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A B S T R A C T

Osteochondral scaffolds designed with bi-phasic and multi-phasic have typically struggled with post- 
implantation delamination. To address this issue, we developed a novel integrated scaffold with natural and 
continuous interface and heterogeneous bilayer structure. Through layer-by-layer wet electrospinning, two- 
dimensional (2D) bi-layer integrated membranes of silk fibroin (SF) and polycaprolactone (PCL) were fabri
cated. These membranes were then transformed into three-dimensional (3D) scaffolds using a CO2 gas foaming 
technique, followed by gelatin coating on the osteogenic layer to afford final bi-phasic porous scaffolds. In vitro 
studies indicated that the 3D scaffolds better-maintained cell phenotypes than conventional 2D electrospun films. 
Additionally, the 3D scaffolds showed superior cartilage repair and osteoinductivity potential, with increased 
subchondral bone volume and reduced defect area in rat osteochondral defects models at 12 weeks. Taken 
together, these gas-foamed scaffolds were a promising candidate for osteochondral regeneration.

1. Introduction

Osteoarthritis (OA) is a prevalent joint disease affecting approxi
mately 14.8 % of people over the age of 30 years globally [1]. As a 
chronic progressive disease, OA is characterized by joint pain, functional 
impairment, and osteochondral defects resulting from the degradation 
of the cartilage extracellular matrix and the destruction of subchondral 
bone [2,3]. Mature cartilage has a limited self-repair capacity due to the 
absence of blood vessels and nerves, necessitating clinical intervention 
following injury [4,5]. Traditional treatments, such as microfracture, 
autologous osteochondral grafting, and artificial joint implantation, face 
high failure rates and limited regenerative outcomes [6–9]. With the 
development of tissue engineering, artificial osteochondral scaffolds 
that integrate cell biology with materials science, have emerged as a 
promising alternative to conventional surgical approaches.

In recent years, various monophasic, bi-phasic and multi-phasic 
scaffolds have been designed to repair osteochondral defects [10–13]. 
Monophasic scaffolds inherently lack the requisite physical architecture 
necessary to guide osteochondral tissue regeneration, often resulting in 
uniformly regenerated tissue throughout the scaffold [13]. The bi-phasic 
and multi-phasic scaffolds more closely mimic the native osteochondral 

tissue architecture, enabling improved repair outcomes [14]. These 
methods are relatively straightforward, allowing for tailored material 
selection and fabrication techniques to meet the specific compositional 
and morphological requirements of cartilage and subchondral bone. 
Despite these advantages, achieving a natural interface with anisotropic 
and heterogeneous properties within osteochondral scaffolds remains 
challenging [7,15,16]. Most current designs construct individual layers 
separately, later bonding them into a single entity using techniques such 
as adhesive bonding and freeze-drying [17–19]. The discontinuous and 
abrupt interfaces created are prone to delamination, thus compromising 
the repair efficacy of osteochondral tissue [20–22]. This study aimed to 
address these challenges by constructing integrated osteochondral 
scaffolds with smooth and biomimetic junctions using a novel combi
nation of wet-electrospinning and gas foaming technologies.

Wet-electrospinning, a recent technological advancement, inte
grated electrospinning and wet spinning. Instead of utilizing a solid 
collector, this method employed liquid bathes to collect the electrospun 
fibers [23]. During the electrospinning process, liquid adhered to the 
surface of the nanofibers, preventing direct contact between fibers and 
inhibiting their adhesion, which can form a loose structure of scaffolds 
[24,25]. However, the thickness increase of nanofibrous scaffolds 
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produced by wet-electrospinning was limited, and difficult to meet the 
required specifications for osteochondral regeneration scaffolds [26].

Gas foaming technology offered a solution by generating bubbles to 
stretch 2D electrospun films into 3D scaffolds. This technique preserved 
the original topological alignment of the fibers and guided cellular 
migration along them [27]. Previous studies have demonstrated the 
ability of gas foaming to modify scaffold architecture, with Chen et al. 
using sodium borohydride (NaBH4) to expand 2D membranes into 3D 
structure scaffolds, which has been demonstrated to promote neo
cartilage regeneration in vivo [28]. More recently, Xie et al. employed 
modified gas foaming technology to expand 2D membranes to construct 
various 3D structure scaffolds, and have demonstrated the potential for 
application in multiple tissue repair applications (osteogenic, angio
genesis, wound dressing) [29,30]. However, to our knowledge, the 
combination of wet electrospinning and gas foaming to transform 2D 
membranes into 3D heterogeneous scaffolds for osteochondral repair 
has not been fully explored.

In this study, we first fabricated bi-layer two-dimensional (2D) 
electrospun membranes in one-step by layer-by-layer wet-electro
spinning process. Then, gas foaming technology was employed to 
convert these 2D membranes into three-dimensional (3D) scaffolds 
(Fig. 1). This transformation could enhance cellular infiltration and 
more effectively mimic the osteochondral microenvironment than 2D 
membranes [31]. Finally, a gelatin coating was applied in situ to the 
osteogenic layer to enhance its mechanical properties, while the chon
drogenic layer maintains a flexible compressive strength and a hypoxic 
environment conducive to chondrogenic differentiation [32]. This study 
aims to contribute to the development of biomimetic scaffolds designed 
for osteochondral tissue and interface regeneration.

2. Materials and methods

2.1. Materials

Silk cocoons were purchased from Shenzhou Union Silk Co. Ltd. 

(Zhejiang, China). Gelatin, polycaprolactone (PCL, Mn = 80 kDa), 
ethanol, and 1,1,1,3,3,3-hexafluoro-2-propane (HFIP) were sourced 
from Sigma-Aldrich (MO, USA). Dulbecco’s Modified Eagle’s Medium 
(DMEM), α-modified Eagle’s medium (α-MEM), 1 % insulin-transferrin- 
sodium selenite (ITS), fetal bovine serum (FBS) and penicillin/strepto
mycin were sourced from HyClone (Beijing, China). Osteogenic culture 
medium was obtained from Cyagen (MUXMT-90021, Guangzhou, 
China). The calcein-AM/PI Double Stain, CCK-8 assay kit, and Actin- 
Tracker Green 488 were procured from Yeasen Biotechnology 
(Shanghai, China). DAPI, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindo
carbocyanine perchlorate (Dil), and 3,3′-dioctadecyloxacarbocyanine 
perchlorate (DIO) were acquired from Beyotime Biotechnology 
(Shanghai, China). All reagents and supplies used were of analytical 
grade, without further processing.

2.2. Synthesis of the 3D osteochondral scaffolds

The 3D osteochondral scaffolds were synthesized via layer-by-layer 
wet-electrospinning, CO2 gas foaming, and gelatin-coating for the 
osteogenic layer. SF and PCL (1:3 and 1:4, w/w) were dissolved into 
HFIP at a total concentration of 15 % (w/v), respectively. The electro
spinning parameters were set as follows: a 75 % ethanol solution was 
utilized as the collector, the needle-to-collector distance was maintained 
at 16 cm, the voltage was fixed at 16 kV, and the flow rate was set at 0.5 
ml/h. The SP(1:3) layer was obtained through 4 h of wet-electrospinning, 
immediately followed by an additional 4 h to attach the SP(1:4) layer 
onto the SP(1:3) layer. This electrospinning way formed an ethanol/water 
layer on the fiber surface, effectively preventing adhesion and direct 
contact between the fibers. Then the space between the fibers was filled 
with CO2-saturated ethanol by immersing the bilayer membranes in a 
saturated ethanol/dry ice bath for 15 min, followed by immediate 
transfer to distilled water for 30 min. During this process, CO2 gas 
rapidly escaped from the electrospun membranes due to its lower sol
ubility in water compared to anhydrous ethanol, Then the membranes 
were rapidly swelled and transformed into 3D scaffolds with a larger 

Fig. 1. Schematic illustration for the construction and functionalization of 3DSP(1:3)/GelSP(1:4).
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volume, achieved by the enlargement of pore size. Subsequently, the 
scaffolds were placed in liquid nitrogen for 20 min and freeze-dried to 
maintain their 3D shape and structure. Finally, 10 % gelatin was spin- 
coated to the SP(1:4) layer [33,34], yielding 3DSP(1:3)/GelSP(1:4) scaf
folds. For comparison, a 2DSF/PCL(1:3)/gelatin coated SF/PCL(1:4) 
membranes, denoted as 2DSP(1:3)/GelSP(1:4) were prepared using the 
identical electrospinning parameters.

2.3. Characteristics of the 2D/3D scaffolds

To investigate the impact of gas foaming on scaffold characteristics, 
the 2D/3D SP(1:3)/SP(1:4) scaffolds were analyzed by Fourier transform 
infrared spectroscopy (FTIR, Nicolet 170-SX, Thermo Nicolet Ltd., USA), 
X-ray photoelectron spectroscopy (XPS, Kratos, UK), X-ray diffractom
etry (XRD, XPert Pro, Holland).

The surface and cross-sectional morphologies of the 2D/3D SP(1:3)/ 
SP(1:4), 2D/3D SP(1:3)/GelSP(1:4) scaffolds were analyzed by scanning 
electron microscopy (SEM, FE-SEM, ZEISSΣ SIGMA, Germany). The pore 
size distribution of at least 50 pores in each scaffold was measured and 
quantified by ImageJ software based on the SEM images. Porosity(P) 
was calculated using a theory from a previous study [5]: 

P(%)= 1 +
1 − (D1/D2)3

(
1 +

[
W1/W2

]
Хρ

)

where ρ represents the density of ethanol at 24 ◦C, saturated weight (W1) 
and diameter (D1), dry scaffold weight (W2) and diameter (D2). The 
swelling ratio was calculated using the following formula: 

Swelling ratio (%)=
(w1 − wd)

wd 

where Wd is the weight of the dried scaffold, W1 is the weight of the 
scaffold soaked in PBS at 37 ◦C for 24 h, and the surface was then dried 
with filter paper before being weighed. The in vitro degradation assay 
was perform by immersing the 3DSP(1:3), 3DGelSP(1:4), and 3DSP(1:3)/ 
GelSP(1:4) scaffolds (10mm × 10mm × 5 mm) into lipase solutions (0 U/ 
mL and 2 U/mL, n = 4) and incubating at 37 ◦C under constant agitation 
(100 rpm). After 4 weeks of incubation, the scaffolds were washed, 
freeze-dried, and finally calculated their mass loss as follow: 

Degradation ratio (%)=
(W1 − W2)

W1 

where W1 and W2 denote the initial and remaining dry masses, 
respectively.

The compressive test was conducted using a universal-materials 
testing machine (CMT4053, JiNan MTS Test Technology Co., Ltd, 
China). Briefly, the 3D scaffolds (5 mm × 10 mm × 10 mm) were sub
jected to compression at a rate of 2 mm/min. Uniaxial compression was 
measured from 0 % to 60 % strain, while isostatic circulation was 
repeated 50 times between 0 % and 20 % strain to assess fatigue resis
tance. The tensile properties of the 3D scaffolds (5 mm × 10 mm × 30 
mm) were assessed using the same testing machine, applying a tensile 
force at a constant rate of 5 mm/min.

Rheological tests were employed to evaluate the bonding strength 
between the osteogenic and chondrogenic layers of the 3D integrated 
scaffolds by replicating the shear stress environment of joint tissues and 
interfaces. Two control groups were employed for comparative analysis: 
One was fabricated by physically overlaying SP(1:3) layer onto the 
GelSP(1:4) layer without further processing steps (3DSP(1:3) + GelSP(1:4)). 
The other one is constructed by overlaying SP(1:3) layer onto the 
GelSP(1:4) layer, followed by freeze-drying (F-3DSP(1:3) + GelSP(1:4)). 
Frequency sweeps were conducted at deflection frequencies of 0.1–10 
Hz, with a constant shear strain (1 %) and temperature (25 ◦C). 
Amplitude sweeps were conducted at a fixed frequency (10 Hz) and 
temperature (25 ◦C), with shear strain ranging from 1 % to 55 %.

2.4. Cell counting Kit-8 (CCK-8)

The Mouse Calvaria Osteoblastic Cell Line (MC3T3-E1) and ATDC5 
cell lines were employed in this experiment. During the osteogenic dif
ferentiation, MC3T3-E1 cells gradually form mineralized bone-like ma
trix and exhibit osteoblast-specific functions such as the expression of 
bone related markers (such as alkaline phosphatase, osteocalcin) [35,
36]. The pre-chondrogenic ATDC5 cell line, derived from mouse em
bryonic pancreatic cells, has become an ideal research model due to its 
ability to simulate the entire process from chondrogenic progenitors to 
mature chondrocytes [37,38].

The proliferation of MC3T3-E1 and ATDC5 cells, which were seeded 
on the osteogenic and chondrogenic layers of the 2D/3D SP(1:3)/ 
GelSP(1:4) scaffolds respectively, was assessed using the CCK-8 assay. 
Briefly, the scaffolds with the diameter of 6 mm were placed into 96-well 
plates, with 5x103 cells seeded in each well. After 1, 3, and 7 days, the 
cell/scaffold complexes were further cultured with 10 μl CCK-8 solution 
and 90 μl fresh medium at 37 ◦C for 1 h. The absorbance value was 
measured at 450 nm using a microplate spectrophotometer (Biotek In
struments, USA).

2.5. Live/dead staining assay

The biocompatibility of the 2D membranes and 3D scaffolds was also 
assessed by a live/dead staining assay. MC3T3-E1 and ATDC5 cells were 
seeded on the osteogenic and chondrogenic layers of the 2D/3D SP(1:3)/ 
GelSP(1:4) scaffolds, respectively. After 3 days, the cell/scaffold com
plexes were treated with a live/dead staining working solution con
taining 1 mM calcein-AM and 2 mM propidium iodide, according to the 
manufacturer’s protocol, for 30 min. The stained complexes were then 
washed 3 times with PBS and examined under a confocal laser scanning 
microscope (CLSM) (FV3000, Olympus, Japan).

2.6. Cytoskeleton staining assay

ATDC5 and MC3T3-E1 cells were cultured on the 2D/3D SP(1:3)/ 
GelSP(1:4) scaffolds for 3 days. Following fixation with 4 % para
formaldehyde and permeabilized using 0.1 % Triton-X. The cell/scaffold 
complexes were stained with Actin-Tracker Green 488 and counter
stained with DAPI. Imaging was performed using CLSM.

2.7. Cell distribution in the 3D osteochondral scaffolds

To distinguish and observe cells distribution in different layers of the 
integrated 3DSP(1:3)/GelSP(1:4) scaffolds (10mm × 10mm × 5 mm), Dil 
(red)- and Dio (green)- labeled cells were prepared according to the 
protocol in the previous study [39]. To minimize interlayer cell mixing, 
a sequential seeding procedure with an optimized incubation period was 
employed. Specifically, 200 μL of Dio-labeled MC3T3-E1 cells (2.5x106 

cells/cm3) was seeded onto the GelSP(1:4) osteogenic layer of the 
3DSP(1:3)/GelSP(1:4) scaffold and then incubated at 37 ◦C for 2 h, facil
itating sufficient cells adhesion onto the scaffold and preventing the 
displacement of cells from the scaffold. Subsequently, the MC3T3-E1 
cells-seeded scaffold was carefully inverted, seeded with 200 μL of 
DiI-labeled ATDC5 cells onto the other layer (Chondrogenic SP(1:3) 
layer) of the 3DSP(1:3)/GelSP(1:4) scaffold and incubated for another 2 h. 
After 7 days of in vitro culture, the cells/scaffold complexes were fixed 
with 4 % paraformaldehyde, then cut into halves from the axial position 
to the exposed section, which would be observed through CLSM.

2.8. Immunofluorescence staining

The osteogenic and chondrogenic potentials of the 2D/3D SP(1:3)/ 
GelSP(1:4) scaffolds were evaluated in vitro by immunofluorescence 
staining. Briefly, the osteogenic induced MC3T3-E1 cells were seeded 
onto the osteogenic GelSP(1:4) layer, and the chondrogenic induced 
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ATDC5 cells were seeded on the chondrogenic SP(1:3) layer. After 14 
days of in vitro culture, cells/scaffold complexes were fixed in 4 % 
paraformaldehyde, permeabilized with 0.1 % Triton X-100 for 10 min, 
and blocked with 3 % BSA for 1 h. The cells were then incubated with the 
primary antibody against OCN (Proteintech, China, 1:500) and collagen 
II (Proteintech, China, 1:500) overnight respectively, followed by 1 h co- 
incubation with Cy3-conjugated fluorescence secondary antibody 
(Abclonal, China, 1:200). After counterstained with DAPI, the sections 
were observed using CLSM.

2.9. Real-time quantitative polymerase chain reaction (RT-qPCR)

The gene expression of chondrogenic and osteogenic genes, such as 
OCN, OPN, Runx2, Col-II, ACAN, and SOX9 in cells attached to various 
scaffolds were quantified using RT-qPCR. Briefly, total RNA was 
extracted utilizing an RNA extraction Kit (Omega, BIO-TEK, USA). The 
cDNA was synthesized using a Reverse Transcription Kit (Takara, 
Japan). The qPCR was performed on the CFX96 Connect RealTime PCR 
Detection System (BIO-RAD, USA) as follows: 95 ◦C for 15 s followed by 
40 cycles (95 ◦C for 15 s and 60 ◦C for 30 s). Calculation of the relative 
expression level of the target gene was conducted using GAPDH as a 
housekeeping gene, applying the 2ΔΔCt method. The relevant primer 
sequences are provided in Table S1.

2.10. Animal experiments

All procedures in the experiment were approved by the Institutional 
Animal Care and Use Committee of Wuhan University (S0792403029). 
Thirty male Sprague-Dawley (SD) rats (~200g) were randomly divided 
into three groups (control, 2DSP(1:3)/GelSP(1:4) and 3DSP(1:3)/ 
GelSP(1:4)). Briefly, after intraperitoneal anesthesia and disinfection, the 
femoral head was exposed, and defects with a depth and diameter of 2 
mm were created on the femoral head using a trephine and filled with 
the 2DSP(1:3)/GelSP(1:4) and the 3DSP(1:3)/GelSP(1:4) respectively. The 
control group underwent the same surgical procedure as the other 
groups, but the defects were not filled. After 6 and 12 weeks of trans
plantation, the rats were euthanized through high-flow CO2 and femurs 
were harvested, photographed, and assessed for cartilage defect repair 
utilizing the International Cartilage Repair Society (ICRS) grading sys
tem by two independent observers [40]. Micro-CT scans (Skyscan1276, 
Bruker) and histological analysis (Hematoxylin and Eosin (HE), Safranin 
O/Fast Green, and Masson’s trichrome staining) were also conducted to 
evaluate the cartilaginous and subchondral tissue regeneration in the 
osteochondral defects. For the COL-II and OCN immunohistochemical 
staining, slices were incubated with 3 % hydrogen peroxide solution in 
the dark for 25 min, followed by blocking with 1.5 % rabbit serum for 
20 min. Subsequently, the slices were incubated overnight at 4 ◦C with 
primary antibodies targeting Col-II and OCN (Proteintech, China), then 
incubated with horseradish peroxidase-conjugated secondary antibodies 
(Maxim Biotechnology, China) at room temperature for 30 min. The 
nuclei were then counterstained with hematoxylin and subsequently 
examined under a light microscope.

2.11. Statistical analysis

All data were analyzed using GraphPad prism 9 or Origin 2024 and 
are presented as mean ± standard deviation. Statistical significance was 
determined by an independent sample t-test and one-way analysis of 
variance (ANOVA). A p-value less than 0.05 was deemed to be statisti
cally significant.

3. Results

3.1. Characterization of the 2D/3D scaffolds

As shown in Fig. S1, monophasic 3D scaffolds with varying SF/PCL 

ratios (1:2, 1:3, 1:4, 1:5) were fabricated to optimize the parameters for 
the final bi-phasic scaffolds. The mean pore diameters of the 1:2, 1:3, 1:4 
and 1:5 monophasic scaffolds were 12.1 ± 5.5, 30.6 ± 5.1, 91.6 ± 28.3 
and 21.6 ± 4.85 μm, respectively. In addition, no significant difference 
in porosity was observed across 3D monophasic scaffolds with different 
ratios, all of which exceeded 80 % (Fig. S2a). These results demonstrated 
that both very low and very high concentrations of PCL resulted in only 
minor changes in pore diameter. Therefore, SF/PCL ratios of 1:3 and 1:4 
were selected to fabricate the chondrogenic and osteogenic layers in 
subsequent experiments.

The bi-phasic integrated scaffolds were fabricated through layer-by- 
layer wet-eletrospining and gas foaming (Fig. 1). The gross observation 
of the 2D/3D SP(1:3)/GelSP(1:4) were shown in Fig. S1. The expansion 3D 
scaffolds with a thickness of about 5 mm were obtained, while the 2D 
films were only about 0.1 mm. The SEM images of nanofiber structure 
was different for each scaffold. The surface and cross-section of the 2D 
scaffold displayed a dense stacking structure, while the surface pores of 
the 3D scaffold were more obvious and exhibited natural and continuous 
transitions between interfaces (Fig. 2–3). The porosity of 3D scaffolds 
was 84.7 ± 2.3 %, which is significantly higher than that of 2D elec
trospun membranes (66 % ± 2.7 %). In summary, these results 
demonstrate that the 2D films were successfully transformed to bi-layer 
structure integrated 3D scaffolds.

FTIR, XPS, and XRD were used to study the effects of gas foaming on 
the chemistry and structure of components. 2D/3D SP(1:3)/SP(1:4) scaf
folds exhibited similar FTIR spectra (Fig. 2c). The characteristic peaks of 
SF (1650 cm− 1 (amide I), 1538 cm− 1 (amide II)) and PCL (2947 
cm− 1(CH2 stretching), 1239 cm− 1(C-O-C stretching)) confirm the suc
cessful integration of SF and PCL in 2D/3D SP(1:3)/SP(1:4) [41].

The XPS results (Fig. 2d) indicate that the atomic ratio of nitrogen 
(N) was too low to be detected in PCL, however, characteristic peaks of 
SF (N and Ca) were observed in both 3DSP(1:3)/SP(1:4) and 2DSP(1:3)/ 
SP(1:4) samples. These results demonstrated that SF and PCL were suc
cessfully incorporated into the 2D/3D SP(1:3)/SP(1:4) scaffolds.

In the XRD pattern (Fig. 2e), PCL diffraction peaks at 21.3◦ and 23.7◦

for the (110) and (200) planes, respectively, while the prominent SF 
peak at 22.5◦ overlapped with the strong PCL peak at 21.3◦ [42]. 
Nevertheless, the diffraction peaks of the 2D films are more pronounced 
than those of the 3D scaffolds. This suggests that the oriented crystalline 
structure of PCL was disrupted during the gas foaming process [43,44].

As shown in Fig. 3d, the surfaces of the GelSP(1:4) osteogenic layer of 
the 3DSP(1:3)/GelSP(1:4) scaffolds displayed a non-uniform gelatin dis
tribution on the fiber surface after gelatin coating, without compro
mising the intrinsic transition between the chondrogenic and osteogenic 
layers. While no significant difference was observed in the average pore 
size, porosity, and swelling rate between the GelSP(1:4) layer and its 
uncoated state (Fig. 3 and S2), the gelatin modification significantly 
enhanced mechanical robustness, as evidenced by the higher maximum 
compression stress (50 cycles) and compressive modulus. Furthermore, 
the maximum compression stress and average compressive modulus 
were higher in the GelSP(1:4) layer than the SP(1:3) layer. In addition, the 
Young’s modulus of the GelSP(1:4) layer (0.40 ± 0.06 MPa) was notably 
higher than that of the SP(1:3) layer (0.19 ± 0.02 MPa, Fig. 3h). This 
mechanical gradient closely mimics the native osteochondral tissue, 
where cartilage tissue exhibits a lower stiffness compared to that of the 
subchondral bone tissue [10,45].

Degradation behavior is one of the most critical factors influencing 
the post-implantation regenerative efficacy of osteochondral scaffolds 
[45,46]. As depicted in Fig. 3l, the degradation rate of all scaffolds was 
significantly accelerated at a concentration of 2 U/mL when compared 
with that of the 0 U/mL. Moreover, the degradation rate of the 3DSP(1:3) 
layer was slightly higher than that of the 3DGelSP(1:4) layer (Fig. 3h). 
Collectively, the 3DGelSP(1:4) osteogenic layer of the 
3DSP(1:3)/GelSP(1:4) scaffolds exhibited a longer degradation time than 
that 3DSP(1:3) chondrogenic layer, which facilitated the subsequent 
process of bone regeneration with a longer time than that of cartilage 
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repairing [12].
Rheological analysis were employed to assess the interfacial bonding 

strength between the osteogenic (GelSP(1:4)) and chondrogenic (SP(1:3)) 
layers of the 3DSP(1:3)/GelSP(1:4), F-3DSP(1:3) + GelSP(1:4) and 3DSP(1:3) 
+ GelSP(1:4) scaffolds (Fig. S2f-i). It is evident that the 3DSP(1:3)/ 
GelSP(1:4) exhibited the highest storage modulus (G′) among all groups. 
That means that an enhanced interfacial bonding strength could be 
observed at the interface of osteogenic and chondrogenic layers in the 
3DSP(1:3)/GelSP(1:4) scaffold. Furthermore, under varying shear strain, 
the 3DSP(1:3)/GelSP(1:4) scaffold achieved the highest interfacial shear 
strength (2.61 ± 0.78 KPa) and torsional resistance (0.26 ± 0.08 mN m), 
followed by F-3DSP(1:3) + GelSP(1:4) and 3DSP(1:3) + GelSP(1:4). These 
findings demonstrated that the 3DSP(1:3)/GelSP(1:4) scaffold possesses 
robust interfacial bonding strength and maintains structural stability 
under biomechanical shear stress.

3.2. Biocompatibility of the 2D/3D scaffolds

The cell proliferation of different scaffolds was evaluated by CCK-8 
assay. As depicted in Figs. 4b and 5b, the proliferation rate of cells 
cultured on the 3DSP(1:3)/GelSP(1:4) was significantly higher at day 7 
compared to other groups. Live-dead staining images were consistent 
with these results. As shown in Figs. 4c and 5a, minimal dead cells with 
red color were observed in both the 3DSP(1:3)/GelSP(1:4) and 2DSP(1:3)/ 
GelSP(1:4) after 3 days of culture. Evaluation of cytoskeleton staining 
revealed that the both MC3T3-E1 and ATDC5 cells spread well on both 
scaffolds, with significant extension of pseudopodia (Figs. 4d and 5c). In 
addition, the well-designed 3D scaffolds supported cells in a character
istic spindle shape, whereas some cells on the 2D membranes adopted 
either a spherical morphology. The above results indicate that the 
porous structure provides space for cells to infiltrate and grow, which 
contributes to cell proliferation and spreading growth.

3.3. Osteogenic and chondrogenic differentiation in vitro

As shown in Fig. 4a, the 3DSP(1:3)/GelSP(1:4) scaffold exhibited a bi- 
layered structure. After 7 days of in vitro culture, majority of MC3T3-E1 
cells and ATDC5 cells confined to their respective osteogenic and 

chondrogenic layers, with only limited cell mixing observed at the 
interface, which was consistent with the natural osteochondral inter
face, where a gradual transition between cartilage and subchondral 
bone occurs rather than a sharp boundary [45,47].

After 14 days of incubation, MC3T3-E1 cells in 3DGelSP(1:4) layers 
exhibited higher level OCN expression levels than those on 2D scaffolds 
(Fig. 4h and S2l), consistent with the upward trends of osteogenic 
markers (OCN, OPN and RUNX2) observed via RT-qPCR (Fig. 4e–g). 
Particularly, the OCN expression of the 3DGelSP(1:4) layers was 1.4 times 
higher than that in the 2D film group (Fig. 4g). Similarly, cells within 
3DSP(1:3) layers displayed more stronger COL-II immunofluorescence 
signals at 7 and 14 days compared to the2D controls (Fig. 5g and S2m). 
RT-qPCR findings were consistent with the COL-II immunofluorescence 
results, indicating that gene expression levels of SOX-9, ACAN, and COL- 
II in the 3D scaffolds were 2.7, 3.2 and 3.9 times higher than those in the 
2D membranes, respectively (Fig. 5d–f). Collectively, these results 
indicate that the 3DSP(1:3)/GelSP(1:4) scaffolds demonstrated superior 
capacities in maintaining the phenotype of chondrocytes and osteoblasts 
than 2D membranes.

3.4. The repair efficacy of osteochondral defects in vivo

To further explore the potential therapeutic benefits of the 3D scaf
folds in vivo, full-thickness osteochondral defects were established in rats 
(Fig. 6a). After 12 weeks of transplantation, large defects remained 
unfilled in the control groups and 2D films group. In contrast, defects in 
the 3DSP(1:3)/GelSP(1:4) group demonstrated a smaller and more regular 
appearance. Quantitative analysis using the ICRS scoring system 
(Fig. 6c) confirmed that the 3DSP(1:3)/GelSP(1:4) group obtained the 
highest macroscopic scores at both 6 (4.6 ± 0.4, P < 0.05) and 12 weeks 
(8.1 ± 0.3, P < 0.05) than those of the 2DSP(1:3)/GelSP(1:4) and control 
groups (P < 0.05).

To further investigate the efficacy of cartilage regeneration, samples 
were sliced and stained with Safranine O/Fast Green and Masson to 
assess proteoglycans distribution (Fig. 7c-d and S3). At 6 weeks post- 
operation, defect sites in the control group remained vacant and 
exhibited vascular hyperplasia, a classic symptom of inflammation 
(Fig. 7c). The defects in the 2DSP(1:3)/GelSP(1:4) groups were filled with 

Fig. 2. Preparation and characterization of 2D/3D SP(1:3)/SP(1:4). (a) Schematic illustration of preparation process of 2DSP(1:3)/SP(1:4). (b) Schematic illustration of 
preparation process of 3DSP(1:3)/SP(1:4). FTIR(c), XPS(d), XRD(e) spectra of the PCL, SF, 2DSP(1:3)/SP(1:4) and 3DSP(1:3)/SP(1:4).
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fibrocartilage. However, the defects in the 3DSP(1:3)/GelSP(1:4) group 
were repaired with a limited cartilage-like tissues. At 12 weeks, the 
control group still presented unfilled defects. A smooth transition be
tween repaired and natural tissue was observed in both 3DSP(1:3)/ 
GelSP(1:4) and 2DSP(1:3)/GelSP(1:4) groups. However, a distinct boundary 
was still discernible in the defect site of the 2DSP(1:3)/GelSP(1:4) group, 
which became less pronounced in the 3D scaffolds.

The regenerative effect of cartilage was further assessed by immu
nohistochemical staining for COL-II (indicated by brown color) (Fig. 8). 
The control group exhibited no positive expression at the defect sites 
observed at both 6 and 12weeks after surgery. At 6 weeks, only weak 
COL-II expression was observed in the 2DSP(1:3)/GelSP(1:4) and 
3DSP(1:3)/GelSP(1:4) groups. At 12 weeks, the 2DSP(1:3)/GelSP(1:4) group 
still displayed weak expression, while a significant increase in COL-II 
positive cartilage tissue was evident in the 3DSP(1:3)/GelSP(1:4) group, 
which showed the most intense COL-II staining.

Subsequently, micro-CT reconstruction was conducted to assess re
covery efficacy of subchondral bone. Defects remained obvious in the 

control and 2DSP(1:3)/GelSP(1:4) groups (Fig. 7d). After 12 weeks, the 
results of trabecular number (Tb.N) in the 2DSP(1:3)/GelSP(1:4) group 
(3.1 ± 0.38/mm) were slightly higher than those in the control group 
(3.0 ± 0.46/mm) (Fig. 6g). However, no significant difference was 
observed in both Tb.N and trabecular separation/spacing (Tb.SP) of the 
control and 2DSP(1:3)/GelSP(1:4) groups (Fig. 6f-g, P > 0.05), likely due 
to the limited sample size. The BV/TV in the 3DSP(1:3)/GelSP(1:4) group 
(19.31 ± 2.2 %) was higher than that of the control and 2DSP(1:3)/ 
GelSP(1:4) groups (12.41 ± 1.2 %, 14.25 ± 1.6 %) (P < 0.01). Similarly, 
the 3DSP(1:3)/GelSP(1:4) group demonstrates superior performance in 
quantitative calculations of trabecular number (Tb.N) (4.0 ± 0.29/mm) 
and Tb.SP (0.20 ± 0.02 mm) (Fig. 6f-g, P < 0.01).

Based on positive results of micro-CT analysis, the regenerative po
tential of the subchondral bone was assessed by HE staining and IHC 
staining of OCN. As shown in Fig.7-8, the defect areas within the 
different groups show different degrees of regeneration, while a greater 
number of new tissues (bone tissue) were observed in the 3DSP(1:3)/ 
GelSP(1:4) group compared to both the control and 2DSP(1:3)/GelSP(1:4) 

Fig. 3. Preparation and characterization of 2D/3D SP(1:3)/GelSP(1:4). (a) Schematic diagrams depicting the vertical view of the preparation process for the gelatin 
coating on 2DSP(1:3)/GelSP(1:4). (b) SEM images of the surface and cross-section of 2DSP(1:3)/GelSP(1:4). (c) Schematic diagrams showcasing the lateral view of the 
preparation process for the gelatin coating on 3DSP(1:3)/GelSP(1:4). (d) SEM images of the surface and cross-section of 3DSP(1:3)/GelSP(1:4). (e–g) The cyclic 
compression stress–strain curves (50 times) of the SP(1:3) layer, GelSP(1:4) layer and bilayer scaffolds of 3DSP(1:3)/GelSP(1:4) with a 20 % deformation. Degradation 
ratio(h), Swelling rate(i), Porosity(j), Compressive modulus(k) and Young’s modulus(l) of the of SP(1:3) layer, GelSP(1:4) layer and bilayer scaffolds of 3DSP(1:3)/ 
GelSP(1:4).(ns, no significant difference; *p < 0.05. **p < 0.01).
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groups (Fig. 7a and b). The defect area in the 3DSP(1:3)/GelSP(1:4) 
demonstrated the highest OCN deposition, which was consistent with 
the in vitro results. False positives were observed around the incom
pletely degraded scaffolds in both the 3DSP(1:3)/GelSP(1:4) and 
2DSP(1:3)/GelSP(1:4) groups. Notably, new tissue replacement within the 
3D scaffolds occurred at a faster rate than in the 2D membranes, with 
increased cell infiltration into the interior of the scaffold (Fig. 8).

4. Discussion

A persistent challenge in osteochondral defects repair lies on a stable 

integration between osteogenic and chondrogenic layers with natural 
interfaces. Previous studies have attempted to assembled bi- and multi- 
phasic scaffolds through simple adhesion and freeze-drying processes 
[48]. However, these methods frequently led to delamination in vivo, 
separating newly formed cartilage from subchondral bone. This study 
introduced a well-designed method constructing integrated scaffolds for 
osteochondral defects. The scaffolds were developed through a one-step 
process that combined wet electrospinning with gas foaming technolo
gies, resulting in a natural and stable interface between two layers. The 
3D nanofibers scaffolds, which mimic the structure of native joint tissue 
and interface, provide ample internal space for cell proliferation and 

Fig. 4. Biocompatibility and osteogenic differentiation potential of MC3T3-E1 seeded on 2D/3D SP(1:3)/GelSP(1:4) scaffolds. (a) The cell distribution inside 3DSP(1:3)/ 
GelSP(1:4). Dil-labeled ATDC5(red) were seeded on the SP(1:3) layer, and Dio-labeled MC3T3-E1(green) were seeded on the GelSP(1:4) layer of 3DSP(1:3)/GelSP(1:4) for 
7days. (b) Cell proliferation of MC3T3-E1 seeded on 2D/3D SP(1:3)/GelSP(1:4) scaffolds at days 1, 3, and 7, as measured by the CCK-8 assay. (c) The viability of 
MC3T3-E1 seeded on 2D/3D SP(1:3)/GelSP(1:4) scaffolds by live/dead staining and its 3D fluorescent images for 3 days. (d) Cytoskeleton staining of MC3T3-E1 
cultured on different scaffolds for 3 days. (e–g) The relative mRNA expression levels of OPN, Runx2, and OCN of MC3T3-E1 seeded on 2D/3D SP(1:3)/GelSP(1:4) 
scaffolds for 14 days. (h) Immunofluorescence images of osteocalcin (OCN) in MC3T3-E1 seeded on 2D/3D SP(1:3)/GelSP(1:4) scaffolds. (*p < 0.05. **p < 0.01. ***p 
< 0.001).
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spreading. In addition, the differences between mechanical properties 
and porous structures of two layers created a dual-differential micro
environment, effectively maintaining chondrogenic and osteogenic 
phenotypes of cells at the same time.

Electrospinning exhibited a substantial potential for scalable, precise 
production of nanofiber materials and has attracted significant attention 
in tissue engineering [49–51]. However, the dense packing fibers and 
limited thickness in traditional electrospun films restricted cellular 
infiltration [52,53]. Transitioning from 2D membranes to 3D scaffolds 
has broadened their applications. Numerous post-processing techniques, 
including short nanofiber assembly and 3D printing combined with 
electrospinning, allowed for controlled sizes and features, but the 
specialized and expensive equipment were required [54]. Some direct 
enhancement methods, such as wet-electrospinning, yield loosely 
structured scaffolds, but provided limited improvements in porosity 

[55]. Gas foaming technique offered a simple construction method to 
stretch 2D electrospun films into 3D scaffolds that preserved 
nano-topographical cues, which were essential for cell attachment and 
differentiation [56]. In addition, wet-electrospinning reduced fiber 
surface tension and provide convenience for gas foaming.

In this study, we combine the technologies of wet-electrospinning 
and gas foaming to construct the integrated scaffolds with varying ra
tios of SF/PCL. According to the results of the previous studies, the in
tegrated scaffolds with similar components in different layers were more 
likely to facilitate a smooth interface transition [12,46]. In addition, the 
osteochondral scaffolds designed with internally graded composition, 
mechanical properties, and comparable swelling behavior have been 
shown to effectively prevent delamination [57–59].

SF and PCL were selected as the based materials due to their wide
spread applications in bone and cartilage tissue engineering [60–64]. 

Fig. 5. Biocompatibility and chondrogenic differentiation potential of ATDC5 seeded on 2D/3D SP(1:3)/GelSP(1:4) scaffolds. (a) The viability of ATDC5 seeded on 2D/ 
3D SP(1:3)/GelSP(1:4) scaffolds by live/dead staining and its 3D fluorescent images for 3 days. (b) Cell proliferation of ATDC5 seeded on 2D/3D SP(1:3)/GelSP(1:4) 
scaffolds at days 1, 3, and 7, as measured by the CCK-8 assay. (c) Cytoskeleton staining of ATDC5 cultured on different scaffolds for 3 days. (d–f) The relative mRNA 
expression levels of COL-II, SOX-9 and ACAN of ATDC5 seeded on 2D/3D SP(1:3)/GelSP(1:4) scaffolds for 14 days. (g) Immunofluorescence staining of COL-II in ATDC5 
seeded on 2D/3D SP(1:3)/GelSP(1:4) scaffolds for 14 days. (ns, no significant difference; *p < 0.05. **p < 0.01. ***p < 0.001).
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PCL, an FDA-approved implantable material, is known for its excellent 
mechanical properties and biodegradability. The incorporation of SF 
could enhance biocompatibility and cell adhesion properties of the 
PCL-based scaffolds, making them well-suited for osteochondral 
applications.

The primary objective in designing a scaffold for osteochondral 
repair is to maintain the phenotype of chondrocytes and osteoblasts, 
fostering a conducive microenvironment for tissue regeneration [65]. In 
this study, an integrated bilayer scaffold with dual-differential micro
environment was manufactured. The structural pore size of 

Fig. 6. Gross observation and radiological evaluation of the rat osteochondral defects. (a) Schematic diagram depicting process of the animal experiments, illustrated 
by Figure Draw. (b) Gross appearance. (c) ICRS macroscopic repair score. (d) The 3D reconstruction through micro-CT. (e–g) Quantitative analysis of bone volume 
proportion (BV/TV), trabecular separation/spacing (Tb.Sp), and trabecular number (Tb.N) within the subchondral bone of the defect area. (defects were presented in 
the white circles). (*p < 0.05. **p < 0.01. ***p < 0.001).
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osteochondral scaffolds is essential for inducting of osteogenic or 
chondrogenic differentiation [66]. Previous studies have demonstrated 
the optimal pore size for chondrogenic differentiation was 20–50 μm, 
while larger pores were conducive to mineralized tissue formation [67,
68]. Therefore, it’s crucial for optimal ratios of 1:3 and 1:4, as too small 
pole size would restrict infiltration of cells. A gelatin coating was 
introduced to bone layer of the porous scaffolds to enhance bone for
mation and elastic stress [31]. Experimental results demonstrated that 
the osteogenic layer exhibited enhanced mechanical strength compared 
to the uncoated state, while preserving natural interface integrity of 
bi-layer scaffolds. Indeed, gelatin-coated expanded 3D nanofiber scaf
folds had been proven to exhibit super-elastic and shape-recovery 
properties without compromising their structural integrity [69]. In 
vitro results showed that 3D scaffolds effectively maintained the cellular 
phenotype, and the expression of genes such as OCN and Col-II were 
significantly enhanced. These findings indicated that the 

3DSP(1:3)/GelSP(1:4) scaffolds closely mimicked dual different microen
vironments in osteochondral tissue. Similar findings by Chen et al. 
demonstrated that the 3D scaffolds fabricated via gas foaming technol
ogy could enhance the expression of osteogenic specific genes [53,70].

A significant enhancement in the regeneration of osteochondral de
fects was observed in 3D scaffolds groups, which consisted with the in 
vitro results. The 3D scaffolds facilitated the exchange of nutrients and 
waste products while preserving nano-topographical cues essential for 
tissue healing and differentiation. High-porosity scaffolds have been 
shown to promote cellular infiltration, enhance wound healing, modu
late the foreign body response and support extracellular matrix pro
duction [71,72]. Additionally, the increased surface-to-volume ratio of 
the 3D scaffolds accelerated degradation rate in vivo, thereby promoting 
tissue growth [73]. Moreover, the dual differentiation microenviron
ment in the 3D scaffolds provided guidance for homogenization and 
specific differentiation of stem cells [74]. In contrast, fibrous tissue 

Fig. 7. Histological staining of the osteochondral defect in vivo at 6 and 12 weeks. Representative images of HE staining (a, b) and Safranin O/Fast Green staining (c, 
d) (The images on the right are magnified views of the left images, with black arrows indicating the boundary between normal cartilage (N) and repaired cartilage 
(R). V represents vessel, S represents incompletely degraded scaffolds). (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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repair was observed in the defects of the control group due to the lack of 
scaffold guidance and insufficient cellular sources. Partial subchondral 
bone regeneration was noted in the defects treated with 2D electrospun 
films. Although numerous studies have attempted to construct electro
spun films for cartilage regeneration, most of them have focused on in 
vitro experiments due to inadequate mechanical support and hinder 
cellular infiltration [75,76]. In addition, engineered cartilage con
structed from BMSC-loaded electrospun films frequently undergoes 
endochondral ossification after in vivo implantation, which further limits 
its applicability [77].

Although the in vivo experiments utilizing 3DSP(1:3)/GelSP(1:4) yiel
ded promising results, further studies are required to elucidate the 
detailed mechanisms of osteogenic and chondrogenic differentiation. 
Moreover, integrating drug or growth factor release systems into the 
porous structure or coating may enhance mechanical properties and 
promote efficient tissue regeneration, representing a promising 

direction for future research [78].

5. Conclusion

In conclusion, a novel integrated scaffolds featuring heterogeneous 
bi-phasic structure (3DSP(1:3)/GelSP(1:4)) was successfully developed 
using a combination technique of layer-by-layer wet electrospinning, 
gas foaming, and asymmetric coating. Notably, the 3DSP(1:3)/GelSP(1:4) 
demonstrated favorable mechanical property properties and excellent 
biocompatibility. In addition, the 3D scaffolds not only closely 
mimicked the microenvironment of articular cartilage and subchondral 
bone than their 2D films, but also effectively maintained the chondro
blast and osteoblast phenotypes. Furthermore, the 3D scaffolds enabled 
successful regeneration of subchondral bone and hyaline cartilage 
within 12 weeks. This study proposes a straightforward approach for 
constructing scaffolds that regulate cellular behavior, demonstrating 

Fig. 8. Immunological assessment of osteochondral defect in vivo at 6 and 12 weeks. Representative images of COL-II (a, b) and OCN (c, d) immunohistochemical 
staining (The images on the right are magnified views of the left images, with black arrows indicating the boundary between normal cartilage (N) and repaired 
cartilage (R), V represents vessel, S represents incompletely degraded scaffolds).
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promising potential for applications in osteochondral tissue and inter
face repair.
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