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A B S T R A C T   

Osteochondral regeneration involves the highly challenging and complex reconstruction of cartilage and sub-
chondral bone. Silicon (Si) ions play a crucial role in bone development. Current research on Si ions mainly 
focuses on bone repair, by using silicate bioceramics with complex ion compositions. However, it is unclear 
whether the Si ions have important effect on cartilage regeneration. Developing a scaffold that solely releases Si 
ions to simultaneously promote subchondral bone repair and stimulate cartilage regeneration is critically 
important. Diatomite (DE) is a natural diatomaceous sediment that can stably release Si ions, known for its 
abundant availability, low cost, and environmental friendliness. Herein, a hierarchical osteochondral repair 
scaffold is uniquely designed by incorporating gradient DE into GelMA hydrogel. The adding DE microparticles 
provides a specific Si source for controlled Si ions release, which not only promotes osteogenic differentiation of 
rBMSCs (rabbit bone marrow mesenchymal stem cells) but also enhances proliferation and maturation of 
chondrocytes. Moreover, DE-incorporated hierarchical scaffolds significantly promoted the regeneration of 
cartilage and subchondral bone. The study suggests the significant role of Si ions in promoting cartilage 
regeneration and solidifies their foundational role in enhancing bone repair. Furthermore, it offers an economic 
and eco-friendly strategy for developing high value-added osteochondral regenerative bioscaffolds from low- 
value ocean natural materials.   

1. Introduction 

In recent years, multifunctional scaffolds have demonstrated signif-
icant potential in the regeneration of bone and cartilage tissues [1]. 
However, the integrated repair of cartilage and subchondral bone re-
mains a substantial challenge due to their physiological anisotropy [2]. 
To achieve satisfactory regeneration of osteochondral defects, there is an 
urgent need for a dual-layer scaffold capable of providing the specific 
anisotropic physiological microenvironments for cartilage and 

subchondral bone formation, respectively. Recently, 3D printing tech-
nology, known for its high precision and rapid prototyping capabilities, 
has become increasingly popular in constructing multifunctional 
layered scaffolds [3–5]. This technology enables the precise fabrication 
of bioactive scaffolds tailored to meet various biochemical microenvi-
ronment requirements [6–8]. Owing to its multifunctionality, 3D 
printing has been utilized in the construction of numerous tissue engi-
neering scaffolds with capabilities for mechanical or biochemical factor 
regulation, including artificial blood vessels, hearts, and bones [9–11]. 
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Therefore, employing 3D printing technology to create hierarchical 
scaffolds presents a promising approach for regenerating osteochondral 
tissue [12]. 

To further enhance repair capabilities of 3D printing scaffolds, 
various inorganic biomaterials have been incorporated into hydrogels 
[13–15]. Owing to Si’s role in promoting collagen and extracellular 
matrix synthesis and deposition during tissue repair, various 
Si-containing biomaterials have been used in tissue engineering for 
repair purposes [16,17]. However, these materials typically employed in 
research are predominantly complex silicate ceramics, making it chal-
lenging to conduct studies solely on the effects of pure Si ions on 
osteochondral tissue repair. Although Si dioxide releases only Si ions, 
traditional methods of fabricating micro/nanostructured silica dioxide 
(SiO2) are complex and cumbersome, often introducing impurities that 
greatly limit its clinical application [18]. Most artificially synthesized 
silica dioxides are characterized by a densely crystalline structure, 
which results in a slow release of Si ions [19]. This property does not 
meet the rapid release requirements necessary for effective cartilage and 
bone tissue repair. Therefore, it is urgently necessary to find a natural 
biogenic silica that can rapidly and stably release Si ions continuously 
for cartilage and bone regeneration. 

Encouragingly, we have discovered a natural diatom sedimentary 
mineral in the ocean that can stably release Si ions. Diatomite, composed 
of the siliceous skeletal remains of diatoms, possesses a uniform porous 
structure, high surface area, and excellent mechanical strength [20,21]. 
Owing to these advantages, diatomite has found widespread use in 
biomedical engineering, with applications including hemostasis, drug 
delivery, and skin repair [22–24]. More importantly, as a stable source 
of Si ions, diatomite can continuously release bioactive Si ions, pro-
moting tissue repair. Therefore, it is reasonable to hypothesize that this 

economic and eco-friendly natural mineral material could be utilized to 
construct bioactive scaffolds for osteochondral repair, featuring stable Si 
ion release capability. 

Herein, DE-incorporated hierarchical scaffolds for osteochondral 
regeneration were successfully fabricated using 3D printing technology 
(Scheme 1). Due to the excellent biocompatibility and significance in the 
field of cartilage repair of GelMA (gelatin methacryloyl), bioactive DE 
microparticles were selected and mixed with a GelMA solution to create 
a GelMA composite ink with gradient DE microparticles for 3D printing 
[25–28]. The incorporation of DE microparticles significantly improved 
the adhesion and proliferation of chondrocytes and rBMSCs. Further-
more, the DE-incorporated hierarchical scaffolds may promote the 
maturation of chondrocytes and induce osteogenic differentiation of 
rBMSCs through the ECM (Extracellular Matrix) receptor interaction 
signaling pathway. Additionally, in a New Zealand White rabbit osteo-
chondral defect model, the introduction of DE microparticles was 
confirmed to substantially accelerate the regeneration of cartilage and 
subchondral bone, as well as promote the integration of newly formed 
tissue with the surrounding tissues. Overall, the economic and 
eco-friendly DE-incorporated hierarchical scaffolds are considered 
promising candidates for enhancing the regeneration of osteochondral 
tissue. 

2. Results 

2.1. Fabrication and characterization of DE-incorporated scaffolds 

Prior to application, DE microparticles were filtered through a 30 μm 
membrane. The SEM (Scanning Electron Microscopy) image showed 
that the obtained DE microparticles had a rod-like shape with a length of 

Scheme 1. Schematic illustration showing DE-incorporated hierarchical scaffold designed for osteochondral regeneration. The DE-incorporated hierarchical scaffold 
offers a conducive physiological microenvironment for the adhesion and proliferation of chondrocytes and rBMSCs. Moreover, the DE-incorporated hierarchical 
scaffold significantly stimulates the regeneration of hyaline cartilage and subchondral bone through the release of Si ions from the DE microparticles. Note: Bioink A 
and Bioink B are GelMA bioinks incorporated with different concentrations of DE microparticles. 
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less than 20 μm (Fig. 1A). It was also observed that these particles 
exhibited a well-organized and richly porous surface structure. Results 
from EDS (Energy-Dispersive X-ray Spectroscopy) analysis revealed that 
DE microparticles predominantly consist of silicon (Si) and oxygen (O) 
elements, with the Si to O ratio closely aligning with the composition of 
SiO2 (Figs. S1A–E). Due to the carbon coating applied to the DE mi-
croparticles before conducting EDS analysis, carbon was also detected in 
the elemental composition results. In Fig. 1B, the XRD (X-ray Diffrac-
tion) pattern of the DE microparticles displayed distinct peaks at 22.0◦

and 26.6◦, which could be indexed to SiO2 in the form of quartz, as 
referenced in PDF No. 46–1045 (Fig. 1B). Moreover, results from ICP- 
AES (Inductively Coupled Plasma Atomic Emission Spectroscopy) 

showed that DE microparticles could continuously and steadily release 
Si ions, with the ion release increasing as the concentrations of DE mi-
croparticles rose (Fig. S1F). 

In the preparation of GelMA and DE-incorporated scaffolds, a 6 % (v/ 
v) GelMA solution was combined with different concentrations of DE 
dispersion to form specialized printing inks suitable for GelMA, 5 % DE- 
incorporated GelMA (5 DE), 10 % DE-incorporated GelMA (10 DE), 20 % 
DE-incorporated GelMA (20 DE), and 30 % DE-incorporated GelMA (30 
DE) scaffolds. Subsequently, the GelMA and DE-incorporated scaffolds 
were fabricated by 3D printing method. According to the XRD patterns, 
the distinct peaks observed at 22.0◦ and 26.6◦ were typical of quartz, 
indicating the presence of DE microparticles in the DE-incorporated 

Fig. 1. Characterizations of DE microparticles and DE-incorporated scaffolds. (A) SEM image of DE microparticles, (B) XRD pattern of DE microparticles, (C) XRD 
patterns of GelMA scaffold and DE-incorporated scaffolds, (D) Maximum storage modulus of the scaffolds within 500 % strain, (E) Digital photographs of GelMA 
scaffold and DE-incorporated scaffolds, (F) Photographs of GelMA scaffold and DE-incorporated scaffolds taken under an inverted microscope, (G, H) SEM images of 
GelMA scaffold and DE-incorporated scaffolds. The XRD patterns confirmed the presence of the SiO2 phase in DE microparticles and DE-incorporated scaffolds, 
characterized by the quartz structures, corresponding to PDF Nos. 46–1045. Furthermore, mechanical property testing revealed that the incorporation of DE mi-
croparticles significantly enhanced the storage modulus of the scaffolds. Additionally, SEM images showed that, in contrast to the smooth surface of the GelMA 
scaffold, the surface of the DE-incorporated scaffolds contained rod-shaped porous DE microparticles. Statistical comparisons were made between the GelMA scaffold 
and DE-incorporated scaffolds, with significance levels indicated as **p < 0.01 and ***p < 0.001, using one-way ANOVA followed by Dunnett’s multiple comparisons 
test. The error bars in the results denote the mean ± standard deviation. 
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scaffolds (Fig. 1C). To investigate the impact of DE incorporation on the 
mechanical properties of hydrogels, detailed rheological and compres-
sion experiments were conducted on the DE-incorporated scaffolds. 
Results indicated that as the concentration of DE microparticles in the 
hydrogel increased, there was an initial rise followed by a decrease in 
the elastic modulus. The incorporation of DE significantly increased the 
storage modulus of hydrogel from 493.3 Pa (GelMA) to 1010.2 Pa (20 
DE), elevated the Young’s modulus from 64.2 kPa to 122.7 kPa, and 
raised the shear stress from 906 Pa to 1580 Pa (Fig. 1D and Figs. S2A–E). 
The compressive strength of the DE-incorporated scaffolds also 
improved as the DE concentration increased, with the 10 DE and 20 DE 
scaffolds achieving maximum compressive stresses of 16.85 kPa and 
16.13 kPa, respectively (Fig. S2F). However, when the concentration of 
DE microparticles reached 30 %, the excess DE microparticles acted as 

points of stress concentration, leading to a significant deterioration in 
mechanical properties. Moreover, results from ICP-AES indicated that 
scaffolds integrated with DE microparticles were capable of releasing Si 
ions in a continuous and stable manner. Notably, the rate of ion release 
escalated in conjunction with the increase in DE content (Fig. S2G). 
Visual inspection through optical photographs revealed that the 3D 
printed scaffolds featured a regular grid-like structure. It was also 
observed that the light transmittance of theses scaffolds diminished 
progressively with an upsurge in DE concentration (Fig. 1E, F). SEM 
images of the freeze-dried scaffolds showed that DE-incorporated scaf-
folds possessed an interconnected porous structure, with the surface 
covered in elongated DE microparticles featuring regular pores (Fig. 1G, 
H). Additionally, the enlarged SEM images displayed that the DE mi-
croparticles were homogeneously distributed within the hierarchical 

Fig. 2. Morphology of chondrocytes and rBMSCs cultured on GelMA scaffold and DE-incorporated scaffolds. (A) CLSM images of chondrocytes cultured on scaffolds 
for 1 and 7 days, (B) SEM images of chondrocytes cultured on scaffolds for 7 days, (C) CLSM images of rBMSCs cultured on scaffolds for 1 and 7 days, (D) SEM images 
of rBMSCs cultured on scaffolds for 7 days. The results demonstrated that chondrocytes proliferated and spread better on the 5 DE and 10 DE scaffolds compared to 
the GelMA scaffold. For rBMSCs, there was no significant difference in proliferation across different scaffolds. However, rBMSCs on the 20 DE and 30 DE scaffolds 
appeared more three-dimensional and fuller with abundant pseudopodia. The SEM images displayed that the chondrocytes and rBMSCs interacted with DE 
microparticles. 
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scaffold (Fig. S3). And the mapping images highlighted a uniform 
dispersion of DE microparticles across the surface of the scaffold. This 
dispersion was accompanied by a discernible enhancement in the pres-
ence of Si elements, which directly correlated with the increased DE 
concentration (Fig. S3). Concurrently, the release of Si ions resulting 
from the degradation of DE-incorporated scaffolds facilitated minerali-
zation processes. Observations detailed in Fig. S4 illustrated that as the 
DE content increased, there was a corresponding increase in the mineral 
composition on the surface of scaffolds. The EDS analysis revealed that 
the calcium-to-phosphorus ratio of these surface minerals closely re-
sembles that of hydroxyapatite (Figs. S4B–E). This similarity suggested 
an environment favorable for the regeneration of cartilage and bone. 

2.2. DE-incorporated scaffolds promoted cell adhesion and differentiation 

To further investigate the stimulating effects of DE-incorporated 
scaffolds on cell proliferation and adhesion, chondrocytes and rBMSCs 
were seeded onto the scaffolds, respectively. Subsequently, CLSM 
(Confocal Laser Scanning Microscopy) and SEM analyses were employed 

to observe cell proliferation and morphology. The results indicated that 
one day post-seeding, there were no significant differences in the pro-
liferation of chondrocytes on different scaffolds (Fig. 2A). However, by 
day 7, chondrocytes on the 5 DE and 10 DE scaffolds were notably more 
abundant compared to other scaffolds, suggesting their superior ability 
to promote chondrocyte proliferation (Fig. 2A). Moreover, Cryo-SEM 
images revealed that chondrocytes with abundant pseudopodia on the 
surfaces of 5 DE scaffold had a greater contact area than those on the 
other scaffolds (Fig. 2B). Regardless of the culture duration, whether 1 
day or 7 days, rBMSCs exhibited similar proliferation abilities on 
different scaffolds (Fig. 2C). However, those on the 20 DE and 30 DE 
scaffolds exhibited richer pseudopodia and a more three-dimensional 
morphology, indicating that the incorporation of DE promoted 
rBMSCs’ attachment to the scaffolds (Fig. 2D). It was also observed that 
chondrocytes and rBMSCs interacted with the DE microparticles on the 
surfaces of the scaffolds, suggesting that DE microparticles may promote 
cell adhesion and proliferation. 

On this basis, the impact of DE-incorporated scaffolds on the matu-
ration of chondrocytes and the osteogenic differentiation of rBMSCs was 

Fig. 3. DE-incorporated scaffolds promoted the maturation of chondrocytes and osteogenic differentiation of rBMSCs. (A) CLSM images of COL II expression after 
chondrocytes cultured on scaffolds for 3 days. (blue, DAPI for nucleus; green, FITC-phalloidin for cytoskeleton; red, Proteintech SA00013-4 secondary antibody for 
COL II), (B) Quantitative fluorescence intensity of COL II expression by using image-pro plus software, (C) ALP staining images after rBMSCs cultured on scaffolds for 
14 days, (D) Quantitative ALP activity by PNPP method after rBMSCs cultured on scaffolds for 14 days, (E) Alizarin red staining images after rBMSCs cultured on 
scaffolds for 21 days, (F) Quantitative Alizarin red by CPC method after rBMSCs cultured on scaffolds for 21 days. As compared to the GelMA scaffold, chondrocytes 
cultured on the 5 DE and 10 DE scaffolds exhibited higher expression of COL II protein, suggesting the efficacy of 5 DE and 10 DE scaffolds in enhancing chondrocyte 
maturation. Furthermore, the qualitative and quantitative experimental results of ALP and ARS revealed that incorporating DE microparticles favors the osteogenic 
differentiation of rBMSCs. For comparison, the quantitative data of GelMA groups was normalized to a value of 1. Statistical comparisons were made between the 
GelMA groups and other groups, with significance levels indicated as *p < 0.05, **p < 0.01 and ***p < 0.001, using one-way ANOVA followed by Dunnett’s multiple 
comparisons test. The error bars in the results denote the mean ± standard deviation. 
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further explored. Immunofluorescence staining for COL II protein 
revealed that, compared to GelMA scaffolds, the 5 DE and 10 DE scaf-
folds significantly enhanced the expression of COL II in chondrocytes 
(Fig. 3A, B). However, the expression of COL II by chondrocytes on the 
20 DE and 30 DE scaffolds was not significantly different from that on 
the GelMA scaffolds. Additionally, qualitative results from ALP staining 
and quantitative analysis showed that the incorporation of DE notably 
increased ALP activity, which progressively rose with higher DE content 

and stabilized at a 20 % concentration (Fig. 3C, D). Alizarin red staining 
indicated that the DE-incorporated scaffolds significantly promoted the 
formation of calcium nodules, peaking at a DE concentration of 10 % 
(Fig. 3E, F). To further observe the morphology of osteogenically 
differentiated rBMSCs on the scaffolds, after 21 days of culture, the 
cellular samples were fixed and underwent Cryo-SEM analysis. It was 
found that the rBMSCs were in contact with the DE microparticles on the 
surface of the DE-incorporated scaffolds, and there were more calcified 

Fig. 4. Characterizations of DE-incorporated hierarchical scaffolds. (A) Digital photographs of DE-incorporated hierarchical scaffolds, (B) Release profiles of Si in DE- 
incorporated hierarchical scaffolds, (C) Weight loss of DE-incorporated hierarchical scaffolds after 63 days, (D–H) Expression of chondrogenic-related genes AGC, 
COL II, SOX9, NCAD, and HIF-1α after chondrocytes cultured on scaffolds for 7 days, (I–M) Expression of osteogenic-related genes BMP2, COL I, OCN, OPN, and 
RUNX2 after rBMSCs cultured on scaffolds for 7 days. It was found that Si can be continuously released from the DE-incorporated hierarchical scaffolds, and their 
degradation rates slow down as the DE content increases. Furthermore, 0–10 DE scaffold significantly enhanced the expression of genes related to chondrocyte 
maturation, while 5–20 DE scaffold significantly promoted the expression of genes associated with osteogenic differentiation in rBMSCs. For comparison, the gene 
expression in the CTR groups (without scaffold) was normalized to a value of 1. Statistical comparisons were made between the GelMA groups and other DE- 
incorporated hierarchical scaffolds groups, with significance levels indicated as *p < 0.05 **p < 0.01, and ***p < 0.001, using one-way ANOVA followed by 
Dunnett’s multiple comparisons test. The error bars in the results denote the mean ± standard deviation. 
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secretions from the cells on the surface of the DE-incorporated scaffolds 
(Fig. S5). These results suggested that the incorporation of DE particles 
not only aided in promoting chondrocyte maturation but also enhancing 
osteogenic differentiation in rBMSCs. 

2.3. Preparation and characterization of DE-incorporated hierarchical 
scaffolds 

The aforementioned results indicated that GelMA, 5 DE, and 10 DE 
scaffolds were more suitable for cartilage repair, while the 10 DE, 20 DE, 
and 30 DE scaffolds exhibited superior performance in osteogenic in-
duction. Therefore, GelMA, 5 DE, and 10 DE were selected as the upper 
layers of the scaffold, and 10 DE, 20 DE, and 30 DE served as the lower 
layers for fabricating a DE-incorporated hierarchical scaffold for osteo-
chondral regeneration. Digital photographs illustrated that, due to 
varying DE concentrations in the upper and lower layers, hierarchical 
scaffolds exhibited different levels of transparency between the top and 
bottom halves (Fig. 4A). The transparency of the hierarchical scaffolds 
gradually decreased as the DE concentration increased. Results from 
ICP-AES showed that DE-incorporated hierarchical scaffolds could 
steadily and continuously release Si ions, with the ion release increasing 
as the DE content rose (Fig. 4B). The introduction of DE microparticles 
also enhanced the degradation properties of the scaffolds. Compared to 
GelMA scaffolds, the degradation of the 5–20 DE and 10–30 DE scaffolds 
was significantly slower, which is advantageous for the long-term re-
quirements of cartilage and subchondral bone regeneration (Fig. 4C). 

2.4. Stimulatory effect of DE-incorporated hierarchical scaffolds on 
chondrocytes and rBMSCs 

Building on the study of physicochemical properties, the biological 
performance of the DE-incorporated hierarchical scaffolds was further 
investigated. Results from CCK8 assays indicated that DE-incorporated 
hierarchical scaffolds significantly promoted the proliferation of chon-
drocytes, while they had no promotional effects on the proliferation of 
rBMSCs (Fig. S6). Results from qPCR (quantitative Polymerase Chain 
Reaction) further revealed that the DE-incorporated hierarchical scaf-
folds significantly boosted the expression of genes specific to cartilage, 
including AGC, SOX9, COL II, NCAD, and HIF-1α (Fig. 4D–H). Among 
these, the 0–10 DE scaffold was the most effective in promoting chon-
drocyte maturation. Additionally, the DE-incorporated hierarchical 
scaffolds also notably elevated the expression of osteogenic 
differentiation-related genes in rBMSCs, such as BMP2, COL I, OCN, 
OPN, and RUNX2, with the 5–20 DE scaffold showing the most pro-
nounced osteogenic induction effect (Fig. 4I-M). These results demon-
strated that DE-incorporated hierarchical scaffolds possess excellent 
capabilities in promoting osteochondral regeneration. 

2.5. Widespread transcriptomic alterations triggered by DE-incorporated 
hierarchical scaffolds 

To explore the possible mechanism through which DE-incorporated 
scaffolds induce chondrocytes maturation and foster rBMSCs osteo-
genic differentiation, transcriptomic analyses were conducted on cells 
cultured on hierarchical scaffolds. Chondrocytes and rBMSCs grown on 
GelMA scaffolds (n = 3), 0–10 DE scaffolds (n = 3), and 5–20 DE scaf-
folds (n = 3) for 7 days were collected and underwent RNA-seq analysis. 
The levels of gene expression were standardized by determining the 
number of fragments per kilobase of transcript for every million mapped 
reads. Comparisons between the GelMA, 0–10 DE, and 5–20 DE groups 
were conducted to identify differentially expressed genes (DEGs) in the 
cellular samples following incubation with hierarchical scaffolds. The 
heatmap of all DEGs following cluster analysis revealed significant 
changes in chondrocyte transcriptome profiles among the different 
groups (Fig. S7A). Specifically, 826 upregulated and 626 downregulated 
DEGs were detected in the 0–10 DE group compared to the GelMA group 

(Fig. S7B). In the comparison of 5–20 DE versus GelMA, 1324 genes 
were significantly upregulated, while the expression of 1193 genes were 
significantly downregulated (Fig. S7C). These results suggested that 
both 0–10 DE and 5–20 DE scaffolds triggered strong cellular responses 
in chondrocytes. The overlap of DEGs in paired comparisons showed 
that only 88 DEGs were identical, while 139 DEGs changed in the 0–10 
DE versus GelMA comparison, and 1159 DEGs changed in the 5–20 DE 
versus GelMA comparison, demonstrating the strong effects of the 0–10 
DE and 5–20 DE scaffolds on chondrocytes (Fig. S7D). To further 
elucidate the promotive effects of hierarchical scaffolds on chondrocyte 
activity, a Gene Ontology (GO) enrichment analysis was executed to 
delineate the biological functions implicated by these DEGs. Fig. 5A and 
B display the top GO terms for biological processes (BP), cellular com-
ponents (CC), and molecular functions (MF) based on the p-value, 
revealing the notable effects of DE-incorporated hierarchical scaffolds 
on chondrocytes. Several key GO terms were significantly enriched in 
BP, such as “extracellular structure organization”, “extracellular matrix 
organization”, “regulation of cell mobility”, “positive regulation of cell 
mobility”, “regulation of cell adhesion”, “cell adhesion”, “positive 
regulation of biomineralization”, “positive regulation of developmental 
process”, “regulation of cartilage development”, and “cartilage devel-
opment” (Fig. 5A, B). These results suggested that DE-incorporated hi-
erarchical scaffolds could regulate multifaceted functions involved in 
cartilage repair, including cell migration and adhesion, ECM deposition, 
and cartilage formation. Afterward, we used Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analysis to uncover the major 
signaling pathways that changed in chondrocytes grown on scaffolds 
with DE incorporated into their hierarchical structure. Results indicated 
that several signaling pathways of chondrocytes were potentially 
changed after stimulation by DE-incorporated hierarchical scaffolds, 
including ECM-receptor interaction, TNF signaling pathway, and IL-17 
signaling pathway (Fig. 5C, D). Moreover, transcript profiles showed 
that multiple genes of the ECM-receptor interaction pathway in chon-
drocytes were significantly increased, including ITGB6, COL4A6, 
LAMA3, ITGA8, ITGA3, ITGA4, IBSP, ITGAV, and ITGB8 (Fig. 5E). 

Additionally, transcriptomic analyses were also conducted on 
rBMSCs cultured on hierarchical scaffolds. The heatmap of all DEGs 
following cluster analysis uncovered significant changes in rBMSC 
transcriptome profiles among the groups of GelMA, 0–10 DE, and 5–20 
DE (Fig. S8A). Briefly, 149 upregulated and 81 downregulated DEGs 
were detected in the 0–10 DE group compared to the GelMA group 
(Fig. S8B). In the comparison of 5–20 DE versus GelMA, the expression 
of 408 genes was significantly upregulated, while the expression of 370 
genes was significantly downregulated (Fig. S8C). The overlap of DEGs 
in paired comparisons showed that only 17 DEGs were identical, while 
100 DEGs changed in the 0–10 DE versus GelMA comparison, and 512 
DEGs changed in the 5–20 DE versus GelMA comparison, indicating the 
significant effects of 0–10 DE and 5–20 DE scaffolds on rBMSCs 
(Fig. S8D). To further study the positive effect of hierarchical scaffolds 
on rBMSCs, GO enrichment analysis was conducted. Fig. 6A and B 
display the top GO terms for CC, MF, and BP based on the p-value, 
revealing the obvious effects of DE-incorporated hierarchical scaffolds 
on rBMSCs. Several key GO terms were significantly enriched in BP, such 
as “glycosaminoglycan binding”, “positive regulation of cytosolic cal-
cium ion concentration”, “cell adhesion”, “positive regulation of cell 
migration”, “positive regulation of cell mobility”, “biological adhesion”, 
and “multicellular organismal response to stress”, (Fig. 6A, B). 
Furthermore, results from KEGG enrichment revealed that several 
signaling pathways were potentially changed under the stimulation of 
DE-incorporated hierarchical scaffolds, including ECM-receptor inter-
action, PPAR signaling pathway, and synaptic vesicle cycle signaling 
pathway (Fig. 6C, D). In the transcriptional profiles of rBMSCs using 
RNA-seq, the 0–10 DE and 5–20 DE groups displayed significantly 
higher expression of relevant genes in the ECM-receptor interaction 
pathway, such as HMMR, ITGA2, ITGB4, IBSP, and CD36, compared to 
the GelMA group, which was subsequently validated by qPCR (Fig. 6E). 
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2.6. DE microparticles promoted chondrocytes maturation and rBMSCs 
differentiation 

To further investigate the stimulatory effect of DE microparticles on 
osteochondral regeneration, different concentrations of DE microparti-
cles were used to incubate chondrocytes and rBMSCs. Results from the 
CCK8 assay showed that low concentrations of DE microparticles (5–50 
μg/mL for chondrocytes and 5–10 μg/mL for rBMSCs) had no significant 
impact on their proliferation, whereas concentrations above 50 μg/mL 
demonstrated a suppressive effect on proliferation (Fig. S9A, C). Crystal 
violet staining further confirmed these results. Additionally, PCR results 
indicated that low concentrations (5–10 μg/mL) of DE microparticles 
significantly promoted the expression of chondrocyte-specific genes, 

such as COL II, Aggrecan, SOX9, NCAD, and HIF-1α (Fig. S10). Immu-
nofluorescence staining results further confirmed that low concentra-
tions of DE microparticles could enhance the production of COL II 
protein in chondrocytes (Fig. S11A). The quantitative analysis revealed 
that as the concentration of DE microparticles increased, their stimula-
tory effect on COL II protein expression gradually decreased (Fig. S11B). 
Apart from promoting chondrocyte maturation, DE microparticles also 
significantly enhanced osteogenic differentiation in rBMSCs. Results 
from mRNA detection showed that within the concentration range of 
10–100 μg/mL, DE microparticles significantly stimulated the activation 
of genes associated with osteogenesis (BMP2, COL I, OCN, OPN, and 
RUNX2) in rBMSCs (Fig. S12). Qualitative and quantitative analyses of 
the early osteogenic marker ALP and the late marker calcium nodules of 

Fig. 5. RNA-seq reveals widespread transcriptomic changes of chondrocytes triggered by DE-incorporated hierarchical scaffolds. (A) Significant GO terms associated 
with ECM organization and cell adhesion (0–10 DE versus GelMA), (B) Significant GO terms associated with cartilage development and ECM organization (5–20 DE 
versus GelMA), (C) Top 8 KEGG enrichment pathways in the comparison of 0–10 DE versus GelMA, (D) Top 8 KEGG enrichment pathways in the comparison of 5–20 
DE versus GelMA, (E) Heatmap of expression levels in ECM-receptor interaction pathway related genes using RNA-seq, (F–I) mRNA levels of ECM-receptor interaction 
pathway related genes after chondrocytes co-cultured with different concentrations of DE microparticles for 7 days. For comparison, the gene expression in the CTR 
groups (0 μg/mL) was normalized to a value of 1. Statistical comparisons were made between the CTR groups and other groups, with significance levels indicated as 
**p < 0.01 and ***p < 0.001, using one-way ANOVA followed by Dunnett’s multiple comparisons test. The error bars in the results denote the mean ± stan-
dard deviation. 
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osteogenic differentiation indicated that DE microparticles obviously 
upregulated the expression of ALP and calcium nodules (Fig. S13). To 
further explore the mechanism by which DE microparticles regulate 
chondrocyte maturation and rBMSC osteogenic differentiation, relevant 
genes in the ECM signaling pathway were examined. It was found that 
multiple genes of the ECM-receptor interaction pathway in chondrocytes 
were significantly increased, including ITGB6, COL4A6, LAMA3, ITGA8, 
ITGA3, ITGA4, IBSP, ITGAV, and ITGB8 (Fig. 5F–I, Fig. S14). The rele-
vant genes of the ECM-receptor interaction pathway in rBMSCs were 
subsequently validated by qPCR (Fig. 6F–I, Fig. S15). 

2.7. DE-incorporated hierarchical scaffolds promoted the in vivo 
osteochondral regeneration 

Although the 10–30 DE scaffold exhibited the highest levels of COL I 
and COL II expression, it’s important to note that the pathways leading 
to chondrogenesis or osteogenesis are influenced by a broader spectrum 
of genes beyond COL II and COL I. Key genes such as Aggrecan, SOX9, 
NCAD, HIF-1α, BMP2, OCN, OPN, and RUNX2 also play crucial roles in 
these differentiation processes. Considering the collective expression 
profiles of these essential genes, the 10–30 DE scaffold does not repre-
sent the most favorable option for in vivo study. Based on their excellent 
in vitro chondrogenesis and osteogenesis, the 0–10 DE and 5–20 DE 
scaffolds were selected for subsequent in vivo studies of osteochondral 

Fig. 6. RNA-seq reveals widespread transcriptomic changes of rBMSCs triggered by DE-incorporated hierarchical scaffolds. (A) Significant GO terms associated with 
ECM (0–10 DE versus GelMA), (B) Significant GO terms associated with positive regulation of cytosolic calcium ion and collagen-containing ECM (5–20 DE versus 
GelMA), (C, D) Several top KEGG enrichment pathways in the comparison of 0–10 DE versus GelMA and 5–20 DE versus GelMA, (E) Heatmap of expression levels in 
ECM-receptor interaction pathway related genes using RNA-seq, (F–I) mRNA levels of ECM-receptor interaction pathway related genes after rBMSCs co-cultured with 
different concentrations of DE microparticles for 7 days. For comparison, the gene expression in the CTR groups (0 μg/mL) was normalized to a value of 1. Statistical 
comparisons were made between the CTR groups and other groups, with significance levels indicated as *p < 0.05, **p < 0.01 and ***p < 0.001, using one-way 
ANOVA followed by Dunnett’s multiple comparisons test. The error bars in the results denote the mean ± standard deviation. 
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repair. A model of osteochondral defects was created in New Zealand 
White rabbits via surgical methods, with the hierarchical scaffolds being 
inserted into the areas of defect. Optical images revealed that the newly 
formed cartilage in the 0–10 DE and 5–20 DE groups was continuous and 
smooth, in contrast to the fragmentary cartilage observed in the CTR and 
GelMA groups (Fig. 7A–C). To determine whether the new tissue was 
fibrous or bony, Micro-CT analysis was further conducted. Transverse 
and sagittal views of the Micro-CT analysis showed that large voids with 
relatively less new bone formation remained unhealed in the defects of 
the CTR and GelMA groups, while the 0–10 DE and 5–20 DE groups 
exhibited significant neo-bone formation (Fig. 7B). At 12 weeks, the neo- 
bone tissue in the 5–20 DE group was abundant and well-distributed in 
the defect region, whereas residual void spaces were found in the other 
groups (Fig. 7D). To further investigate the quality of the new bone, 
quantitative analyses of BMD (bone mineral density), BV/TV (relative 
bone volume fraction), and Tb. N (trabecular number) were conducted 
on the knee samples. Statistical analysis revealed a significant increase 
in BMD within the 5–20 DE group compared to other groups (Fig. 7E). 
The BV/TV and Tb. N in the 0–10 DE and 5–20 DE groups were markedly 
elevated compared to the CTR and GelMA groups at the 12-week mark 
(Fig. 7F and G). These parameters gradually increased over time, indi-
cating that the quality of the new bone improved as the healing process 
progressed. 

Building on the promising results of the Micro-CT analysis, histo-
logical analysis was subsequently performed to further evaluate the 
regenerative potential of hyaline cartilage and subchondral bone in vivo. 
In Figs. 8 and 9, the area between the red arrows indicates the location of 
the osteochondral defect creation. The outcomes of H&E staining indi-
cated an absence of inflammatory responses across all experimental 
groups, and new tissue was observed in the defect regions (Fig. 8). 
However, the cartilage and bone tissue regeneration in the CTR group 
was relatively weak. In the GelMA group, a mixture of fibrous and bone 

tissues partially filled the defect regions, and gaps still existed at 12 
weeks, indicating incomplete repair. In the 0–10 DE and 5–20 DE 
groups, abundant neo-tissue was found in the defect regions at 8 weeks. 
By the 12th week, the surface of the newly formed tissue was continuous 
and integrated well with the surrounding native tissue. Furthermore, 
DE-incorporated hierarchical scaffolds exhibited superior degradation 
properties to GelMA scaffolds. Upon closer examination in the enlarged 
images, increased amounts of new tissue and DE microparticles were 
observed in the 0–10 DE and 5–20 DE scaffolds. 

To further investigate the regenerative potential of hyaline cartilage 
and subchondral bone in vivo, SO (Safranin O/Fast Green) staining and 
Masson’s trichrome (MA) staining were conducted. Results of SO 
staining revealed that the 0–10 DE and 5–20 DE groups exhibited a 
substantial presence of cartilage-like translucent tissue at 8 and 12 
weeks (Fig. 9A, B). In contrast, the CTR and GelMA groups had defects 
that were partially filled with a mixture of cartilage-like and fibrous 
tissues. The tidemark is a distinct histological structure that acts as a 
barrier to prevent the calcification of the transparent cartilage and stop 
blood vessels from penetrating through the calcified cartilage layer into 
the transparent cartilage. In the 0–10 DE and 5–20 DE groups, at both 8 
and 12 weeks, the calcified cartilage layer structure was relatively 
intact, with a clear demarcation between cartilage and subchondral 
bone. In contrast, the CTR and GelMA groups did not exhibit a distinct 
calcified cartilage layer, and partial tissue defects remained unrepaired 
in the subchondral bone area. MA staining of osteochondral sections 
further substantiated the aforementioned observations, revealing an 
abundant presence of collagen fibers with the newly formed tissue 
(Fig. 9C, D). To further identify the types of collagen fibers in the new 
tissues, immunofluorescence staining of collagen fibers was performed. 
The results revealed that integration of DE microparticles notably 
enhanced the expression of COL II protein in the neo-cartilage tissue and 
elevated the expression of COL I protein in newly formed bone tissue 

Fig. 7. Digital photographs and Micro-CT analysis of knee samples post-surgery. (A) Digital photograph of knee samples at 8 weeks, (B) Micro-CT images of the knee 
samples at 8 weeks, (C) Digital photograph of knee samples at 12 weeks, (B) Micro-CT images of the knee samples at 12 weeks, (E–G) Quantitative analysis of BMD, 
BV/TV, and Tb.N. Statistical comparisons were made between the CTR groups and other groups, with significance levels indicated as *p < 0.05, **p < 0.01 and ***p 
< 0.01, using one-way ANOVA followed by Dunnett’s multiple comparisons test. The error bars in the results denote the mean ± standard deviation. 
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Fig. 8. H&E staining of osteochondral sections. (A) 8 weeks, (B) 12 weeks, (C) The enlarged image of H&E staining in 5–20 DE group at 12 weeks. The enlarged 
images showed that the DE-incorporated hierarchical scaffolds exhibited superior degradation properties, with a notable presence of DE microparticles within the 
neo-tissue. Partial DE microparticles were marked in the red circles. The area between the red arrows indicates the location of the osteochondral defect creation. 
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(Fig. S16, Fig. S17). The above results suggested a successful regenera-
tion of hyaline cartilage and subchondral bone. Drawing on these re-
sults, the International Cartilage Repair Society (ICRS) scoring was 
applied, revealing that, in comparison to the CTR and GelMA groups, the 
5–20 DE groups had higher scores at both 8 and 12 weeks (Fig. S18). 
Through histological and immunofluorescence analyses, it was demon-
strated that scaffolds incorporating DE microparticles facilitated a sig-
nificant enhancement in the regeneration of hyaline cartilage and 
subchondral bone tissue. 

3. Discussion 

Osteochondral regeneration is a complex and meticulously orches-
trated physiological process, involving the reconstruction of both 
cartilage and subchondral bone. Due to the physiological anisotropy of 
them, it is a great challenge to integrated repair of cartilage and sub-
chondral bone. Many efforts have been devoted to develop biomaterials 
for cartilage and bone regeneration [29–31], especially bioactive ions 
stimulation in artificial bioscaffolds [32–35]. Si ions play a crucial role 
in promoting collagen synthesis and secretion, acting as a crucial 
element in the bone development process. However, the majority of 
current research is focused on the promotion of bone repair by Si ions 
released from artificially synthesized materials, with limited studies on 
the effects of Si ions in promoting cartilage repair. Furthermore, most 
artificially synthesized biomaterials are high-cost and not eco-friendly, 
as well as often introducing impurities that greatly limit its clinical 
application. Therefore, utilizing low-cost natural and eco-friendly bio-
materials to construct osteochondral regeneration scaffolds with 

specially Si ions release is expected to solve the above problems. 
Herein, a DE-incorporated hierarchical scaffold was successfully 

developed using 3D printing technology. On the one hand, the incor-
poration of DE microparticles significantly improved the mechanical 
properties of the hydrogel, making it more conducive to the adhesion 
and proliferation of chondrocytes and rBMSCs. The extent and strength 
of cell adhesion are significantly influenced by the matrix’s elasticity 
[36–39]. Chondrocytes and rBMSCs struggle to adhere to surfaces with 
low stiffness, show limited cell interactions on surfaces of intermediate 
stiffness, and display enhanced spreading and numerous pseudopodia on 
surfaces with high stiffness [40–42]. In this study, the storage modulus, 
Young’s modulus, and compressive strength of the scaffold increased 
with the DE microparticle content, peaking at a 20 % DE concentration. 
However, when the DE content reached 30 %, the excess DE became 
stress concentration points, leading to a significant decrease in me-
chanical properties [43]. CLSM and Cryo-SEM results indicated that, 
compared to GelMA scaffolds, chondrocytes exhibited better adhesion 
on the 5 DE and 10 DE scaffolds, which had higher mechanical prop-
erties. However, when the content of DE microparticles exceeded 10 %, 
cell adhesion decreased may due to the excess Si ions released from the 
scaffolds, surpassing the needs of the chondrocytes. For rBMSCs, the 
higher modulus provided by DE-incorporated scaffolds significantly 
promoted cell spreading and pseudopodia formation compared to 
GelMA scaffolds. To summarize, the incorporation of DE microparticles 
markedly improved the attachment and expansion of chondrocytes and 
rBMSCs on scaffolds that included DE. 

The introduced DE microparticles not only improved the mechanical 
properties of the scaffolds but also released therapeutic ions, creating a 

Fig. 9. Osteochondral regeneration in vivo. (A, B) Safranin O-fast green staining, (C, D) MA staining. Results from Safranin O-fast green staining and MA staining 
demonstrated that the DE-incorporated hierarchical scaffolds significantly promoted the regeneration of cartilage and subchondral bone. The area between the red 
arrows indicates the location of the osteochondral defect creation. 
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mechanical and biochemical microenvironment conducive to the 
regeneration of cartilage and subchondral bone. Numerous studies have 
shown that Si ions serve a vital function in the skeletal system, pro-
moting the growth and development of both cartilage and bone [44,45]. 
Si actively facilitates the synthesis and secretion of the extracellular 
matrix in chondrocytes [46,47]. Previous research has indicated that Si 
can enhance the proliferation and osteogenic differentiation of rBMSCs 
and increase collagen synthesis [48,49]. In this study, the 
DE-incorporated hierarchical scaffolds were capable of stably and 
continuously releasing Si ions. The released Si ions effectively promoted 
COL II synthesis in chondrocytes and efficiently induced osteogenic 
differentiation of rBMSCs. Results from RNA sequencing further 
revealed that the transcriptome profiles of rBMSCs and chondrocytes 
cultured on the DE-incorporated hierarchical scaffolds were enriched in 
the ECM-receptor interaction signaling pathway. This pathway is closely 
involved in the proliferation and differentiation of both rBMSCs and 
chondrocytes [50,51]. Regulating the ECM can effectively promote 
chondrocyte adhesion and proliferation, as well as steer stem cells to-
wards osteogenic differentiation [52,53]. Therefore, it is reasonable to 
propose that the DE-incorporated hierarchical scaffolds may promote 
chondrocyte maturation and induce osteogenic differentiation of 
rBMSCs by regulating the ECM-receptor interaction signaling pathway. 
To verify this hypothesis, we further cultured chondrocytes and rBMSCs 
with different concentrations of DE microparticles and assessed genes 
related to the ECM-receptor interaction pathway. Results indicated that 
DE microparticles significantly upregulated the expression of genes 
relevant to the ECM-receptor interaction pathway, including ITGB6, 
COL4A6, LAMA3, ITGA8, ITGA3, ITGA4, IBSP, ITGAV, ITGB8, HMMR, 
ITGA2, ITGB4, and CD36. Hence, the introduction of DE microparticles 
not only improved the mechanical properties of the hydrogel but also 
activated cellular biological behavior. 

Additionally, results of the in vivo study demonstrated that DE- 
incorporated hierarchical scaffolds could effectively repair osteochon-
dral tissue. Compared to the CTR and GelMA groups, the 0–10 DE and 
5–20 DE groups exhibited more hyaline cartilage and subchondral bone 
in the defect region. On one hand, the DE-incorporated hierarchical 
scaffolds provided appropriate mechanical stimulation conducive to cell 
adhesion and proliferation. On the other hand, the silicon ions released 
from DE microparticles promoted the synthesis and mineralization of 
the extracellular matrix, accelerating the regeneration of cartilage and 
subchondral bone. Results from SO staining showed that in the 0–10 DE 
and 5–20 DE groups, the newly formed cartilage tissues were highly 
integrated with the surrounding tissues, with the tidemark and calcified 
cartilage layer structures being well-defined and distinct between the 
cartilage layer and the subchondral bone layer. Furthermore, results 
from immunofluorescence analyses revealed that integration of DE mi-
croparticles notably enhanced the expression of COL II protein in the 
neo-cartilage tissue and elevated the expression of COL I protein in 
newly formed bone tissue. Therefore, our results indicated that DE- 
incorporated hierarchical scaffolds, which provided stable Si ions 
release, could effectively promote osteochondral regeneration and 
restore its physiological function. To the best of our knowledge, this is 
the first osteochondral regeneration scaffold to achieve high value- 
added therapy using a low-value ocean natural material. 

4. Conclusion 

In this study, a DE-incorporated hierarchical scaffold with stable Si 
ion release functions was successfully prepared to provide specific 
anisotropic physiological microenvironments for cartilage and sub-
chondral bone regeneration. DE-incorporated hierarchical scaffolds 
offered a suitable physiological microenvironment for the adhesion and 
proliferation of chondrocytes and rBMSCs. Importantly, these scaffolds 
may significantly stimulate the regeneration of hyaline cartilage and 
subchondral bone via the ECM-receptor interaction signaling pathway. 
The above results indicate that the DE-incorporated hierarchical 

scaffolds, with stable Si ion release capability, can meet the needs for 
simultaneous cartilage and subchondral bone reconstruction, thus 
providing an economic and eco-friendly strategy for developing high 
value-added osteochondral regenerative bioscaffolds from low-value 
ocean natural materials. 

5. Experiment section 

Purification and characterization of DE microparticles: The DE micro-
particles were acquired from Sigma-Aldrich Co. Ltd. (USA) was purified 
by a 30 μm of filter membrane to obtain rod-shaped microparticles. The 
morphologies and element composition of DE microparticles were 
analyzed using a scanning electron microscope (SEM, SU8220, Hitachi, 
Japan) which equipped with energy-dispersive X-ray spectroscopy 
(EDS). The phase composition of DE microparticles was determined 
using X-ray diffraction analysis (Rigaku D/Max-2550 V, Geiger-Flex, 
Japan). To further investigate the Si ion release performance of DE 
microparticles, inductively coupled plasma atomic emission spectros-
copy (ICP-AES, 710 ES, Varian, USA) was employed. The DE micro-
particles underwent treatment with cell culture medium (BL308A, 
Biosharp Life Sciences) over a series of time points: 1, 3, 5, 7, 14, 21, and 
28 days. The concentrations of DE microparticles tested were 0, 5, 10, 
25, 50 and 100 μg/mL. 

Preparation of DE-incorporated scaffolds: In our preliminary experi-
ments, we conducted a series of trials to determine the optimal con-
centration of GelMA. Ultimately, to achieve a balance between 
printability and shape fidelity, we selected a bioink containing 6 % 
GelMA for printing in subsequent experiments. Firstly, the sterilization 
of purified DE microparticles was achieved by exposing them to ultra-
violet (UV) light for 2 h, after which they were mixed into sterile 
phosphate-buffered saline (PBS) to create varying concentrations of DE 
dispersions. Afterward, a 12 % (v/v) GelMA solution was added to the 
equivalent volume of DE dispersions, and thoroughly mixed to form the 
3D printing inks containing 6 % of GelMA and gradient concentrations 
of DE microparticles (0 %, 5 %, 10 %, 20 % and 30 % DE microparticles). 
The above inks were firstly stored in 4 ◦C to form pre-gel. Subsequently, 
the pre-gel was expelled through a 27 G needle at 10 ◦C under proper air 
pressure to obtain primary scaffolds using a 3D printing device (GeSiM 
3.2 Bioscaffolder, Germany). The initial scaffolds were subsequently 
subjected to blue light (405 nm) for approximately 45 s to induce the 
formation of cross-linked networks. The crosslinking agent used in this 
experiment was lithium phenyl-2,4,6-trimethylbenzoylphosphinate 
(LAP). The scaffolds printed with 0 %, 5 %, 10 %, 20 %, and 30 % of 
DE dispersions were named GelMA, 5 DE, 10 DE, 20 DE and 30 DE, 
respectively. The hierarchical scaffolds with different concentrations of 
DE microparticles at upper and lower layers were name GelMA (upper 
layer: GelMA, lower layer: GelMA), 0–10 DE (upper layer: GelMA, lower 
layer: 10 DE), 5–20 DE (upper layer: 5 DE, lower layer: 20 DE), and 
10–30 DE (upper layer: 10 DE, lower layer: 30 DE). 

Characterization of DE-incorporated scaffolds: The structure and 
morphology of DE-incorporated scaffolds was detected by using EVOS 
FL Auto imaging system (Life technologies, Thermo Fisher scientific, 
USA) and scanning electron microscopy (SEM, SU8220, Hitachi, Japan). 
The phase identification of scaffolds was conducted with an X-ray 
diffractometer (Rigaku D/Max-2550 V, Geiger-Flex, Japan) at a speed of 
1◦/min (10–80◦). Before SEM and XRD analyses, the scaffolds were 
freeze-dried overnight. Furthermore, a Mars60 rotational rheometer 
equipped with a 20 mm parallel plate (Haake, Germany) was used to 
measure the viscoelasticity of DE-incorporated scaffolds. Strain sweeps 
(1–500 %) under 1 Hz were used to measure the shear yielding prop-
erties. All tests were conducted at room temperature. Furthermore, the 
Si release of DE-incorporated scaffolds was investigated. DE- 
incorporated scaffolds were treated with cell culture medium 
(BL308A, Biosharp Life Sciences) for 1, 3, 5, 7, 14, 21, and 28 days. The 
medium volume to scaffold mass was 0.1 g/mL. At the predetermined 
time, the medium was collected, and silicon levels were determined 
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through an inductively coupled plasma atomic emission spectroscopy 
(ICP-AES, 710 ES, Varian, USA). Following the ion release experiment, 
DE-incorporated scaffolds were freeze-dried, and the morphology and 
composition were characterized with a Hitachi SU8220 scanning elec-
tron microscopy. 

Additionally, the degradation properties and Si release of DE- 
incorporated hierarchical scaffolds were also investigated. DE- 
incorporated hierarchical scaffolds treated with cell culture medium 
(BL308A, Biosharp Life Sciences) for 1, 3, 5, 7, 14, 21, 28, 35, 42, 49, 56, 
and 63 days. The medium volume to scaffold mass was 0.1 g/mL. At the 
predetermined time, the medium was collected, and silicon levels were 
determined through an inductively coupled plasma atomic emission 
spectroscopy (ICP-AES, 710 ES, Varian, USA). Following a 63-day in-
cubation in cell culture medium, the scaffolds were dried for 24 h, after 
which their degradation rate was precisely quantified using a precision 
scale. 

Cell culture of chondrocytes and rBMSCs: Chondrocytes were initially 
harvested from New Zealand White rabbits, followed by the culture of 
these isolated cells in Dulbecco’s Modified Eagle Medium (DMEM, 
BL308A, Biosharp Life Sciences) enriched with 10 % fetal calf serum 
(FBS, FBSAD-01011-500, Cyagen Biosciences, China) and 1 % penicillin- 
streptomycin (PS, 15140122, Gibco, Thermo Fisher Scientific). Rabbit 
BMSCs (rBMSC, RABXMX-01001, Cyagen Biosciences, China) were 
provided by Cyagen Biosciences. And a matching bone marrow mesen-
chymal stem cell basal medium (RBXMX-9001, Cyagen Biosciences, 
USA) which contained 10 % FBS and 1 % PS was used to culture rBMSCs. 

Cell proliferation assay: The growth of chondrocytes and rBMSCs 
incubated with different concentrations of DE microparticles was 
detected with a cell counting kit-8 (CK04, Dojindo, Japan). In Brief, cells 
were seeded into a 96-well plate (2 × 103 cells/well) and incubated with 
complete cell culture medium which contained different concentrations 
of DE microparticles. At the set time point, CCK-8 working solution was 
applied to incubate cells for 2 h, and the corresponding absorbance of 
the working solution was measured at 450 nm by using a multifunction 
microplate reader (ELx808, BioTek, USA). For a more vivid illustration 
of cell proliferation, cells were stained using a crystal violet assay 
(C0121, Beyotime Biotechnology Co. Ltd., China), and images were 
obtained with an EVOS FL Auto imaging system. 

Proliferation and cell morphology of chondrocytes and rBMSCs on 
scaffolds: Chondrocytes (1.0 × 104 cells/well) and rBMSCs (1.0 × 104 

cells/well) were seeded on the GelMA and DE-incorporated scaffolds in a 
48-well plate, and the whole scaffolds were soaked with cell suspension. 
At specified time intervals, the scaffolds were relocated to a new 48-well 
plate, and a solution of CCK-8 reagent (CK04, Dojindo, Japan) was used 
to incubate with cells for 2 h. Subsequently, the CCK-8 working solution 
was transferred to a 96-well plate for absorbance measure. Before 
confocal laser scanning microscope (CLSM, TCS SP8, Leica, Germany) 
and Cryo-SEM (FEI Quanta 450, Frequency Electronics Inc., USA) ana-
lyses were conducted, chondrocytes and rBMSCs were anchored by 2.5 
% glutaraldehyde. For CLSM observing, fluorescein-phalloidin (40735 
ES, Yeasen, Shanghai, China) and diamidinophenylindole (DAPI, Sigma- 
Aldrich, USA) were used to stain cytoskeletons and nuclei. 

Differentiation of chondrocytes and rBMSCs: Considering the enhanced 
cell adhesion and proliferation observed on the scaffolds, the specific 
genes of chondrocyte maturation and rBMSCs osteogenic differentiation 
were detected by RT-qPCR (quantitative real-time transcriptase poly-
merase chain reaction). After incubating with different concentrations 
(0, 5, 10, 25, 50 and 100 μg/mL) of DE microparticles for 7 days, the 
total RNAs of chondrocytes and rBMSCs were collected and reversely 
transcribed by applying a RNAprep Micro Kit (FSK 201, ToYoBo, Japan). 
And then, a 2 × SG Fast qPCR Master Mix (B639272-0005, BBI Life 
Sciences, Shanghai, China) and a Step One Plus Real-Time PCR system 
(QuantStudio7, Thermofisher, USA) were used to conduct RT-qPCR. 
Following this, target gene expression was calculated and normalized 
using the 2− ΔΔCt method. Furthermore, the promotion of DE- 
incorporated scaffolds on chondrocyte maturation and rBMSCs 

osteogenic differentiation was also investigated. Chondrocytes (5.0 ×
105 cells/well) and rBMSCs (5.0 × 105 cells/well) were seeded on the 
GelMA and DE-incorporated scaffolds in a 6-well plate, and the whole 
scaffolds were soaked with cell suspension. Subsequently, the scaffolds 
with cells were transferred to a new culture plate for following culti-
vation. After 7 days of incubation, total RNA was extracted for RT-qPCR. 
In chondrocytes, the target genes were Aggrecan (AGC), COL II, N- 
Cadherin (NCAD), SOX9 and HIF-1α. In rBMSCs, the target genes were 
COL I, BMP2, OCN, OPN, and RUNX2. Meanwhile, GAPDH was 
employed as the housekeeping gene in RT-qPCR analysis. The primer 
sequences were purchased from Bosun Biotechnology Co., Ltd 
(Shanghai, China), and the primer sequences were shown in Table S1. 

Furthermore, the expression of COL II, which is a typical protein in 
chondrocyte, was detected by immunofluorescence technique. After 
exposing chondrocytes to varying concentrations of DE microparticles 
for 3 days, all chondrocytes were fixed using 2.5 % glutaraldehyde. 
Subsequently, a primary antibody (Proteintech, Cat No: 28459-1-AP, 
China) and second antibody (Proteintech, Cat No: SA00013-4, China) 
were used to incubate with the cellular samples. After that, fluorescein- 
phalloidin and DAPI were used to stain cytoskeletons and nuclei. To 
investigate the COL II expressed in the chondrocytes cultured on DE- 
incorporated scaffolds, same approach was used. Briefly, chondrocytes 
(5.0 × 104 cells/well) were seeded on the GelMA and DE-incorporated 
scaffolds in a 48-well plate. After 3 days of co-culturing, cellular sam-
ples were anchored by 2.5 % glutaraldehyde, following by the incuba-
tion of primary antibody and second antibody, as well as fluorescein- 
phalloidin and DAPI. Ultimately, argon laser lines at wavelengths of 
405 nm, 488 nm, and 614 nm were employed to acquire CLSM images, 
and quantitative analysis was performed using Image-Pro Plus software. 

In addition, ALP expression and calcium nodule formation of rBMSCs 
were further studied. After co-incubating with various concentrations of 
DE microparticles or DE-incorporated scaffolds in osteogenic induction 
medium for 14 days, the BCIP/NBT phosphatase color development kit 
(C3206, Beyotime, China) and an ALP assay kit (P0321, Beyotime, 
China) were applied to identify and quantify the expression of ALP in 
rBMSCs. The positive images of ALP and absorbance data were obtained 
from an EVOS FL Auto imaging system and a multifunction microplate 
reader (ELx808, BioTek, USA), respectively. To study the calcium nod-
ules formation of rBMSCs incubated with different concentrations of DE 
microparticles or seeded on DE-incorporated scaffolds, ARS staining was 
conducted. Briefly, 1 % aqueous solutions of gelatin were used to 
incubate the 6-well plate for 30 min. Following this, rBMSCs were 
seeded in a 6-well plate and cultured in osteogenic induction medium 
containing varying concentrations of DE microparticles for a duration of 
21 days. For ARS detection of DE-incorporated scaffolds, rBMSCs (5.0 ×
105 cells/well) were seeded on the surfaces of scaffolds directly and 
incubated in osteogenic induction medium for 21 days. At the set time 
point, 2.5 % glutaraldehyde was used to fix cellular samples. Subse-
quently, ARS working solution (C0140, Beyotime Biotechnology Co. 
Ltd., China) was applied to stain the calcium nodules, and an EVOS FL 
Auto imaging system was applied to capture the images. To quantify the 
formation of calcium nodules, 100 mM cetylpyridinium chloride 
(Macklin, China) was used to incubate the cellular samples for 30 min 
and the absorbance data was detected at 570 nm with an ELx808 
multifunction microplate reader. The preparation of the osteogenic in-
duction medium with different concentrations of DE microparticles 
involved dispersing 1 mg of dried DE microparticles in the medium to 
create a final volume of 10 mL, resulting in a concentration of 100 μg/ 
mL. And then, the obtained solution was diluted to 1/2 (50 μg/mL), 1/4 
(25 μg/mL), 1/10 (10 μg/mL), and 1/20 (5 μg/mL). The rBMSCs incu-
bated only with osteogenic induction medium were served as a control 
group (CTR). 

RNA-sequencing and data analysis: To further study the underlying 
mechanisms of DE-incorporated hierarchical scaffolds inducing chon-
drocyte maturation and rBMSCs osteogenic differentiation, RNA- 
sequencing was conducted. Chondrocytes (5.0 × 105 cells/well) and 
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rBMSCs (5.0 × 105 cells/well) were seeded on the GelMA and DE- 
incorporated hierarchical scaffolds in a 6-well plate. After a seven-day 
incubation period, total RNA was extracted by using the TAKARA Tri-
zol reagent. This was followed by the enrichment and fragmentation of 
mRNA, accomplished using Oligo DT beads and fragmentation buffer, 
respectively. Subsequently, cDNA was synthesized using the ToYoBo 
FSK 201 reverse transcription kit (ToYoBo, Japan). This cDNA was then 
converted to double-stranded DNA using the NEBNext mRNA Second 
Strand Synthesis Kit (E6111L, NEB, USA). Following the purification of 
the double-stranded cDNA, a PE library was constructed, and 
sequencing was performed on the Illumina Novaseq 6000 platform. In 
this study, the identification and analysis of differentially expressed 
genes were conducted using the DESeq2, while the generation of heat-
maps was achieved through the pheatmap package. In the cellular 
samples, a gene was considered to be expressed if its count value was 1.0 
or higher. For GO analysis, the DAVID and REVIGO tools were utilized. 
The evaluation of differentially expressed genes was conducted by using 
the DESeq2 package within the R programming environment. In this 
part of the study, three replicates were gathered, sequenced, and sub-
sequently analyzed. A p-value of 0.05 or lower was deemed to signify 
statistical significance. 

To further validate the results of the RNA-Seq sequencing, chon-
drocytes and rBMSCs were cultured with different concentrations of DE 
microparticles, and the expression of relevant genes were measured via 
RT-qPCR. The target genes for chondrocytes included ITGB6, COL4A6, 
LAMA3, ITGA8, ITGA3, ITGA4, IBSP, ITGAV, and ITGB8, while HMMR, 
ITGA2, ITGB4, IBSP and CD36 were the target genes for rBMSCs. 
Furthermore, GAPDH was used as the internal control gene in RT-qPCR 
analyses. The primer sequences for these analyses were obtained from 
Bosun Biotechnology Co., Ltd. (Shanghai, China), and are detailed in 
Table S1. 

In vivo osteochondral regeneration: All procedures involving rabbits 
adhered to the stringent guidelines set forth by the Institutional Animal 
Care and Use Committee at Tongji University. To create an osteochon-
dral defect model, twenty-four adult rabbits, each weighing approxi-
mately 2.5 kg, were utilized, with each defect measuring 6 mm in 
diameter and 6 mm in height. Following this, the GelMA and DE- 
incorporated hierarchical scaffolds were meticulously inserted into the 
defective region, with careful alignment of their top surfaces with the 
uppermost layer of the cartilage. The untreated defects were assigned to 
the blank control group (CTR, n = 6). Meanwhile, the remaining defects 
were treated differently: six received GelMA scaffolds, another six were 
implanted with 0–10 DE scaffolds, and the final six were embedded with 
5–20 DE-incorporated hierarchical scaffolds. Knee samples were har-
vested at the 8-week and 12-week marks for the assessment of cartilage 
and subchondral bone regeneration. These samples were fixed in para-
formaldehyde for 48 h before being analyzed using a Skyscan 1172 
micro-CT scanner (Bruker, Germany) to acquire detailed bone infor-
mation. The analysis of this data was conducted using Data Viewer and 
CTAn software. Moreover, CT vox software was utilized to generate 
transverse and sagittal views of the images. To assess the efficacy of 
osteochondral regeneration, staining techniques such as Hematoxylin 
and Eosin (H&E), Safranin O/Fast green (SO) and Masson′ trichrome 
(MA) were utilized. Moreover, immunofluorescence staining for COL II 
and COL I proteins was further performed to identify the types of 
collagen fibers in the new tissues. Optical images and immunofluores-
cence images of these sections were taken using an EVOS FL Auto im-
aging system. Furthermore, six evaluators, who were unaware of the 
study details, assigned ICRS scores for the analysis. 

Statistical analysis: In this study, Graphpad prism software was 
employed for all statistical analysis, and the results was presented as 
means ± standard deviations. Detailed statistical parameters for each 
experiment are articulated in the legends accompanying the respective 
figures. Here, ’n’ denotes the number of experimental replicates, while 
’P’ signifies the probability value. Furthermore, details regarding sam-
ple sizes and probability values can be found in the figure legends. 

Statistically significant outcomes are indicated by a P value less than 
0.05. The data were demonstrated with * for 0.01 < p < 0.05, ** for 
0.001 < p < 0.01, and *** for p < 0.001. 
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