHz, Agilent, 
USA). The nHA content was determined using X-ray diffractometry 
(XRD; D8 Advance, Bruker, Germany). Fourier-transform infrared 
spectroscopy (FT-IR; Thermo Fisher Scientific, USA) was used to analyze 
the components of the printing inks. 

2.3.2. Rheological properties of printing inks 
A rotary rheometer (MARS 60, Thermo Fisher Scientific, USA) was 

used to examine the rheological properties of the printing inks. The 
rheological test temperature of the upper-layer ink was room tempera
ture (25 ◦C), whereas all rheological tests performed on the lower-layer 
inks were conducted at 37 ◦C, except for the temperature-sweep test. 
The viscosity of the inks was measured by gradually increasing the shear 
rate from 0.1 to 100 s− 1. Subsequently, the samples were subjected to a 
stress-sweep test within a stress range of 1–1000 Pa at a frequency of 1 
Hz. The storage modulus (G′) and loss modulus (G″) were analyzed over 
a frequency range of 0.1–100 rad/s. Under ultraviolet (UV) irradiation, 
the G′ and G″ were measured within 5 min. 

2.4. Preparation and characterization of 3D printing hydrogel scaffolds 

A 3D printer (Allevi3, USA) printed hydrogel scaffolds. The bilayer 
scaffolds were designed using online printing software (Allevi, USA). 
The 3D models were hierarchically sliced and translated into G-code 
instructions using Repetier-Host software. Dual-nozzle printing paths 
were generated by writing appropriate G-code commands. The detailed 
setup of the 3D printing is presented in Table S1. 

The hydrogel scaffolds were viewed using scanning electron micro
scopy (SEM; Gemini SEM 300, ZEISS, Germany). Wet-gradient bilayer 
hydrogel scaffolds were subjected to frozen sectioning using a freezing 
microtome (CM1950, Leica, Germany). 

2.5. Mechanical properties of bilayer hydrogel scaffolds 

The compressive modulus of the scaffold was evaluated using a 
universal testing machine (WDW-10, Shanghai Hualong, China), and the 
resistance of the scaffold to oscillations was assessed using a rheometer 
(MARS 60, Thermo Fisher Scientific, USA). The testing was conducted at 
a constant oscillation amplitude (γ) of 1 % and oscillation frequencies 
ranging from 0.1 to 10 Hz. 

2.6. Swelling and degradation properties of the bilayer scaffolds 

The initial dry weights of the samples (W0) were recorded before 
immersion in deionized water. After a specified period, excess water in 
the samples was carefully wiped off using Kimwipes, and the weight was 
measured (Wt). The swelling ratio was calculated using the following 
equation: 

Swelling ratio (%)= ((Wt − W0) / W0) × 100% 

For the degradation test, freeze-dried scaffolds were immersed in a 
simulated body fluid and placed in a shaker. At 1, 3, 7, 14, 21, and 28 d, 
freeze-dried samples were collected and weighed (Wd), and the degra
dation rate was calculated using the following equation: 

Degradation rate (%)= ((W0 − Wd) / W0) × 100%  
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2.7. In vitro cytocompatibility studies 

2.7.1. Cell cytotoxicity assay and morphology assessment 
The scaffolds were soaked in DMEM supplemented with 10 % FBS 

and 1 % PS for 24 h. The chondrocytes and BMSCs were seeded in a 24- 
well plate at a density of 2 × 104 cells/well. The cells were cultured in 
DMEM soaked in the scaffolds. At 1, 4, and 7 d, CCK-8 and live/dead 
stain assay kits were used to detect cell proliferation. 

2.7.2. Cell attachment assay 
The upper or lower scaffolds (diameter = 6 mm, height = 1 mm) 

were placed in the upper chamber of a transwell in the 24-well plate. 
Then, the cells were seeded on the upper or lower scaffolds at a density 
of 2 × 105 cells/well. After 7 d, the cell scaffolds were stained with a 
phalloidin solution for 1 h to visualize the actin filaments. Finally, 
confocal laser scanning microscopy (LSM 880, ZEISS, Germany) was 
used to observe the adhesion behavior of the cells. 

2.7.3. Chondrogenesis and osteogenesis evaluation mRNA expression 
analysis of chondrogenesis and osteogenesis in vitro 

The upper or lower scaffolds (diameter = 6 mm, height = 1 mm) 
were placed in the upper chamber of a transwell in the 24-well plate. 
Subsequently, a suspension of chondrocytes at a density of 2 × 105 cells/ 
scaffold or well was dropped onto the upper layer scaffolds (SA and 
SA@dNC groups) and in 6-well plates (two-dimensional (2D) culture 
chondrocytes as the control group) to evaluate the chondrogenic effect. 
To assess osteogenic ability, BMSCs were seeded on the lower layer of 
the Gel–SA (control group) and Gel@nHA-SA scaffolds. After 21 d, the 
samples were collected for immunofluorescence (IF) staining and qRT- 
PCR. IF staining was performed according to the manufacturer’s pro
tocol (Abcam). The RNA was extracted using the TRIzol precipitation 
method. qRT-PCR was performed using a MyGo Pro real-time PCR 
detection system (IT-IS, UK) to quantify gene expression levels. The 
primers used for each gene are listed in Table S2 and S3. 

2.8. In vivo osteochondral repair in Sprague–Dawley rat 

Experimental procedures involving animals were approved by the 
Laboratory Animal Welfare Ethics Committee of Yangzhou University 
(approval number: 202211015). Male Sprague–Dawley (SD) rats were 
randomly divided into four groups: G-control, G-nHA, G-dNC/nHA, and 
Control. An osteochondral defect (2.0 mm in diameter and 2.0 mm in 
height) was drilled into the femoral trochlea. The hydrogel scaffold 
block was then carefully implanted into the osteochondral defect. 

2.9. Biomechanical testing 

The knee junctions of rats were excised after 12 weeks. Mechanical 
testing was performed using a modified rheometer (MARS 60, Thermo 
Fisher Scientific, USA) with a 50-N maximum loading force sensor. A 
cylindrical indenter with a diameter of 1 mm was used to press the re
gion of the newly grown tissue. The load-displacement curve was ob
tained by advancing the indenter at a speed of 0.01 mm/s. The 
unconfined Young’s modulus of the cartilage was determined by 
calculating the slope of the elastic region of the stress-strain curve [22]. 

2.10. Micro-CT analysis 

The samples were scanned using a micro-CT instrument (SkyScan 
1176, Bruker, Germany). During scanning, a pixel size of 18 μm pixel 
size was maintained. A column with a diameter of 2.0 mm and a height 
of 2 mm was established to precisely define the region of interest (ROI). 
Various subchondral bone parameters, including bone mineral density 
(BMD) and bone volume per total volume (BV/TV), were measured 
within this well-defined region. 

2.11. Histological analysis 

The resulting tissue sections were sliced at a thickness of 5 μm using a 
paraffin slicing machine (HistoCore BIOCUT, Leica Germany). The sec
tions were stained with hematoxylin and eosin (H&E), safranin O/fast 
green (Saf-O/FG), Masson’s trichrome (M-T), picrosirius red, and 
immunohistochemistry of Col I and Col II. 

2.12. RNA sequencing 

At week 12, the osteochondral samples were collected from the 
control, normal, and G-dNC/nHA groups. Subsequently, RNA 
sequencing was performed at Shenzhen BGI Corporation. Significance 
analysis was performed to identify genes that were significantly upre
gulated and downregulated by the G-dNC/nHA hydrogel scaffold, with a 
stringent threshold of p < 0.05. 

2.13. Statistical analysis 

The statistical significance of all data in this study was assessed using 
one-way analysis of variance. Statistical analyses were conducted using 
Prism software (version 8.0). Standard deviations (SDs) were used to 
report errors, and the level of significance was denoted as follows: *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

3. Results and discussion 

3.1. Preparation and characterization of printing inks 

The physicochemical properties of the ink composition directly 
impact the extrusion of printing ink and the properties of printed scaf
folds [23]. GelMA was synthesized with a methacrylate-grafting per
centage of approximately 65 %. The 1H NMR spectra of the GelMA and 
gelatin illustrated in Figure S1A showed peaks at positions a and b (5.47 
and 5.17 ppm), indicating a double bond. The morphology of nHA was 
identified and displayed a rod-like shape (Figure S1B). dNC has emerged 
as an optimal biomaterial for guiding hyaline cartilage regeneration, 
which could provide an instructive microenvironment conducive to 
tissue regeneration [24,25]. Biochemical analyses revealed remarkable 
differences in DNA residues and polysaccharide loss between dNC and 
NC (Figure S2A-C). However, overall collagen content remained rela
tively stable. Preservation of the collagen structure and COL II pheno
type in dNC samples of various sizes was confirmed by M-T staining and 
IF characterization (Figure S3). Consequently, the SA polysaccharide 
was selected as the continuous-phase material for the printing ink to 
compensate for the polysaccharide lost during decellularization. dNC 
with a size of <150 μm and SA were chosen to simulate the upper 
cartilage layer, while GelMA, SA, and nHA were selected to simulate the 
subchondral bone layer. A 25G injection needle was used for the printing 
process, which could make dNC with a size of <150 μm inject smoothly 
from the syringe. 

Rheological characterization is the most direct and effective means 
of understanding the printing performance of composite inks, such as 
extrusion smoothness and shape fidelity [26,27]. Different amounts of 
CaCl2 were used to adjust the printability and achieve a satisfactory 
printing effect. As the Ca2+ concentration increased, the viscosity of the 
SA and SA@dNC inks continuously increased (Figure S4 A(i) and B(i)). 
Calcium alginate (CA) inks with increasing crosslinking degrees had a 
more pronounced shear-thinning behavior compared to SA (Fig. 2A). 
The incorporation of dNC into SA was particularly noteworthy; the ink 
exhibited shear-thinning behavior without Ca2+ (Fig. 2C). This phe
nomenon primarily arises from the dNC within the SA continuous phase, 
disrupting molecular entanglement and increasing internal friction. In 
summary, the SA and SA@dNC inks demonstrated shear-thinning 
behavior, facilitating a smooth ink flow during printing. Moreover, the 
modulus of the ink significantly affects the stability of printing lines 
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Fig. 2. Rheological properties of printing inks. A, C) Viscosity changes in SA and SA@dNC (upper-layer inks) with different pre-crosslinking degrees at 25 ◦C. B, D) 
Storage modulus (G′) and loss modulus (G″) changes in SA and SA@dNC with different pre-crosslinking degrees depending on the shear stress; the black dots 
represent the yield stress value. E) Viscosity changes in Gel–SA and Gel@nHA–SA (lower-layer inks) with different pre-crosslinking degrees at 37 ◦C. F) G′ and G″ 
change in Gel–SA and Gel@nHA–SA inks (lower-layer inks) with different pre-crosslinking degrees; black dot represents the yield value. G) Macrophotograph of the 
upper- and lower-layer inks. H) Dynamic modulus change in Gel–SA and Gel@nHA–SA inks after 5-min UV irradiation. 
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[28]. The modulus of the SA and SA@dNC inks increased with 
increasing Ca2+ concentrations (Figure S5A and B). Oscillatory shear 
rheology was conducted at a frequency of 1 Hz to determine the linear 
viscoelastic region to ascertain a suitable degree of crosslinking of the 
CA inks for printing (Fig. 2B–D). As the Ca2+ concentration increased, 
the modulus of the SA and SA@dNC inks increased continuously 
(Figure S4 A(ii) and B(ii)). The yield stress, which indicates the onset of 
a decrease in the shear elastic modulus, was determined [29]. The yield 
stress of the ink increased consistently with increasing Ca2+ concen
tration. Excessive Ca2+ concentration resulted in over-gelation, 
impeding smooth ink extrusion, whereas insufficient Ca2+ concentra
tion led to suboptimal mechanical performance and structural collapse. 
A comprehensive analysis determined that 0.02 M CaCl2 was the best 
concentration for pre-crosslinking. 

The lower-layer scaffold bears the weight of the upper layer and 
requires higher mechanical strength. Hence, the lower-layer ink was 
formulated with GelMA, SA, nHA, and 0.02 M Ca2+. The addition of nHA 
and 0.02 M Ca2+ increased the viscosity of the ink (Figure S4C(i)), 
resulting in a relatively pronounced shear-thinning behavior (Fig. 2E). 
The frequency-sweep results indicated that the ink without Ca2+

exhibited storage modulus (G′) < loss modulus (G″), whereas the ink 
with Ca2+ exhibited G’ > G’’ (Figure S6A). Temperature-sweep tests 
revealed that the changes in the modulus were primarily driven by 
GelMA in the formulation (Figure S6B). Furthermore, the modulus and 
yield stress values of the lower-layer inks were enhanced with the 
addition of nHA and 0.02 M Ca2+(Fig. 2F and S4C(ii)), which improved 
the mechanical performance of the ink. The modulus of the ink gradu
ally increased over time upon exposure to UV light (Fig. 2H). The 
macroscopic states of all inks are illustrated in Fig. 2G. The rheological 
properties of the lower-layer inks demonstrated that the ink could flow 
smoothly from the syringe to the platform and solidify rapidly by uti
lizing the thermosensitive crosslinking of the GelMA hydrogel and ion 
crosslinking of SA. The multiple crosslinking characteristics of the ink, 
where the GelMA and SA hydrogels formed an interpenetrating network, 
resulted in extruded fibers with high fidelity and structural stability. 
Thus, the optimal concentration of Ca2+ for pre-crosslinking in the 
printed ink was determined to be 0.02 M. 

3.2. Design and characterization of printing monolayer scaffolds 

After determining the optimal ink formulation, the 3D printer suc
cessfully extruded the filaments and printed the monolayer scaffolds 
(Fig. 3A). These scaffolds manifested distinct pores in the range of 
300–500 μm, which greatly facilitated the transportation of nutrients, 
oxygen, and waste materials within the fabricated scaffolds [30]. The 
FT-IR spectrum revealed that the characteristic peaks at 1537 cm− 1 were 
associated with C–N bonds, indicating the successful incorporation of 
collagen components into the SA scaffold. Additionally, intense peaks 
were observed around 1100 cm− 1 for the Gel@nHA–SA and Gel–SA 
groups, confirming the presence of nHA (Fig. 3C). The presence of nHA 
in the scaffold was confirmed from the XRD patterns shown in Figure S7. 
The scaffold with nHA exhibited characteristic peaks consistent with 
those of the standard nHA reference, whereas the scaffold without nHA 
exhibited no distinct peaks. The swelling behavior of the monolayer 
scaffolds was assessed to preliminarily determine their suitability 
(Fig. 3B). SA, which is rich in hydroxyl and carboxyl groups, exhibited 
the highest swelling ratio. The swelling ratio of the Gel–SA group 
significantly decreased, whereas that of the Gel@nHA–SA group 
increased. The presence of nHA hindered polymer chain entanglement, 
allowing water to infiltrate the hydrogels [31]. 

A mismatch in the swelling ratio between the upper - and lower-layer 
scaffold components can lead to the printed biphasic scaffold slippage at 
the interface [32]. Based on the swelling results of the single-layer 
scaffolds, the upper SA@dNC and lower Gel@nHA–SA scaffolds 
exhibited the slightest difference in swelling ratio. This combination of 
upper and lower layers may be more conducive to the formation of a 

stable bilayer scaffold. A dual-nozzle cross-printing strategy was adop
ted in this study to obtain a bilayer hydrogel with a robust interface 
(calcification layer), which involved programming a 3D printer to 
perform cross-printing in the transitional region (calcification layer) 
using two separate printheads (Fig. 3D and Video S1, Supporting In
formation). A macroscopic view of the transition region and M-T 
staining of the cross-section of the scaffold showed that the upper and 
lower layers of ink crisscrossed to form a calcified layer. Subsequently, 
the fibers of the GelMA scaffold merged with SA at 37 ◦C for 3 min. 
Strategies for high-concentration CaCl2 crosslinking and 
UV-light-induced photocrosslinking were adopted to prevent delami
nation between the upper and lower layers. 

3.3. Characterization of 3D printing bilayer scaffolds 

Biomimetic bilayer scaffolds, namely, G-control, G-nHA, and G-dNC/ 
nHA, were successfully fabricated. The G-control group contained a 
gradient scaffold without the active materials. G-nHA denoted a 
gradient scaffold with the active material nHA added to the lower layer. 
G-dNC/nHA represented a gradient scaffold with the active material 
dNC and nHA added to the upper and lower layers, respectively. Cross- 
sectional images of the scaffolds were obtained in both wet and dry 
states to assess their composition and structure. Macroscopic images 
revealed the close adhesion of the upper and lower layers of all three 
scaffolds (Fig. 3E). Safranin O staining highlighted the polysaccharide 
SA component in red, demonstrating the close adhesion of the upper and 
lower layers, with SA permeating the entire scaffold. M-T staining 
revealed small blue fragments (dNC) in the upper part and transition 
region of the G-dNC/nHA group. Alizarin red staining revealed the 
uniform distribution of nHA in the lower part and transition region of 
the scaffold. The cross-section staining of the scaffold showed that the 
calcified layer and gradient-integrated structure were successfully pre
pared. The cross-sectional structure of the scaffolds was observed using 
SEM (Figure S8), which showed no distinct boundaries between the 
upper and lower layers. In the presence of dNC and nHA, the scaffold 
pores decreased in size. 

As an ideal osteochondral tissue graft, the provision of bioactive 
functionality and a certain level of mechanical support is crucial [33]. 
The compressive properties of the bilayer hydrogel scaffolds were 
evaluated, as shown in Fig. 4A and C. The compressive modulus of the 
three scaffolds were 70.55 ± 4.29, 89.12 ± 15.2, and 94.64 ± 5.27 kPa, 
respectively. The compressive modulus of G-dNC/nHA was significantly 
different from that of the control group. The stress-strain curves of 
G-control exhibited no rupture points within a strain of 35 %, indicating 
excellent toughness. However, the slopes of the linear elastic regions for 
the G-dNC/nHA and G-nHA groups were greater than that for the 
G-control group, suggesting that the incorporation of nHA and dNC 
enhanced the mechanical performance of the scaffold. The G′ and G″ of 
the bilayer scaffolds were determined by rheological tests to simulate 
the biomechanical environment of shear stress in articular cartilage 
(Fig. 4B). The G-dNC/nHA group exhibited the highest shear strength. 
All the scaffolds remained intact after being subjected to shear stress, 
demonstrating the importance of fabricating a robust interface (calcifi
cation layer). Additionally, as the scaffold is ultimately transplanted into 
the animal body, its swelling ratio and degradation rate must be 
considered. The G-nHA group (570 ± 56.4 %) showed slightly higher 
swelling than the G-control group (485 ± 8.33 %) (Fig. 4D). The 
G-dNC/nHA scaffold (373 ± 14.57 %) exhibited the lowest swelling, 
indicating the interaction of dNC with SA. Under ideal conditions, the 
degradation rate of the scaffold should match the tissue growth rate 
[34]. During the early stages after transplantation, the scaffold provides 
mechanical support without rapid degradation. The degradation rate 
should accelerate because new tissues require growth space in the 
middle to later stages. The degradation rate of the G-dNC/nHA scaffolds 
was initially slow, but it accelerated at 3 and 4 weeks (Fig. 4E). At 3 and 
4 weeks, the degradation rate of the G-dNC/nHA scaffold was 
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significantly different from that of the G-control scaffold. The degrada
tion rate of the G-dNC/nHA scaffold aligned with the requirements for 
an osteochondral transplant alternative. 

In brief, the construction of osteochondral scaffolds should consider 
structural bionics, calcification layers, and hyaline cartilage phenotype 
[35]. First, an intricate gradient structure was created using 3D printing 
technology, which required the synergy of various crosslinking methods. 
The addition of 0.02 M Ca2+ before printing increased the viscosity and 
modulus of the extruded fiber, contributing to improved scaffold fidelity 
[36]. The combination of photocrosslinking and high-concentration 
Ca2+ crosslinking was beneficial for maintaining scaffold stability. 
Second, the stability of the osteochondral bilayer scaffold depended on 
the calcification layer with a robust interface force, demonstrating 
resistance to delamination after exposure to compression and shear 
forces [37]. Finally, the effects and mechanisms of dNC guiding hyaline 
cartilage regeneration were elucidated through in vitro and in vivo 
experiments. 

3.4. Assessment of biocompatibility and biofunction ability of 3D-printed 
scaffolds in vitro 

A CCK-8 assay was conducted to assess the cytotoxicity of the bilayer 
hydrogel scaffolds (Fig. 5A and B). The cells were cultured in the un
treated medium (control group). No significant difference was observed 
in the optical density (OD) values between each scaffold group and the 
control group at the same time point, indicating that the various 
hydrogel scaffolds did not release toxic substances affecting chon
drocytes. Interestingly, the viability of the BMSCs in all scaffold groups 
differed significantly from that of the control group on the 7th day, 
indicating that the scaffolds promoted BMSCs proliferation. Live/dead 
staining assays were also used to assess the cell viability and morphology 
on days 1, 4, and 7 (Fig. 5C–S9, and S10), indicating that the 
morphology of the cells from all groups appeared normal. 

Chondrocytes and BMSCs were seeded onto the upper (cartilage 
layer) and lower (subchondral bone) layers to evaluate the efficacy of 
the designed materials in promoting osteochondral tissue repair 
(Fig. 5D). After 7 d, cell morphology was assessed by staining (Fig. 5E 
and F). Chondrocytes cultured on the scaffolds exhibited an oblate 
morphology. SA and SA@dNC provide a hydrophilic environment that 

Fig. 3. Characterization of hydrogel scaffolds. A) Top view of 3D-printed monolayer hydrogel scaffolds (upper-layer inks contained SA and SA@dNC; lower-layer 
inks contained Gel-SA and Gel@nHA-SA) showed macrophotography, SEM, and bright-field microscopy images. Scale bar: 500 μm. B) Swelling ratios of monolayer 
hydrogel scaffold inks at various time intervals: 2, 4, 6, 8, 18, and 24 h. C) FT-IR spectra of hydrogel inks. D) Schematic of the 3D printing bilayer scaffold process 
included the top view of the calcified layer and cross-section of Masson’s trichrome (M–T) staining of the scaffold. Scale bar in the top view: 2 mm. Scale bar in M-T 
staining image: 200 μm. E) The group naming for the bilayer scaffolds was as follows: G-control, G-nHA, and G-dNC/nHA. Components and structures of bilayer 
scaffolds characterized by macrophotography, safranine O staining, M-T staining, and alizarin red staining. The arrows indicate the dNC fragments. Scale bar in the 
macrophotograph image: 4 mm. Scale bar in the histological staining image: 200 μm 

Fig. 4. Mechanical, swelling, and degradation properties of bilayer hydrogel scaffolds. A) Compressive stress-strain curves. B) G′ and G″ were determined through 
rheological testing under a constant oscillation amplitude (γ) of 1 % and frequency ranging from 0.1 to 10 Hz. C) Compressive strength (n = 3) at 20 % strain of 
bilayer hydrogel scaffolds. D) Swelling ratios and E) degradation rates of bilayer hydrogel scaffolds. The data were analyzed by one-way analysis of variance, and 
error bars indicate mean ± standard deviation, *p < 0.05, **p < 0.01, and ***p < 0.001. 
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Fig. 5. Cell viability, proliferation, adhesion, chondrogenic maintenance, and osteogenic potential of the printed upper- and lower-layer hydrogels in vitro. A, B) 
Viabilities of chondrocytes and bone marrow-derived mesenchymal stem cells (BMSCs) were tested with CCK-8 (n = 3). The control group comprised cells that were 
cultured in an untreated medium. C) Images of live/dead staining were captured after culturing chondrocytes and BMSCs with various scaffolds for 7 d (live cells: 
green, dead cells: red. Scale bar: 100 μm. D) Schematic of chondrocytes and BMSCs were separately seeded on upper-layer (i) and lower-layer (ii) hydrogels. E) Image 
of chondrocyte adhesion morphology on scaffolds on day 7. Nucleic acids are depicted in blue, while F-actin is visualized in red. Scale bar: 40 μm. Immunofluo
rescence (IF) staining of collagen type II (COL II) and collagen type I (COL I) was utilized to evaluate chondrocyte phenotype. Scale bar: 200 μm. F) Images of BMSCs 
adhesion behavior in 7 d. Scale bar: 100 μm. Alizarin red staining was used to assess osteogenic potential. Scale bar: 400 μm. G) Chondrogenic maintenance of 
chondrocytes (i) and osteogenic differentiation of BMSCs (ii) were assessed at the mRNA level (qRT-PCR) (n = 3). All data were analyzed by one-way ANOVA, and 
error bars indicate mean ± SD, *p < 0.05, **p < 0.01, and ***p < 0.001. 

Z. Wu et al.                                                                                                                                                                                                                                      



Materials Today Bio 26 (2024) 101080

10

facilitates the maintenance of normal chondrocyte morphology [38]. In 
addition, the dNC component preserved the collagen microstructure and 
reduced chondrocyte adhesion to the scaffolds. Conversely, BMSCs 
exhibited typical spindle- and star-shaped morphologies on the scaffolds 
(Gel-SA and Gel@nHA-SA). The morphology of the BMSCs was attrib
uted to the presence of the arginine-glycine-aspartic acid (RGD) peptide 
sequence in GelMA, which facilitates cell attachment [39]. IF staining 
was conducted on the 21st day to identify the matrix secreted by the 
chondrocytes on the SA and SA@dNC scaffolds (Fig. 5E), which revealed 
a hyaline phenotype with high expression of COL II and low expression 
of COL I. The hydrophilic microenvironment created by SA likely con
tributes to maintaining the chondrocyte phenotype and preventing 
dedifferentiation [40]. The increased brightness of COL II in the IF of the 
SA@dNC group was attributed to the numerous active sites on the 
bioactive material dNC. As shown in Fig. 5G(i), the relative expression of 

COL II in the SA@dNC group differed significantly from that in the SA 
group. In particular, the relative expression of COL II in the SA@dNC 
group was compared with that in the 2D chondrocyte group, manifesting 
three orders of magnitude of mRNA upregulation. The relative expres
sion of COL II in the SA@dNC group was low. The results showed that 
the hyaline cartilage phenotype (high expression of COL II and low 
expression of COL I) of the chondrocytes was maintained on the 
SA@dNC scaffolds. The results of the induction of BMSCs toward 
osteogenesis in the lower layer of the hydrogel are shown in Fig. 5F. 
Alizarin red staining revealed significant calcium deposition during 
osteogenic induction, with the Gel@nHA-SA group exhibiting a darker 
color than the Gel-SA group. Furthermore, the Gel@nHA-SA group 
showed a significantly higher expression of osteogenic-related genes 
than the Gel group, including ALP, RUNX2, COL I, OPN, and osteocalcin 
(OCN) (Fig. 5G(ii)). This indicates that GelMA and nHA stimulated 

Fig. 6. Osteochondral regeneration of bilayer scaffolds implanted at rat joints in vivo. A) The macroscopic evaluation image of the regeneration in the femoral 
trochlea of rats at 6 and 12 weeks. The control group represented that the defect was not filled with a scaffold. Scale bar: 2 mm. B) Corresponding scores were based 
on the ICRS macroscopic scoring system (n = 6). C) Young’s modulus of normal and repaired group at 12 weeks (n = 3). D) Reconstructed 3D, coronal, and sagittal 
images of the osteochondral defect region are displayed through micro-CT analysis at 12 weeks. Scale bar: 2 mm. E, F) Bone volume (BV), tissue volume (TV), and 
bone mineral density (BMD) were quantitatively evaluated based on the grayscale values extracted from the reconstructed images (n = 3). All data were analyzed by 
one-way ANOVA, and error bars indicate Mean ± SD, *p < 0.05, **p < 0.01, and ***p < 0.001. “ns” represents no significance. 
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BMSCs to undergo osteogenic differentiation. 

3.5. Assessment of osteochondral regeneration in a rat model in vivo 

An osteochondral defect model was established in the femoral 
trochlea of SD rats to evaluate repair efficacy. The bilayer hydrogel 
scaffolds were implanted into osteochondral defects, with the untreated 
group used as the control. Macroscopic photographs showed that none 
of the groups achieved complete regeneration in the initial 6 weeks 
(Fig. 6A). Newly formed fibrocartilaginous tissue in the control group 
exhibited a distinct milky-white appearance in the defect area, which 
was notably different from the surrounding normal cartilage (NC). After 
12 weeks, the group treated with G-dNC/nHA demonstrated the most 
promising results, with the regenerated tissue closely resembling the NC. 
By contrast, the other groups exhibited discontinuous tissues that were 
not fully integrated with the surrounding tissue. Utilizing the criteria 
outlined by the International Cartilage Repair Society (ICRS) macro
scopic scoring system (Table S4), the repair effects were evaluated and 
are presented in Fig. 6B. Compared to the other three groups, the G- 
dNC/nHA group achieved the highest scores, signifying superior repair 
outcomes. A compression destruction test was performed to study the 
biomechanical properties of regenerated tissues (Figure S11). Young’s 
compression modulus results demonstrated that the G-dNC/nHA group 
(3.75 ± 1.3 MPa) exhibited mechanical properties resembling NC (4.78 
± 1.94 MPa), with a statistically significant difference from the control 
group (0.89 ± 0.53 MPa) (Fig. 6C). Micro-CT analysis was employed as 
an assessment method to evaluate the subchondral bone regeneration 
(Fig. 6D). Subchondral bone formation was the most pronounced in the 
G-dNC/nHA group, where the newly formed bone almost filled the 
entire subchondral region at 12 weeks. The findings indicated that G- 
dNC/nHA scaffold implantation significantly promoted subchondral 
bone growth, as evidenced by the higher BV/TV and BMD values in the 
all-scaffold groups than in the control group (Fig. 6E and F). The bone 
surface fraction (BS/TV), trabecular thickness (Tb. Th), trabecular 
number (Tb. N), and trabecular separation (Tb. Sp) values are shown in 
Figure S12. The newly formed bone mass was the highest in the G-dNC/ 
nHA group, and the spatial morphology of the trabecular bone was 
optimal. 

Histological staining assessments further validated that the G-dNC/ 
nHA scaffold simultaneously promoted articular cartilage and sub
chondral bone regeneration compared to the other groups (Fig. 7). H&E 
staining revealed that the G-dNC/nHA group exhibited superior post
operative repair, characterized by a smooth cartilage surface, optimal 
remodeling between the cartilage and subchondral bone, and excellent 
fusion with adjacent NC. In contrast, the control group exhibited typical 
fibrous tissues. Although the G-control and G-nHA groups showed less 
favorable repair outcomes at 6 weeks postoperatively, tissue repair 
showed a slight improvement after 12 weeks. The extracellular matrix of 
cartilage primarily consists of collagen fibers and proteoglycans [41]. 
Saf-O/FG staining was used to illustrate proteoglycan distribution. The 
G-dNC/nHA group exhibited uniform proteoglycan distribution at 6 and 
12 weeks. At 12 weeks, newly secreted proteoglycans were evenly 
distributed throughout the cartilage layer and seamlessly merged with 
the surrounding tissue. In addition, the staining images revealed that the 
G-control and G-nHA scaffolds retained undegraded components at 12 
weeks postoperatively, which was consistent with the degradation data 
in vitro (Fig. 4D). In contrast, the G-dNC/nHA group exhibited the fastest 
degradation rate at 12 weeks, matching the growth rate of the regen
erated tissue. The distribution of proteoglycans in the regenerated tissue 
further elucidated the regenerative mechanism, which involved new 
tissues growing from the edges of the defect toward the center. 

M-T staining showed that the G-dNC/nHA group exhibited a 
consistently distributed collagen network in the regenerated cartilage 
layer, whereas the remaining groups displayed minor cracks on the 
cartilage surface. Considering the profound impact of collagen orienta
tion and distribution on the overall characteristics of cartilage, the 

investigation of collagen alignment is important [42]. Picrosirius red 
staining revealed that the color and orientation of collagen fibers in the 
G-dNC/nHA group closely resembled those of NC. In contrast, the other 
groups exhibited collagen colors and orientations that were distinct from 
those of NC. Specifically, the control group displayed red-stained COL I 
throughout the entire osteochondral layer with a disordered orientation, 
indicating the presence of fibrous tissues in the regenerated tissue. 
Immunohistochemical (IHC) staining was performed on the collected 
samples to investigate the collagen phenotypes in different groups. In 
the control group, the regenerated cartilage region was negative for COL 
II expression and positive for COL I expression. Staining for COL II was 
much stronger in the repaired tissues of the G-dNC/nHA group than in 
the other three groups at both 6 and 12 weeks. The other two groups 
displayed collagen phenotypes with COL I and COL II expressions. The 
regeneration of the subchondral bone was identified by IHC staining for 
COL I and IF staining for OCN. The subchondral bone was positive for 
COL I in all groups. IHC staining revealed that the subchondral bone in 
each group was positive for COL I. The IF staining results for OCN 
showed that the positive area of G-dNC/nHA was significantly greater 
than that of the control group (Figure S13). The histological staining 
score was the highest in the G-dNC/nHA group (Figure S14 and 
Table S4). Moreover, the anti-inflammatory effect of the G-dNC/nHA 
scaffold was verified by IF staining at 6W. The results showed that the 
scaffold stimulated macrophages to polarize into M2 macrophages, 
which resisted early inflammatory response and promoted tissue repair 
(Figure S15). 

In summary, the regenerative efficacy of the G-dNC/nHA group 
surpassed that of the other three groups. The suboptimal integration 
observed between the cartilage and the subchondral bone in the other 
three groups could be attributed to inadequate active stimuli and dif
ferences in the calcification layer. The hydrophilic and bioactive 
microenvironment created by the G-dNC/nHA scaffold proved benefi
cial for hyaline cartilage regeneration, which is consistent with the in 
vitro experimental results. Subchondral bone repair can be achieved 
through in situ spontaneous self-remodeling. Articular cartilage regen
eration is a primary challenge in osteochondral regeneration [43]. The 
promotion of hyaline cartilage formation is pivotal for enhancing the 
integration of bone and cartilage. 

The mRNA expression in the regenerated osteochondral tissues was 
analyzed at 12 weeks to elucidate the repair mechanisms of the scaffold. 
Principal component analysis (PCA) showed that the G-dNC/nHA group 
exhibited the mRNA expression profile like that of native osteochondral 
tissue (Normal group). Conversely, the G-dNC/nHA group displayed 
distinct mRNA expression compared to the control group (Fig. 8A). The 
heatmap showed the cluster of differentially expressed genes (DEGs) 
between the G-dNC/nHA group and the control and normal group, 
respectively (Fig. 8B, Figure S16). Clustering results showed differences 
in gene expression trends among the groups. However, there were some 
similar gene expression trends between the G-dNC/nHA group and the 
normal group. The volcano plot of G-dNC/nHA versus the control 
(negative control) confirmed the presence of several significantly 
upregulated genes in the G-dNC/nHA tissue (Fig. 8C), including Comp, 
Sox9, Col2a1, and Acan. However, osteogenic marker genes such as Sp7, 
Alpl, Spp1, and Runx2 were insignificant in the volcano plot. The vol
cano plot of G-dNC/nHA versus normal (positive control) confirmed that 
the chondrogenic and osteogenic genes of G-dNC/nHA resembled those 
in normal tissue (Fig. 8D). The specific chondrogenic and osteogenic 
gene expression levels in the G-dNC/nHA group are shown in Fig. 8E and 
F. The results of COL II expression showed that chondrogenic marker 
genes in the G-dNC/nHA group were upregulated compared to the 
control group, which were consistent with the qRT-PCR in vitro 
(Fig. 5G). This suggests that the composition and structure of the scaf
fold, particularly the combined action of polysaccharide SA and dNC, 
are crucial in the successful regeneration of hyaline cartilage [44]. 
However, the COL II gene expression of SA@dNC scaffold groups was 
quite different in vivo and in vitro. It was attributed to the different 

Z. Wu et al.                                                                                                                                                                                                                                      



Materials Today Bio 26 (2024) 101080

12

Fig. 7. Histological and immunohistochemical (IHC) staining of repaired osteochondral defects at 6 and 12 weeks in vivo (sagittal section), including hematoxylin 
and eosin, safranin O/fast green, Masson’s trichrome, and picrosirius red stains. The two arrows indicate the location and width of the initially fabricated experi
mental defect. Scale bar: 500 μm. 
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control groups and experimental model environments. Gene Ontology 
(GO) enrichment analysis included biological process (BP), cellular 
component (CC), and molecular function (MF). The significantly 
enriched upregulated GO terms, including cartilage development, 
chondrocyte differentiation, glycosaminoglycans, growth factors, and 
more, indicate that G-dNC/nHA scaffold could modulate BMSCs and 
chondrocytes development (Fig. 8G, Figure S17). In addition, the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed 
significant upregulation, including the Hedgehog, TGF-β, Wnt, and 
cAMP signaling pathways (Fig. 8G). The Hedgehog and TGF-β pathways 
have been widely reported to be associated with the process of cartilage 
development [45,46], while the Wnt and cAMP signaling pathways are 
reportedly associated with osteogenesis in the corresponding literature 
[47,48]. KEGG pathway analysis showed that the Hedgehog signaling 
pathway was more significant than the other pathways, indicating that 
the difference between the G-dNC/nHA and control groups was reflected 
in chondrogenesis. This conclusion was consistent with the results of 
IHC and volcano plots. Hence, we hypothesized that the G-dNC/nHA 
scaffold facilitates chondrogenesis via the Hedgehog pathway. 

The Hedgehog (Hh) ligand protein in the Hedgehog pathway binds to 
the receptor Ptch1. Subsequently, the smoothened (Smo) is activated. 
The Smo activates the Gli protein family of transcription factors, thereby 
regulating the expression of downstream target genes (Figure S18). To 
further confirm activation of the G-dNC/nHA scaffold, Gli1 protein 
expression was detected by IF and Western blotting (WB). WB and IF 
results showed that the expression of the Gli1 protein in the G-dNC/nHA 
group was higher than that in the control group (Figure S19 and S20). 
Thus, the Hedgehog pathway plays a significant role in cartilage 
development. The IHC results for COL II showed that the tissue in the G- 
dNC/nHA group changed from a mixed collagen phenotype to a hyaline 
phenotype from 6 weeks to 12 weeks. The Hedgehog pathway, which 
promotes cell proliferation and tissue remodeling, may play a critical 
role in cartilage development. In summary, the G-dNC/nHA scaffold 
provided a favorable physical and chemical microenvironment for cell 
development, promoting osteochondral regeneration. 

4. Conclusion 

Regeneration of osteochondral defects requires a gradient-integrated 
scaffold with calcification layers to guide hyaline cartilage regeneration. 
Therefore, a novel class of multi-crosslinked polysaccharide-based 3D 
printing inks was successfully developed in this study to fabricate an 
osteochondral integrated scaffold. Innovative printing strategies, 
including dual-nozzle cross-printing technology and gradient cross
linking, were employed to create gradient bilayer scaffolds featuring a 
calcification layer. Mechanical assessments confirmed the robust me
chanical properties of the scaffold in terms of compressive and shear 
resistances. The excellent regeneration of osteochondral tissue with 
hyaline cartilage was attributed to the gradient of bioactive scaffolds 
with a calcification layer in vivo. The bioactive scaffold with dNC and 
nHA simultaneously stimulated cell behavior to regenerate hyaline 
cartilage and the subchondral bone. The presence of a calcification layer 
enhanced the integration of regenerated bone and cartilage. The find
ings of this study provide the molecular mechanism theory and the 
experimental groundwork for constructing osteochondral defect trans
plant substitutes with biomimetic compositions and structures in the 
future. 
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