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A B S T R A C T   

Autologous mosaicplasty is a common approach used to treat osteochondral defects in clinical practice. Gap 
integration between host and transplanted plugs requires bone tissue reservation and hyaline cartilage regen-
eration without uneven surface, graft necrosis and sclerosis. However, poor gap integration is a serious concern, 
which eventually leads to deterioration of joint function. To deal with such complications, this study has 
developed a strategy to effectively enhance integration of the gap region following mosaicplasty by applying 
injectable bioactive supramolecular nanofiber-enabled gelatin methacryloyl (GelMA) hydrogel (BSN-GelMA). A 
rabbit osteochondral defect model demonstrated that BSN-GelMA achieved seamless osteochondral healing in 
the gap region between plugs of osteochondral defects following mosaicplasty, as early as six weeks. Moreover, 
the International Cartilage Repair Society score, histology score, glycosaminoglycan content, subchondral bone 
volume, and collagen II expression were observed to be the highest in the gap region of BSN-GelMA treated 
group. This improved outcome was due to bio-interactive materials, which acted as tissue fillers to bridge the 
gap, prevent cartilage degeneration, and promote graft survival and migration of bone marrow mesenchymal 
stem cells by releasing bioactive supramolecular nanofibers from the GelMA hydrogel. This study provides a 
powerful and applicable approach to improve gap integration after autologous mosaicplasty. It is also a prom-
ising off-the-shelf bioactive material for cell-free in situ tissue regeneration.   

Abbreviations: BSN-GelMA, bioactive supramolecular nanofiber-enabled gelatin methacryloyl (BSN-GelMA); AOT, autograft osteochondral transplantation; IGF-1, 
Insulin-like growth factor-1; rBMSCs, rabbit bone marrow mesenchymal stem cells; GAG, glycosaminoglycan. 
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1. Introduction 

Autograft osteochondral transfer (AOT) mosaicplasty, one of the 
most extensively applied surgical techniques in clinical practice, in-
volves transplantation of multiple small cylindrical autologous osteo-
chondral units as plugs from less load-bearing sites to the defect sites 
[1–3]. The operation offers several advantages over other repair tech-
niques such as primary repair, less incision and injury, lower cost, and 
quick recovery [4–7]. However, integration of gaps between plugs of 
osteochondral defects remains a challenge. Inappropriate integration of 
a gap in osteochondral defects ultimately leads to the formation of 
fibrotic tissues, especially fibrocartilage [8,9]. Besides, an absence of a 
filling in the gap, degeneration of the grafted tissues, and a potential 
dead space between grafts may further prevent gap integration and limit 
the quality of repair [10–14]. Gap integration of AOT relies on autolo-
gous cell migration from adjacent tissues, maximum volume retention of 
extracellular matrix, and survival of graft in vivo [15–17]. Poor graft 
survival usually results in necrosis, apoptosis, or osteosclerosis, which 
eventually deteriorate the joint function and treatment outcome [14, 
18]. It was reported that approximately one-third of the joint bone after 
mosaicplasty surface was nonviable, followed by 24% rate of marginal 
zone cell death, and 9% rate of interposed dead space between grafts 
[10]. Besides, it may be difficult to fuse together adjacent cartilages 
because of the proteoglycan nature of the main components of the 
cartilage matrix [11,13,19]. Therefore, it is important to search for 
further remedies to resolve the problem of gap integration. 

Previous studies have mainly focused on improving surgical tech-
niques [4,9,20–25]; however, only a few studies have attempted to 
improve the gap integration of grafts following mosaicplasty using a 
tissue engineering approach. In the tissue engineering field, natural 
growth factor-loaded hydrogel scaffolds have been proved to improve 
cell viability and osteochondral regeneration [26–30]. However, 
because they are easily inactivated, it is difficult to maintain their bio-
logical activity when combined with scaffold materials, which greatly 
hinder their long-term effects in vivo [31–34]. Furthermore, the bio-
logical effects of many growth factors are concentration dependent. 
Hence, maintaining an appropriate concentration in vivo is crucial [35]. 
Therefore, it is necessary to develop alternative bioactive materials to 
replace traditional scaffold materials loaded with natural growth fac-
tors. Recently, bioactive supramolecular nanofibers have shown a great 
potential in tissue engineering and regenerative medicine, and are the 
best alternatives to natural growth factors [36–38]. Supramolecular 
nanofibers formed by non-covalent interactions have excellent tissue 
retention and improved bioavailability [39]. Compared to natural 
growth factors, they are less prone to be inactivated by endogenous 
digestion enzymes and are more cost-effective [40]. Recently, Stupp and 
colleagues have shown that synthesized amphiphile bioactive supra-
molecular nanofibers, which could activate the transmembrane receptor 
(β1-integrin) and the basic fibroblast growth factor 2 receptor, was able 
to promote functional recovery in a mouse spinal cord injury model by 
enhancing vascular growth, axonal regeneration, etc. [41]. This epochal 
study demonstrated that bioactive supramolecular nanofibers have a 
great potential for therapeutic applications. 

Insulin-like growth factor-1(IGF-1), a hormone with anti-apoptotic 
and anti-inflammatory properties, can promote cell metabolism and 
growth [42]. Besides, IGF-1 was shown to promote extracellular matrix 
generation of chondrocytes and stimulate proliferation and chondro-
genic differentiation of bone marrow mesenchymal stem cells (BMSCs) 
via paracrine mechanisms, thus improve osteochondral healing [29,43]. 
Previous studies revealed that the delivery of IGF-1 could retain adjacent 
glycosaminoglycan (GAG) and cell content in a rabbit osteochondral 
defect model [30,44], suggesting that IGF-1 may play an important role 
in balancing proteoglycan synthesis and breakdown, as well as regu-
lating the homeostasis of native cartilage tissue. A recent study has 
indicated that IGF-1 could improve the integration of cartilage grafts 
with native cartilage by enhancing the migration of chondrocytes across 

the graft-host interface [45], suggesting that IGF-1 possesses the ca-
pacity to promote cell migration. These findings demonstrate that IGF-1 
has the potential to enhance the activity of BMSCs and also plays a role 
in osteogenic/chondrogenic differentiation of BMSCs to improve 
osteochondral healing and gap space integration after AOT 
mosaicplasty. 

Based on the above-mentioned findings, we developed a novel 
strategy to heal the gaps between osteochondral plugs promptly and 
seamlessly after mosaicplasty. This strategy utilizes an injectable pho-
tocuring GelMA hydrogel loaded with bioactive supramolecular nano-
fibers that mimic IGF-1 [40]. IGF-1 bioactive supramolecular nanofibers 
(IGF-1bsn) can bind to IGF-1 receptors and their bioavailability is 
greatly improved due to their high stability and tissue retention, laying a 
solid foundation towards improving their biological activities in vivo. In 
this study, we demonstrated that IGF-1bsn could enhance rabbit BMSC 
migration in vitro. IGF-1bsn‒incorporated GelMA hydrogel accom-
plished seamless osteochondral integration after mosaicplasty as early 
as six weeks in a rabbit knee joint osteochondral defect model. This 
approach provides a powerful strategy and cost-effective off-the-shelf 
product for the treatment of osteochondral integration after 
mosaicplasty. 

2. Experimental section 

2.1. Materials 

Primary rabbit BMSCs (rBMSCs) were harvested from femur bone 
marrow of 3 weeks old rabbit. Cell culture medium (CM) and fetal 
bovine serum were purchased from Gibico (USA). Cells at passage 3–5 
were used in the following experiments. Recombinant IGF-1 protein was 
purchased from Peprotech (100–11, Peprotech, USA). Cell Counting Kit 
8 (CCK-8) was purchased from Dojindo (Shanghai, China). Live/dead 
reagent, Phalloidine and Second antibody Alexa Flour 555 were pur-
chased from Thermofisher. Annexin V-FITC apoptosis assay kit was 
purchased from Absin (Shanghai, China). Type II collagen antibody was 
purchased from Norvas (NB600-844, USA). 

2.2. Synthesis of IGF-1 bioactive supramolecular nanofiber 

The IGF-1 bioactive supramolecular nanofiber was synthesized as 
previously described [40]. Briefly, 2-chlorotriacyl chloride resin and 
amino acids whose N-terminal is protected by Fmoc, and the side chain 
is properly protected. All peptide derivatives were synthesized by the 
standard solid phase peptide synthesis (SPPS). Compounds were uni-
formly dispersed in endotoxin-free PBS, and 2 equiv of sodium carbon-
ate was added to adjust the pH to 7.4 to form a suspension with a 
concentration of 0.5 wt %. Hydrogel formation was observed after the 
suspension was heated and cooled for 5 min. 

2.3. Transmission electron microscopy 

Firstly, 10 μL (1 mmol/L) of hydrogel was placed on the carbon- 
coated copper grids with a pipette. The gel was washed twice with 
water and dried with a filter paper. We stained the thin layer of hydrogel 
with uranium acetate for 1 min. In the end, the samples were transferred 
to a desiccator to dry overnight. 

2.4. Fourier transform infrared (FTIR) spectroscopy 

The gels were deposited on potassium bromide tablets and dried at 
ambient conditions. The non-covalent interactions and conformations of 
samples were detected by FTIR spectroscopy (TENSOR-27, Bruker) at 
room temperature. 
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2.5. Preparation of GelMA hydrogel and GelMA/IGF-1bsn hydrogel 

GelMA was synthesized according to previously illustrated protocols 
[46]. A photo-initiator LAP (lithium phenyl-2,4, 
6-trimethylbenzoylphosphinate) was added to GelMA before use at a 
final concentration of 8.5 mM. GelMA/IGF-1bsn hydrogel was prepared 
by heating the stock IGF-1bsn suspension (1 mmol/L) until transparent 
and then diluted into GelMA solution to a final concentration of 10 
μmol/L. Various concentration of IGF-1bsn in following experiments 
was further diluted from this stock solution. 

2.6. Cell viability assay 

To verify the biocompatibility of IGF-1bsn and IGF-1bsn contained 
hydrogel, rBMSC suspension was added on the surface of 10% GelMA 
hydrogel supplemented with different doses of IGF-1bsn (0, 10, 50, 100, 
200, 400 nM, 3 wells each group) in 24-well plates (1 × 104 cells/well). 
rBMSCs cultured on tissue culture plate were used as control. 72 h after 
the cultivation, the viability of rBMSCs was evaluated by live/dead 
staining using Calcein AM (fluorescent green for live cells) and PI dyes 
(fluorescent red for dead cells) for 20-min incubation at 37◦C. Images 
were taken by inverted fluorescence microscope (Leica, German). 

2.7. Cell proliferation assay 

To investigate the effect of IGF-1bsn on the proliferation of rBMSCs in 
vitro, a Cell Counting Kit 8 (CCK-8) assay and a colony forming unit 
(CFU) assay were performed. rBMSCs were seeded in 96-well plates (2.5 
× 103 cells/well) and cultured in low glucose culture medium. Then, the 
cells were treated with different doses of IGF-1bsn (0, 10, 50, 100, 200 
nM, 5 wells each group) for 1, 3, 5 days. To compare the cell amount, 
rBMSCs in each well were incubated with 10 μL CCK-8 solution 
(Dojindo, shanghai, China) diluted in CM in the incubator for 4 h. Then, 
the optical density (OD) values at 450 nm were read with a microplate 
reader (Tecan’s Spark, Australia). Cells for CFU test were cultured for 10 
days, then rBMSCs were stained with 0.5% (v/v) crystal violet solution 
at room temperature for 10 min. Images were taken by stereoscope and 
inverted fluorescence microscope (Leica, German) where the size of 
colonies with a diameter over 1 mm could be calculated by ImageJ. 

2.8. Cell migration assay 

To study the effect of IGF-1bsn on migration of rBMSCs, the 2D cell 
scratch assay and 3D cell migration assay was performed. rBMSCs were 
seeded in 6-well plates (2 × 105 cells/well) and cultured with CM con-
taining different concentration of IGF-1bsn (0, 10, 50, 100, 200 nM) for 
12 h. The cells which migrated to the scratches were imaged and 
counted at 0, 12 h under inverted fluorescence microscope. For 3D cell 
migration assay, the rBMSC suspension were resuspended with GelMA 
hydrogel at a final concentration of 1 × 106 cells/ml. The cell-hydrogel 
suspension was then crosslinked by UV light in an 8-well chamber slide. 
The 3D cell-hydrogel constructs were cultured in low glucose culture 
medium with or without 100 nM IGF-1bsn. The constructs were 
collected and stained with phalloidine on 1, 3 and 5 days, respectively. 
Then the constructs were imaged and three dimensions reconstructed 
under confocal microscopy (Zeiss 880, German). The cell migration 
distance from bottom to 500 μm above in the IGF-1bsn group was 
calculated and compared with each other. 

2.9. Cell apoptosis assay 

To investigate the anti-apoptosis effect of IGF-1bsn on rBMSCs in 
vitro, a cell apoptosis assay was performed. rBMSCs were seeded in 6- 
well plates (1 × 105 cells/well) and cultured with CM. Then the cells 
were treated with media containing 200 μM H2O2 and 1% P/S for 4 h to 
realize oxidative damage. Then they were rinsed by PBS and cultured 

with CM containing different doses of IGF-1bsn (0, 50, 100, 200, 400 
nM, 3 wells each group) for 24 h. After that, the cells were collected and 
Annexin V-FITC apoptosis assay kit (Absin, Shanghai, China) was used 
to detect the apoptosis rate by following the protocol. After IGF-1bsn 
treatment, apoptosis related gene expression of Bcl-2, Bax, Bad mRNA 
in rBMSCs was determined by quantitative real-time polymerase chain 
reaction (qRT-PCR) with total RNA extracted from cells and the primers 
listed in Table S1. 

2.10. In vivo mosaicplasty of osteochondral defects in rabbits 

In this project, 18 News Zealand rabbits (male, 3 Kg in average) were 
collected from animal center in Zhejiang University, Zijingang Campus. 
They were treated under standard animal ethic guidelines approved by 
the Zhejiang University Ethics Committee (ZJU20210248). Rabbits were 
anesthetized with intravenous pentobarbital (20 mg/kg) and Zoletil (10 
mg/kg). Medial parapatellar approach was operated on the knee joints 
with a trephine to create a cylinder-shape osteochondral defect with 3.5 
mm in diameter and 3 mm deep at the trochlear groove, referring to 
previous study [47,48]. After that, the autologous osteochondral graft 
with the diameter of 2.5 mm was reimplanted in situ, leaving a gap of 
0.5 mm wide between the host bone and the graft. The gap was left 
without any treatment in the blank group, while the gap of other groups 
was filled with GelMA hydrogel (GelMA group) or GelMA/IGF-1bsn (10 
μM/ml) hydrogel (BSN-GelMA group). Then the wound was closed and 
the rabbits were sent back to cages for recovering. At 6 and 12 weeks, 
half of the rabbits were sacrificed with excessive intravenous pento-
barbital. Samples were harvested for subsequent examination (n = 6 
each group). 

2.11. ICRS scoring system for macroscopic evaluation 

International Cartilage Repair Society (ICRS) scoring system was 
applied to examine outcome of the samples according to a previously 
established scoring standard (Table S2) [49]. Three independent graders 
were asked for scoring who were not involved in the study and were 
blind to the groups (n = 6 per group). Images from macroscopic, and 
H&E staining were observed and scored by graders. 

2.12. Micro-computed tomography analysis 

The knee joints were fixed in 4% paraformaldehyde for 2 days (pH =
7.0, room temperature) after harvest. Samples (n = 6 per group) were 
scanned by small animal in vivo Micro Computed Tomography (Neth-
erland, Milabs) and subsequently reconstructed. A constant region of 
interest with defect site 3.5 mm in diameter and 3 mm deep was 
assigned. The reconstructed profiles were visualized and analyzed af-
terwards. For each group, a representative sample was randomly chosen. 
For gap defect calculation, 4 samples in each group were randomly 
selected. The area of bone defects displaying in the coronal section on 
both sides were measured by Image J. The original gap was 3 mm in 
depth and 0.5 mm in width. Then the percentage of gap defect was then 
calculated. 

2.13. Histological staining and analysis 

The samples in each group (n = 4 per group) were processed for 
histological staining and analysis. After being decalcified and embedded 
in paraffin, the samples were sliced to produce 7 μm histological sec-
tions. Following staining were performed for each sample: H&E staining 
for morphology; safranin-O and fast green (SF) staining for dis-
tinguishment of cartilage and bone tissues, as well as content of pro-
teoglycan in cartilage; Masson’s staining for collagen content. All slices 
were digitally photographed under High-Content Imaging System IXM-C 
after staining. Three authors performed the histology scores according to 
the previously reported standard criteria [50]. To detect the hyaline 
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cartilage in the graft after the transplantation, immunofluorescence 
staining for collagen II (1:200, Novus, NB600-844) was performed. After 
incubated with secondary antibodies (Alexa Flour 555, Thermofisher) 
and DAPI, the sections were then viewed under Zeiss LSM 880 Confocal 
Microscope system and the relative intensity of collagen II expression 
was calculated in each group. 

2.14. Statistical analysis 

Quantitative results from scorings and image analysis software are 
presented as mean ± standard deviations (SD). GraphPad Prism 8.0 
software was applied to perform t-tests or one-way ANOVA analysis of 
variance tests. Statistically significant differences were shown as ns: 
non-significant, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001. 

3. Results 

3.1. Molecular structure of IGF-1bsn 

Previous studies have shown that the C-domain consisting of a 
dodecapeptide (GYGSSSRRAPQT) is a key binding site of IGF-1 receptor 
(IGF-1R) and plays an important role in regulating IGF-1 activity [51]. 
Therefore, we generated these dodecapeptides and covalently linked 
them to an assembly peptide, Nap-FFG, and obtained IGF-1 mimicking 
peptides, also known as IGF-1 bioactive supramolecular nanofibers 
(IGF-1bsn, Nap-FFGGYGSSSRRAPQT), which had a potential to 
self-assemble (Fig. 1A and B). IGF-1bsn could self-assemble into an 
opaque hydrogel by the heating-cooling process in PBS buffer (pH 7.4) at 
a concentration of 1 mmol/L (Fig. 1C). Transmission electron micro-
scopy (TEM) images revealed that the microstructure was a 
three-dimensional network composed of nanofibers with a diameter of 
approximately 20 nm (Fig. 1D). Fourier transform infrared spectroscopy 
(FTIR) further showed the characteristic peaks of an amide I band at 
1638 cm− 1 and an amide III absorption band at approximately 1232 
cm-1 (Fig. 1E), which corresponded to hydrogen-bonded β-sheet sec-
ondary structures of IGF-1bsn [52–54]. Fig. S1 showed the in vitro 

stability of the fibers. Results showed that the IGF-1 bioactive supra-
molecular nanofibers (IGF-1bsn) exhibited weak frequency dependence 
at the range of 0.1–100 rad s− 1, indicating good elasticity. The storage 
modulus (G′) was approximately an order of magnitude higher than 
their loss modulus (G′′), which indicated the stable existence of nano-
fibers. In conclusion, IGF-1bsn has good stability under physiological 
condition. In vitro degradation of the nanofibers also showed that the 
IGF-1bsn remained above 26% after 24 h in vitro (Fig. S2). 

3.2. Biological activity of IGF-1bsn in rabbit BMSCs 

Our previous studies have shown that IGF-1bsn has a biological ac-
tivity that was superior than that of IGF-1 in protecting human umbilical 
vein endothelial cells (HUVECs) from apoptosis [40]. Similar experi-
ments were performed on rabbit BMSCs. The results of live/dead 
staining for cell viability demonstrated that the apoptosis rate was 84.97 
± 1.29 in control group, whereas it was only 4.73 ± 0.40 and 1.53 ±
0.45 in IGF-1 group and IGF-1bsn group, respectively (P < 0.001, 
Figs. S3A and S3B). To prove the biocompatibility of IGF-1bsn, we 
cultured rabbit BMSCs in a culture medium containing IGF-1bsn as well 
as on a GelMA hydrogel containing IGF-1bsn (Fig. S3C). Live/dead 
staining demonstrated that cell viability both in the 2D culture medium 
and on hydrogel was comparable at concentrations from 0 to 200 nM of 
IGF-1 bsn (Figs. S3D–S3E). 

To verify the biological effects of IGF-1bsn on rabbit BMSCs, we 
performed CCK-8 cell experiments using different concentrations of IGF- 
1bsn (0, 10, 50, 100, and 200 nM) to observe its effect on cell prolifer-
ation. To exclude the influence of fetal bovine serum (FBS), three 
different concentrations of FBS were tested. The OD values were pro-
portional to the total rBMSC numbers. Generally, there was no differ-
ence or only a mild increase observed in the IGF-1bsn‒supplemented 
groups than in the control group during the first three days. On day 5, 
there was a significant increase in the 100 nM- and 200 nM-treated 
groups (Fig. S4A). These data revealed that IGF-1bsn promoted BMSC 
proliferation in a mild and slow manner, even at low FBS concentrations 
(Figs. S4B and S4C). 

The proliferation ability of the rBMSCs was also investigated using a 

Fig. 1. Characterization of bioactive supramolecular nanofibers (bsn). (A) Chemical structure of bsn. (B) Ribbon structure of human IGF-1 protein. The C-region of 
the protein is shown in light green and is denoted by the box. (C) Optical images showing the transparent suspension of bsn after heating turning opaque after cooling 
at room temperature. (D) TEM image of the bsn suspension. Scale bar = 200 nm. (E) FTIR spectrum of bsn. 
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cloning forming unit (CFU) assay. Fig. S5 shows representative images 
from each group after 10 days of cell culture. The number of clone- 
forming units was the highest in the 100 nM-treated group. Percent-
age of the clone forming area of the cells in the 100 nM treatment group 
was the highest among all the groups ((Fig. S5B). After staining with 
crystal violet solution, the OD value in the 100 nM treatment group 
(0.1489 ± 0.0117) was significantly higher than that in the 0 nM group 
(0.1274 ± 0.0060) ((Fig. S5C). These results were consistent with the 
CCK-8 results, indicating that 100 nM of IGF-1bsn might be an optimal 
concentration for examining cell proliferation in vitro. 

3.3. IGF-1bsn enhances the migration of BMSCs in vitro 

To assess the migration ability of BMSCs under stimulation with 
different doses of IGF-1bsn, a scratch assay was performed using 2D 
culture and fluorescence staining was carried out employing 3D 

hydrogel culture. On the 2D tissue culture plate with 1% FBS in culture 
medium, the results indicated that the migrated cells in 50, 100, and 
200 nM IGF-1bsn groups (54 ± 1.57, 64.33 ± 2.14, 63.67 ± 2.73, 
respectively) were significantly higher than those in the control group 
(48 ± 3.75) (Fig. 2A and B). Even in culture conditions with 0% FBS, the 
number of migrated cells in the 50–400 nM group was significantly 
higher than that in the control group. The number of migrated cells in 
the 200 nM group was the highest among all the groups (P < 0.0001) 
(Supplementary Fig. 6B). 

Therefore, we used a culture medium containing 200 nM of IGF-1bsn 
to observe cell migration in the hydrogel; the regular medium was set as 
a control (Fig. 2C and D). Fluorescence staining images showed that 
there was a significant difference between the IGF-1bsn‒treated group 
and control group in terms of average distance of cell migration on day 3 
and day 5. The distance achieved in IGF-1bsn group on day 3 and day 5 
was 240.0 ± 5.0 μm and 253.3 ± 7.6 μm, respectively, whereas it was 

Fig. 2. IGF-1bsn promotes migration of BMSCs both in 2D and 3D culture conditions. (A) Representative images of the scratch test showing rabbit BMSCs immi-
gration in 2D culture condition. Cells were treated with different concentrations of IGF-1bsn and 1% FBS for 24 h. Black dots indicated migrated cells. Scale bar =
100 μm. (B) Quantification analysis of the scratch test. n = 3 per group; ns: not significant; *p < 0.05, ****p < 0.0001. (C) Fluorescence images of cell migration in 
GelMA hydrogel on day 1, day 3, and day 5. The cell-hydrogel construct was cultured in medium with or without IGF-1bsn. Rabbit BMSCs were stained using 
phalloidin. Scale bar = 100 μm. (D) Schematic diagram of the cell migration assay. (E) Analysis of cell migration distance of BMSCs. n = 3 per group, ns: not 
significant, ****p < 0.0001. 
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45.0 ± 18.0 μm and 40.0 ± 5.0 μm, respectively, in control group 
(Fig. 2E). These data demonstrated that IGF-1bsn significantly enhanced 
migration of rBMSCs at a concentration of 200 nM in vitro. 

3.4. IGF-1bsn inhibit apoptosis of BMSCs 

To further demonstrate that IGF-1bsn could inhibit BMSC apoptosis, 
we used H2O2 to induce cell apoptosis and then rescued the cells using 
different doses of IGF-1bsn. Flow cytometry analysis revealed that the 
overall apoptosis proportion (top right corner + bottom right corner of 
the images) in the 200 nM group showed the lowest apoptosis rate 
(12.11 ± 1.67), which was significantly different from that of control 
group (24.92 ± 5.57) (Fig. 3A and B). The results of qRT-PCR further 

demonstrated apoptosis-related gene expression difference among each 
group. The expression level of Bax and bad, which are both pro- 
apoptotic genes, were down regulated in the 200 and 400 nM groups. 
The expression of bcl2, which plays a role in anti-apoptosis, was upre-
gulated in the low-dose IGF-1bsn group, suggested that IGF-1bsn may 
inhibit cell apoptosis in low concentration (Fig. 3C). Based on the results 
of cell apoptosis, cell migration, and proliferation experiments, 
100–200 nM IGF-1bsn was found to be the optimal range to promote cell 
proliferation and migration, and to inhibit cell apoptosis. Therefore, 100 
times of this concentration (10 μM) was used in subsequent in vivo 
experiments. 

Fig. 3. IGF-1 bsn inhibit apoptosis of BMSCs. (A) Flow cytometry analysis of cell apoptosis of BMSCs cultured in medium containing different concentrations of IGF- 
1bsn (0–400 nM). (B) Quantification of apoptosis rate of BMSCs. (C) Real time PCR analysis of apoptosis related gene expression. Experiments repeated three times; n 
= 3 per group; ns: not significant; *p < 0.05, **p < 0.01, ****p < 0.0001. 
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3.5. Macroscopic evaluation shows efficacy of GelMA/IGF-1bsn hydrogel 
for osteochondral regeneration 

The surgical procedure is shown in Fig. 4A. Post-operation macro-
scopic images displayed a smooth connection from the graft to the 
surrounding joint surface in the BSN-GelMA group at both 6 and 12 
weeks, whereas the surgical gap in the blank group remained distinct 
and sunken, especially at 6 weeks (Fig. 4Bi and 4Ci). All the samples 
displayed a fibrous membrane on the surface of the joints, and the gaps 
in all groups became inconspicuous at 12 weeks (Fig. 4C). In accordance 
with the guidelines of the International Cartilage Repair Society (ICRS), 
the macroscope score results showed that there was a significant dif-
ference (P < 0.001) between the BSN-GelMA group (7.5 ± 0.33) and the 
blank group (4.25 ± 1.58) at both 6 and 12 weeks. A similar difference 
(P < 0.05) was observed between the BSN-GelMA and GelMA groups 
(Fig. 4D). However, the difference was diminished between each group 
at 12 weeks, indicating that the self-repair continued to function in the 
late stage. 

Micro-CT scan images obtained from three-dimensional (3D) 
reconstruction, coronal view, and sagittal view were analyzed to eval-
uate the outcome of the gap interface. In the blank group, distinct gap 
around the graft and dense osteosclerosis in the graft were observed in 
the coronal and sagittal views (Fig. 5Ai and 5Bi). In the Gel and BSN- 
GelMA groups, the osseous gap around the graft was smaller. The per-
centage of osseous defects in the BSN-GelMA group (43.29 ± 8.98%) 
was much lower than that in the blank group (57.87 ± 13.12%) at 6 
weeks (P < 0.001). At 12 weeks, this difference was even more pro-
nounced in both Gel (P < 0.001) and BSN-GelMA (P < 0.0001) groups 
(Fig. 5C). However, there was no significant difference between the 

groups in terms of the ratio of bone volume to total volume (BV/TV) in 
the graft region (Fig. 5D). This was mainly because bone density and 
bone volume increased as bone sclerosis occurred in the blank group. On 
the other hand, the morphology of subchondral bone in BSN-GelMA 
group was close to normal bone with porous trabecular structure. This 
resulted that the bone density and bone volume was relatively close to 
the blank group. As seen in Fig. S7, the bone mineral density (BMD) 
showed that there was no difference among groups at 6 weeks. Hence 
the morphology of trabecular bone in the subchondral region is another 
factor influencing the value of BV/TV and Tb.Th. Trabecular thickness 
(Tb.Th) and trabecular separation (Tb.Sp) reflect the trabecular quality 
in each group. Although no difference was observed in Tb.Th values at 6 
weeks, Tb.Sp was significantly lower in the BSN-GelMA group than in 
the blank group (P < 0.01). At 12 weeks, as the graft necrosis became 
stable and bone regeneration started, the trabecular spacing was com-
parable in each group (non-significant), but trabecular thickness showed 
the most significant increase in the BSN-GelMA group. 

3.6. Histological staining proved early gap healing of osteochondral defect 
in BSN-GelMA group 

Next, histology of the joint samples was analyzed using hematoxylin 
and eosin (H&E) staining, Safranin O-fast green staining, and Masson 
staining. Representative images showed obvious cracked fissures that 
persisted in the gap region of the bone in the blank group at 6 and 12 
weeks. At 6 weeks, fibrotic tissue filled the gap and cancellous bone 
became sparse (Fig. 6Ai and 6Ci), indicating that bone absorbance 
occurred during this stage. This change was consistent with the Tb.Sp 
results obtained in the microCT analysis (Fig. 5F). At 12 weeks, the gap 

Fig. 4. Gross evaluation of the osteochondral repair by mosaicplasty surgery in a rabbit model. (A) Schematic diagram of the surgical procedure of the mosaic 
transplantation. Autologous osteochondral graft transplantation mimicking mosaicplasty is shown; the remaining gap was filled with GelMA hydrogel with or 
without IGF-1bsn, and any type of gel was not used to fill the gap in the blank group. (B) Gross view of the samples harvested 6 weeks post transplantation. (C) Gross 
view of the samples harvested 12 weeks post transplantation. (D) Analysis of ICRS score for the harvested samples. n = 6 per group; ns: not significant; *p < 0.05, **p 
< 0.01, ****p < 0.0001. 

H. Wu et al.                                                                                                                                                                                                                                      



Bioactive Materials 19 (2023) 88–102

95

was still distinct, and cartilage tissue was observed even at the bottom of 
the gap. The subchondral region of the graft became compact, indicating 
the occurrence of osteosclerosis (Fig. 6Bi and 6Di). These findings were 
consistent with previously illustrated clinical problems, e.g., poor inte-
gration of the gap and generation of fibrous tissue. By contrast, the gap 
was filled with newly regenerated cartilage in the GelMA group at 6 
weeks (Fig. 6 Aii and 6 Cii), and an almost normal osteochondral 
structure appeared with an intact edge in the gap interface in the BSN- 
GelMA group (Fig. 6Aiii and 6 Ciii). The histology score reflected the 
general evaluation of the quality of cartilage and subchondral bone in 

the defect region. The results suggested that the cartilage and sub-
chondral scores in the BSN-GelMA group were the highest at all time 
points (Fig. 6E and F), which were significantly higher than those in the 
blank group (P < 0.001) and GelMA group (P < 0.01). 

Safranin O-fast green (SF) staining revealed distribution of hyaline 
cartilage. Overall, the images at 6 weeks revealed that the apparent red 
staining in the gap region was only observed in the BSN-GelMA group 
(Fig. 6C–iii). The GelMA group displayed less mature cartilage and the 
blank group showed fibrotic tissue only (Fig. 6Ci and 6Cii). At 12 weeks, 
the difference among each group diminished, and the blank and GelMA 

Fig. 5. Micro-computed tomography (micro-CT) analysis of rabbit femur osteoarticular bone. Representative 3D reconstructed image, coronal view, and sagittal 
view of each group at 6 weeks (A) and 12 weeks after mosaicplasty (B). (C) Quantitative analysis of defect area percentage in the gap between the host bone and graft, 
n = 8. (D) Quantitative analysis of bone volume to tissue volume (BV:TV). (E) Quantitative analysis of trabecular volume to thickness (Tb.Th). (F) Quantitative 
analysis of trabecular volume to spacing (Tb.Sp). n = 6 per group; ns: not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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groups displayed mature cartilage as well (Fig. 6D). To investigate the 
efficacy of regeneration of the bone in the gap region, we compared the 
gap GAG content in the cartilage layer and gap bone volume in the 
subchondral region obtained from both sides of the graft (Fig. 6G and H). 
Data revealed that relative GAG content and bone volume in BSN-GelMA 
group showed the highest value of 81.57 ± 5.05% (at 6 weeks) and 
87.85 ± 4.46% (at 12 weeks), respectively, followed by that in GelMA 
group with 37.09 ± 9.14% (at 6 weeks) and 75.53 ± 17.87% (at 12 
weeks) (P < 0.0001). These data suggested that IGF-1bsn played an 
important role in accelerating osteochondral regeneration. However, 
the difference among each group diminished at 12 weeks, especially in 

the GAG content. This result indicates that the blank group underwent a 
slower self-regeneration process than the BSN-GelMA group. By 
contrast, the different GAG content suggested that more fibrous tissues 
and fibrocartilage was generated in the blank group than in the BSN- 
GelMA group. These data implies that the addition of the hydrogel 
was able to prevent the formation of fibrous tissues as well as to preserve 
hyaline cartilage viability. 

Furthermore, Masson’s staining was performed to validate the sub-
chondral bone regeneration. Images at 6 weeks demonstrated that 
distinct cancellous bone was distributed throughout the gap region in 
the BSN-GelMA group (Fig. 7C). However, a large amount of cartilage 

Fig. 6. Histological analysis of osteochondral regeneration at the transplantation site. Images of hematoxylin and eosin (H&E) stained samples at low and higher 
magnification (blue box) of each group at (A) week 6 and (B) week 12. Images of Safranin O and Fast green stained samples at low and higher magnification (blue 
box) of each group at (C) week 6 and (D) week 12. Scale bar 4x = 4 mm, 20x = 200 μm. (E) Evaluation of cartilage structure of the grafted bone at week 6 and week 
12, n = 4. (F) Evaluation of subchondral bone formation in the gap surrounding the graft at week 6 and week 12, n = 4. (G) Evaluation of GAGs content of the gap 
surrounding the transplanted graft at week 6 and week 12 obtained from both sides of the graft, n = 8. (H) Evaluation of bone density of bone formed in the gap 
surrounding the transplanted graft at week 6 and week 12 obtained from both sides of the graft. n = 8; ns: not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001. 
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appeared in the gap region of the GelMA group, whereas only fibrous 
tissue was found in that of the blank group (Fig. 7A-B). At 12 weeks, a 
large quantity of cartilage appeared in the gap of the blank group, and a 
gap was not seen in BSN-GelMA and BSN-GelMA groups (Fig. 7D-F). The 
results further demonstrated that osteochondral regeneration in the gap 
region of BSN-GelMA group started much earlier than in the GelMA and 
blank groups. 

3.7. IGF-1bsn preserves cartilage viability of the graft 

To investigate the hyaline cartilage distribution in the gap region and 
preservation in the graft, immunofluorescence of collagen II in hyaline 

cartilage was performed. The expression level of collagen II in the gap 
regions of the GelMA group (1.68 ± 0.08, P < 0.001) and BSN-GelMA 
group (2.50 ± 0.12, P < 0.0001) was significantly higher than that in 
the blank group at both 6 weeks and 12 weeks (Fig. 8E-F), indicating 
that hydrogel could promote the cartilage regeneration after mosaic-
plasty. And the addition of IGF-1bsn in the hydrogel could further 
accelerate the regeneration by comparing with the hydrogel only (P <
0.001, Fig. 8E-F). Interestingly, collagen II expression in the graft region 
displayed similar trends at the two time points (Fig. 8G-H). The 
expression level of collagen II in BSN-GelMA group was the highest at 
both 6 weeks (2.14 ± 0.07) and 12 weeks (2.06 ± 0.04), followed by 
GelMA group (1.80 ± 0.06 and 1.49 ± 0.06, respectively). The blank 

Fig. 7. Images of Masson’s trichrome-stained samples showing a gap region at 6 (A, B, C) and 12 (D, E, F) weeks in each group. A and D: Blank group, B and E: GelMA 
group, C and F: BSN-GelMA group. i: overall view of the graft region. ii: cartilage layer in the gap region (blue square); iii: subchondral layer in the gap region (red 
square). Scale bar: i = 4 mm, ii and iii = 200 μm. 
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group showed the lowest intensity of staining (P < 0.0001) (Fig. 8G-H). 
The viability of the cartilage in the graft was adequately preserved, 
which was beneficial for graft survival after mosaicplasty. Similarly, 
Tunel staining of the specimens at 6 weeks showed that the overall 
apoptosis rate in blank group was the highest (P < 0.01) And there was 
no significant difference between GelMA and BSN-GelMA group 
(Fig. S8). 

4. Discussion 

In the present study, we compared an effective strategy by acceler-
ating gap integration after mosaicplasty with a conventional surgical 
approach (Fig. 9A). The untreated mosaicplasty group displayed poor 
gap integration and had complications such as, cyst formation, fibrous 
cartilage formation, subchondral necrosis, and osteosclerosis (Fig. 9B 
and C). By contrast, significantly earlier and seamless osteochondral 
healing was accomplished in the BSN-GelMA group than in the un-
treated group because the bone space was filled with IGF-1 bioactive 

supramolecular nanofibers (Fig. 9D-F). IGF-1 bioactive supramolecular 
nanofibers incorporated hydrogel acted as a tissue filler to bridge the 
gap, prevent cartilage degeneration, and promote graft survival and 
BMSC migration (Fig. 9G). Thus, this strategy may have strong impli-
cations for cell-free therapy in in situ tissue regeneration. 

From the above-mentioned data, the gap of blank group remained 
distinct even at 12 weeks, indicating poor tissue regeneration and gap 
integration. This is different from the previous reports that there is high 
spontaneous recovery rate in many preclinical animal models [55,56]. 
The expression of collagen II in the graft region of blank group dimin-
ished, suggesting that the cartilage of the graft underwent degradation 
and fibrotic changes. The expression of collagen II was also low in the 
gap region, suggesting that regeneration of the cartilage was weak. 
Gulotta et al. reported that necrosis, apoptosis, and matrix degradation 
of chondrocytes occurred after press-fit osteochondral autograft im-
plantation in a rabbit model [14]. This result is consistent with that in 
our study. Interestingly, in our study, from the histological images in the 
blank group, it was found that two cases at 12 weeks showed a distinct 

Fig. 8. Analysis of collagen II expression in the graft at weeks 6 and 12 after surgery. Immunofluorescence staining of Collagen II at 6 and 12 weeks in (A) blank 
group, (B) GelMA group, and (C) BSN-GelMA group. White dotted lines indicate the cartilage region of the transplanted osteochondral graft; Yellow dotted lines 
indicate the gap region adjacent to the graft. (D) Schematic graph showing the histology of an osteochondral slice; black dashed frame indicates the region taken for 
collagen II evaluation. Relative expression level of collagen II in the gap region (E and F) and cartilage region (G and H) of the graft at 6 and 12 weeks, respectively. 
Scale bar = 200 μm n = 3 per group; ns: not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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rivet shape of newly formed cartilage tissue in the gap from the bottom 
to the top area, with distinct fissures but relatively high GAG content. In 
addition, cyst formation, which is considered to be the most widely re-
ported bone change after trauma or surgery, was observed in the carti-
lage tissue section [57]. We were interested in knowing the reason as to 
why these cartilage tissues were not ossified at this time point and 
whether they were likely to ossify in the future. Previous studies re-
ported that an irregular subchondral architecture might cause progres-
sion of cartilage defects in osteoarthritis or osteochondral defects, based 
on long-term observations in patients after microfracture or debride-
ment [58]. Subchondral bone plates have been found to have a distinct 
chronological arrangement, and a relevant alteration may affect upward 
migration and even cartilage regeneration [59], suggesting that integ-
rity of bone tissues and appropriate development in the grafted bone 
might be fundamental for growth of the upper layer. In addition, pro-
gressive subchondral bone thickening was reported to induce chon-
drocyte apoptosis and hyaline cartilage degradation in osteoarthritis 
[60]. A report suggested that better osteochondral defect repair could be 
achieved by restoration of the subchondral bone integrity using a novel 
surgical technique [61]. Thus, successful repair of subchondral bone, 
but not aggressive osseous development, is essential for overall osteo-
chondral defect repair. Hence, we speculate that newly formed cartilage 
might impede subchondral bone regeneration, and the gap may not be 
able to integrate even after a long time. 

By contrast, the GelMA group showed superior tissue regeneration 
capacity than blank group, indicating that the hydrogel promoted plug 

integration and osteochondral regeneration in the gap region. Moreover, 
GelMA hydrogel has superior biocompatibility and biodegradation ca-
pacity, and can be hybridized with other biomimetic materials such as 
biopolymers, nanoparticles, and organic factors to display combined 
advantages [62–65]. However, the images of SF and collagen II staining 
in the gap area of the GelMA group showed scattered hyaline cartilage 
appearance, indicating that the quality of regenerated tissue was not 
satisfactory at this time point. This result implied that the GelMA 
hydrogel alone was not sufficient to induce efficient in situ osteochon-
dral regeneration. In previous studies, allogeneic BMSCs containing pure 
Pluronic F-127 hydrogel were reported to be able to repair osteochon-
dral defects and integrate the “dead space” in a rabbit model [21]. 
However, allogeneic cells are at risk of immune rejection and disease 
transmission, which is not acceptable to all patients. Therefore, supra-
molecular nanofibers formed by self-assembly of customized peptides, 
which possess a bioactive potential similar to natural growth factors, 
may provide a more powerful solution to promote tissue regeneration 
[66]. 

Surprisingly, the BSN-GelMA group exhibited the fastest osteo-
chondral regeneration, as early as 6 weeks, suggesting that the addition 
of IGF-1bsn was effective in promoting gap integration and graft sur-
vival. SF and collagen II staining demonstrated that obvious hyaline 
cartilage regeneration in the gap region, with fully seamless subchondral 
regeneration. Besides, the ICRS score, histology score, collagen II 
expression level, and gap GAG and subchondral bone content were the 
highest among all the groups. Furthermore, the GelMA/IGF-1bsn 

Fig. 9. Schematic diagram of the IGF-1bsn functioning as activators for promoting cell proliferation and inhibiting apoptosis. (A) An osteochondral defect in the 
distal femoral trochlear bone. (B) The osteochondral defect was treated using a conventional autologous mosaicplasty. (C) Common complications caused by the 
conventional autologous mosaicplasty. (D and E) The osteochondral defect was treated using autologous mosaicplasty together with GelMA hydrogel containing IGF- 
1bsn. (F) The IGF-1bsn enhance seamless and early healing of osteochondral graft by promoting migration of BMSCs and graft viability. (G) IGF-1bsn influences cell 
behavior by activating the IGF-1 receptor pathway. 
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hydrogel possessed a superior regeneration capacity to expedite gap 
integration and tissue regeneration. 

As observed from in vitro experimental results, several aspects related 
to the functioning of IGF-1bsn to promote tissue regeneration may be 
considered. Firstly, IGF-1bsn played an active role in enhancing BMSCs’ 
proliferation. Unlike previous studies, IGF-1bsn did not activate BMSCs’ 
proliferation until day 5, even at 0% FBS. However, this effect was more 
significant in other cell types than in BMSCs [40]. It is worth noting that, 
in the cell scratch assay, BMSCs also exhibited a strong migration and 
invasion activity without the addition of FBS. This finding is beneficial 
for the application of serum-free culture media, which is more suitable 
for clinical use [67]. Bioactive supramolecular nanofibers, because of 
their structural diversity, usually play multiple functions in promoting 
cell proliferation, migration, differentiation, etc. [26,28,39]. However, 
the effects may vary in different cell types and disease conditions. 
IGF-1bsn has been shown to inhibit a variety of disorders, including 
ischemic limb disease, sarcopenia, acute kidney injury, and atheroscle-
rosis [40,42,68,69]. However, to the best of our knowledge this study is 
the first to report the positive effect of IGF-1 bsn on gap integration after 
mosaicplasty in osteochondral defect therapy. 

Secondly, the IGF-1bsn peptide showed a strong anti-apoptotic ef-
fect. In addition to the in vitro experimental data, collagen II staining in 
vivo demonstrated that hyaline cartilage degeneration was more obvious 
in the blank group than in BSN-GelMA group. This result suggested that 
the graft viability was protected by the composite hydrogel through 
bridging of the graft with the host bone. This effect was mainly due to 
the internal structure of bioactive signals that bind to the cell receptor of 
IGF-1 [40]. It has been reported that the functions and viability of 
chondrocytes are critical to maintain a maximum volume of extracel-
lular matrix and ensure long-term graft survival [16,17]. To verify the 
apoptosis rate of the graft, we performed immunohistochemical staining 
for Tunel at 6 weeks. The semi-quantitative statistical result showed that 
the overall apoptosis rate in blank group was the highest (P < 0.01, 
Fig. S7). 

Thirdly and importantly, IGF-1bsn promoted migration of BMSCs. 
After bridging the plug with the host bone using a composite hydrogel, it 
is important to recruit host stem cells to the gap region and initiate the 
regeneration process [70], especially in the early stage after trans-
plantation. In the in vitro experiment, a significant difference of cell 
migration was observed. However, how bioactive materials recruit stem 
cells from host tissue to the defect area is still unknown cells’ migration 
in vivo [71,72]. It’s well known that some natural chemokine such as 
interleukin 8 (IL-8) and stromal cell-derived factor-1α (SDF-1α) could 
promote BMSCs’ migration [73–77]. IGF-1 is commonly accepted that it 
could enhance the BMSCs’ migration and chondrogenic growth [78–80]. 
Accumulative previous studies revealed that the repairing process be-
gins with host stem cell influx, which often occurs in less than 1 week 
post implantation [81]. However, cell migration is governed by various 
conditions, thus making it difficult to study in native environments [82]. 
Firstly, it requires the cell to squeeze through dense or complex extra-
cellular structures through 3D environments, which requires specific 
cellular adaptations or remodeling to mechanical features of the extra-
cellular matrix (ECM) [83]. Secondly, cells in 3D environment in vivo 
often interact with neighboring cells and tissues through physical and 
signaling interactions, which need to overcome extracellular barriers 
and stiffness [84]. Therefore, enhancement of cell migration may be 
only one aspect attributing to the superior regeneration capacity of 
GelMA-IGF-1bsn. 

In our study, despite the prominent effect of IGF-1bsn in promoting 
osteochondral regeneration, it is worth noting that subtle fissures still 
existed in some gap regions of the BSN-GelMA group, even at 12 weeks, 
suggesting that there might be other factors impeding cartilage inte-
gration. It has been reported that even adjacent cartilages may be 
difficult to fuse together because of the proteoglycan nature of the main 
components of the cartilage matrix. Proteoglycans have anti-adhesion 
properties, which can hinder the fusion of proteoglycans in adjacent 

cartilage tissue, thus affecting healing between two grafts [10]. Thus, 
interaction of IGF-1bsn with the ECM of cartilage may warrant further 
investigation. Moreover, the effects of IGF-1bsn on BMSCs in terms of 
proangiogenic, osteogenic, and chondrogenic capacities, which might 
be other contributing factors to promote tissue regeneration, should also 
be investigated in the future. 

5. Conclusion 

In summary, to the best of our knowledge, this study is the first to 
investigate the effects of an injectable IGF-1 bioactive supramolecular 
nanofiber-enabled GelMA hydrogel (BSN-GelMA) that can accelerate 
gap integration between osteochondral plugs and surrounding tissues 
after mosaicplasty, which ultimately facilitate the repair outcome. With 
high biocompatibility, stable activity, and low cost, IGF-1bsn is superior 
to natural IGF-1 protein and significantly promotes migration and 
viability of BMSCs in vitro, as well as promotes cell proliferation in a 
restrained manner. As a result, BSN-GelMA promotes space integration, 
and primarily results in early subchondral regeneration and subsequent 
cartilage regeneration to protect the graft from degeneration. The 
application of bioactive synthetic agents to common biocompatible 
hydrogels provides new insights into the strategies used to perform 
osteochondral mosaicplasty. Therefore, we propose a promising off-the- 
shelf bioactive material for cell-free in situ tissue regeneration. 
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