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Hyaluronic acid hydrogel encapsulated 
BMP‑14‑modified ADSCs accelerate cartilage 
defect repair in rabbits
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Abstract 

Background:  Cartilage defect has a limited capacity to heal. In this context, we hypothesized that hyaluronic acid 
(HA) hydrogel encapsulated BMP-14-modified adipose-derived mesenchymal stem cells (ADSCs) could accelerate 
cartilage defect repair in rabbits.

Methods:  ADSCs were isolated and identified by flow cytometry. ADSCs were treated with adenovirus vector encod-
ing BMP-14 (Ad-BMP-14) or adenovirus vector encoding control (Ad-ctrl). Real-time PCR (RT-PCR) and western blot 
assay was performed to verify the transfection efficacy and chondrogenic differentiation markers (ACAN, Collagen II 
and SOX9). Rabbit cartilage defect model was performed and randomly divided into following groups: control group, 
HA hydrogel + ADSCs, ADSCs, HA hydrogel + BMP-14 transfected ADSCs, HA hydrogel + BMP-14 transfected ADSCs. 
At 6, 9 and 12 weeks after surgery, scanning electron microscopy, hematoxylin–eosin, Safranin-O/Fast Green and 
immunohistochemical staining for Collagen II were performed to determine the role of HA hydrogel encapsulated 
BMP-14-modified ADSCs in cartilage repair in vivo.

Results:  ADSCs were successfully isolated and positively expressed CD29, CD44 and CD90. Transfection efficacy of 
Ad-BMP-14 was verified by RT-PCR and western blot assay. Moreover, Ad-BMP-14 could significantly increased chon-
drogenic differentiation markers (ACAN, Collagen II and SOX9). The LV-BMP-14-ADSCs and HA hydrogel + LV-BMP-
14-ADSCs groups revealed smoother surface cartilage repair that was level with the surrounding cartilage and almost 
complete border integration.

Conclusions:  HA hydrogel encapsulated BMP-14-modified ADSCs accelerate cartilage defect repair in rabbits. We 
need to further validate the specific mechanism of action of HA hydrogel encapsulated LV-BMP-14-ADSCs involved in 
the repairing cartilage damage in vivo.
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Background
Articular cartilage defects are common disorders that 
affect people of all ages; treatment of this disorder 
remains challenging [1–3]. With annual costs of US 
$560–$635 billion annually, articular cartilage defects 

accounts for nearly 1–2.5% of GDP of the GDP [4, 5]. 
Thus, articular cartilage defects cause a large socioeco-
nomic burden. Articular cartilage has a limited ability to 
regenerate following injury due to its low cellularity, lack 
of vascularization and the low proliferative and migratory 
capacities of chondrocytes [6].

In order to solve this dilemma, transplantation of cul-
tured chondrocytes or mesenchymal stem cells (MSCs) 
can regenerate cartilage tissue in cartilage defects [7]. 
There are multiple sources of MSCs including the bone 
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marrow, adipose tissues and the umbilical cord [8–11]. 
Adipose-derived mesenchymal stem cells (ADSCs) have 
attracted attention because they are easily accessible 
in abundant quantities [12]. ADSCs are capable of self-
renewal and differentiation into cells such as osteoblasts, 
chondrocytes, and adipocytes [13]. ADSCs are readily 
differentiate into adipocytes when in vitro cultured [14].

Furthermore, gene transfection of chondrogenesis 
gene could facilitate the differentiation of MSC and, as a 
result, improve the cartilage repair in the defect area [15]. 
Bone morphogenetic protein-14 (BMP-14), also known 
as growth differentiation factor-5 (GDF-5), is a potent 
chondro-inductive cytokine [16]. BMP-14 influences 
endochondral bone growth and the formation of carti-
lage [17–19].

Therefore, by transfecting ADSCs with BMP-14 gene 
can persistently expressed of BMP-14 and thus facilitated 
ADSCs into chondrocytes. Moreover, transplanted BMP-
14 gene modified ADSCs into the defected cartilage 
could promote cartilage defect repair.

Material and methods
Primary ADSCs culture and BMP‑14 transfection
Rabbit subcutaneous fat were obtained from 8-week-old 
female New Zealand White rabbits. Fat tissues were then 
cut into cubes of about 0.5 cm3 and kept in PBS solution. 
The blood vessel and fascia were cleared with an oph-
thalmic scissors. Then, fat tissues were digested by col-
lagenase type I (0.1%) at 37  °C for 60 min. Cell extracts 
were centrifuged at 500×g for 10  min. Cells were inoc-
ulated in a 25  cm2 cell culture flask with a density of 
2 × 106/mL. Cells of passage 3–5 were used for subse-
quent experiments.

Then, flow cytometry was used for identifying stem 
cell surface markers: CD29, CD44, and CD90 ADSCs. 
In brief, after ADSCs digestion and centrifugation, a 
single-cell suspension was prepared with serum cul-
ture medium. Then, the cell density was adjusted to the 
density of 106 cells/mL. ADSCs were incubated human 
anti-CD29, CD44, and CD90 antibodies. After PBS was 
washed, PBS was added to suspend the cells and tested 
on the computer.

Briefly, ADSCs at passage 3 were seeded into 6-well 
cell culture plates at 2 × 105/ml. Culture medium was 
replaced with serum-free medium when the cells reached 
80–90% confluence. Then, ADSCs were transfected with 
an adenovirus containing rabbit green fluorescent pro-
tein (GFP)-labeled BMP-14 (Ad-rBMP-14-GFP; 106 PFU/
ml) or an adenovirus containing GFP (Ad-ctrl-GFP; 106 
PFU/ml).

Recombinant adenoviruses were used to infect ADSCs 
at a multiplicity of infection (MOI) of 100 according to 
the instructions. After 24, 48 and 72  h incubation, the 

result of cell transfection was observed under a fluores-
cence microscope.

Reverse transcription polymerase chain reaction (RT‑PCR)
The TRIzol method (Invitrogen, Carlsbad, CA, USA) 
was performed to extract the total cellular RNA. RNA 
was reverse transcribed to cDNA using a reverse tran-
scription kit (Takara, Dalian, China) according to the 
manufacturer’s protocols. Quantitative real‐time PCR 
(qRT-PCR) was performed using a quantitative SYBR 
Green PCR Kit (Takara Bio, Takara, Dalian, China). The 
reaction system was prepared with pre-denaturation 
at 94  °C for 30  s, denaturation at 94  °C for 5  s, anneal-
ing at 60 °C for 15 s, and extension at 72 °C for 10 s, and 
45 cycles were amplified. Results were quantified using 
the comparative threshold method. Gene expression was 
calculated according to the 2−ΔΔCT method. GAPDH 
was employed as the internal control. RT-PCR was done 
three times. The primers were designed and synthesized 
by Guangzhou Ribo Technology Co., Ltd. Primers were 
as follows: Aggrecan, (F), 5′ ATG​GCT​TCC​ACC​AGT​
GCG​-3′; (R), 5′-CGG​ATG​CCG​TAG​GTT​CTC​A-3′; Col-
lagen II, (F), 5′-GCA​CCC​ATG​GAC​ATT​GGA​GG-3′; 
(R), 5′-AGC​CCC​GCA​CGG​TCT​TGC​TT-3′; SOX9, (F), 
5′-TCC​CTG​AGA​CCC​TAA​CTT​GTGA-3′; (R), 5′-AGT​
CTC​AGG​GTC​CGA​GGT​ATTC-3′; BMP-14: (F), 5′-TGC​
CAC​TGT​TGA​GTG​CAA​GTC-3′ and (R) 5′-ACC​TGG​
AGA​AGC​CGA​AGG​TAA-3′, β-actin (F), 5′-GGA​GTC​
TAC​TGG​CGT​CTT​CAC-3; (R), 5′-ATG​AGC​CCT​TCC​
ACG​ATG​C-3′.

Western blot analysis
The ADSCs were washed by cold PBS 3 times, then 
150  μL RIPA lysate (Beyotime Biotechnology, Shanghai, 
China) was added to extract total protein. The cells were 
lysed in ice water by ultrasound, and the protein content 
was determined by the BCA method (BCA Protein Assay 
Kit, Solarbio, Beijing, China). An equal amount of pro-
teins were taken from each group for 10% SDS-PAGE, 
and the proteins on the gel were transferred to PVDF 
membranes (Millipore, Bedford, MA, USA). The mem-
branes were blocked at 4  °C for 1 h and then incubated 
at 4  °C overnight with the following primary antibodies 
(concentration: 1:1000): the BMP-14 antibody (ab93855, 
Abcam, USA), anti-ACAN antibody (13880-1-AP, Pro-
teintech, Wuhan, China), Anti-collagen II antibody 
(28459-1-AP, Proteintech, Wuhan, China), anti-SOX9 
antibody (67439, Proteintech, Wuhan, China) and anti-
β-actin antibody (66009, Proteintech, Wuhan, China). 
After being cleaned twice with TBST, the membranes 
were incubated at room temperature for 1  h with fluo-
rescein-labeled Goat anti-Rabbit IgG (ab205718, 1:2000). 
The antibodies were all from Abcam (Cambridge, 
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UK). Finally, the membranes were cleaned three times, 
exposed with the ECL chromogenic agent (Millipore, 
Bedford, MA, USA), and imaged with an automatic 
developer (ChemiDoc XRS imaging system).

Animals
This study was approved by the laboratory animal ethics 
committee of  Wuxi Ninth People’s Hospital affiliated to 
Soochow University Nantong University. Once the ani-
mal was satisfactory anesthesia, rabbits were placed in a 
supine position on the operating table with the upper and 
lower limbs extended and fixed to the table. We cut the 
skin layer by layer and medial para-patellar approach was 
used to expose the knee. Full-thickness cartilage defects 
(3.5  mm in diameter, 3.0  mm in depth) were created in 
the center of the trochlear groove using a drill. Then, the 
knees were randomly divided into following groups: con-
trol group, HA hydrogel + ADSCs, ADSCs, HA hydro-
gel + BMP-14 transfected ADSCs, BMP-14 transfected 
ADSCs and HA hydrogel.

Scanning electron microscopy observation
Following double fixation with glutaraldehyde, dehy-
dration with a graded ethanol series and coating with 
epoxy resin (Epon 812; Byxbio, Jiangsu, China), scan-
ning electron microscopy was used to observe the 
morphology of Ad-mock-GFP- and Ad-hBMP7-GFP-
transfected chondrocytes in Matrigel.

Hematoxylin and eosin (H&E) staining
Hematoxylin and eosin (H&E) and Safranin O-fast 
green staining were employed to assess the degree of 
cartilage degeneration. The rabbits’ knee joints were 
immobilized, decalcified, paraffin-embedded, and 
cut into 5  μm continuous histological sections. Two 

consecutive sections from the middle were analyzed 
using H&E and Safranin O-fast green staining.

Immunohistochemistry (IHC)
The sampling method is the same as that of Safranin 
O-Fast green staining. Articular cartilage tissues were 
immobilized in 4% paraformaldehyde and paraffin-
embedded. The block was sectioned (5  μm), and slides 
were prepared. Then, slides were incubated with pri-
mary antibodies for Collagen II (dilution 1: 2 00, Abcam) 
at 4  °C overnight. The next day, slides were rinsed three 
times and incubated with polyclonal antibodies against 
rabbit IgG-HRP at room temperature for 1 h.

Statistical analysis
The experimental data are presented as mean ± stand-
ard deviation. The statistical software package SPSS ver-
sion 13.0 (SPSS, Inc., Chicago, IL, USA) was used for 
data analysis. One-way analysis of variance (one-way 
ANOVA) followed by Dunnett’s test was adopted for 
comparison between groups, where P < 0.05 was consid-
ered to indicate a statistically significant difference.

Results
ADSC culture and identification
ADSCs were adherent and showed a typical spindle-like, 
long and elongated fibroblastic shape (Fig.  1A). Moreo-
ver, ADSCs strongly expressed CD29, CD44 and CD90, 
and its positive rate was 85.3%, 83.2% and 93.2% respec-
tively (Fig. 1B).

The fluorescence intensity of LV-BMP-14 in ADSCs 
increased along with the GFP fluorescence in a time-
dependent manner (24  h, 48  h and 72  h). These results 
revealed that the transfection is successful (Fig. 2).

BMP‑14 overexpression increased chondrogenic 
differentiation markers
The successful transfection of BMP-14 was verified by 
quantitative real-time PCR (Fig.  3A). We found that 

Fig. 1  A Cell morphology of ADSCs at passage 3; B flow cytometry analysis showing that rBMSCs express CD29, CD44 and CD90
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BMP-14 expression was not alert between ADSCs or 
LV-ctrl-ADSCs groups. However, BMP-14 expression 
was significantly increased in LV-BMP-14-ADSCs or HA 
hydrogel + LV-BMP-14-ADSCs when compared with 
LV-ctrl-ADSCs or HA hydrogel + LV-ctrl-ADSCs respec-
tively (Fig.  3A). Next, we performed PCR to identify 
the whether overexpression BMP-14 could enhance the 
chondrogenic differentiation of ADSCs. We found that 
after transfected with LV-BMP-14, the chondrogenic dif-
ferentiation markers (ACAN, Collagen II and SOX9) was 
significantly increased than control group (Fig.  3B–D). 
Western blot analysis showed a result consistent with 
that in real-time PCR (Fig. 4).

SEM
Those cartilage in the control group were significantly 
deteriorated with a rough appearance where the surface 
had fissures that had widened and collagen fibers that 
were exposed, loose, broken, and turned upwards. The 
rough appearance changes were partially improved by 
ADSCs or LV-ctrl-ADSCs treatment. In the LV-BMP-
14-ADSCs group, the articular cartilage surface was no 
longer flat, with a visibly twisted wrinkled texture and a 
slightly concave shape. In BMP-14 transfected ADSCs 
and HA hydrogel group, cartilage exhibited similar to 
normal cartilage, in which a uniform area without splits, 
lacunae, or cartilage proliferation (Fig. 5).

Fig. 2  Green fluorescence protein (GFP)-expressing ADSCs shown by fluorescence microscopy at 24, 48 and 72 h after transfection



Page 5 of 9Liu et al. J Orthop Surg Res          (2021) 16:657 	

Histomorphometry of the repaired tissue
At 6, 9 and 12  weeks after cartilage defect surgery, the 
defect in the control group was filled with fibrous tis-
sues, with a small number of cells attached and arranged 
irregularly.

In the ADSCs and LV-ctrl-ADSCs groups, the defect 
was covered with a thin cell coating arranged in order. 
Histomorphometry of the repaired tissue between the 
ADSCs and LV-ctrl-ADSCs groups did not differ. Fur-
thermore, the LV-BMP-14-ADSCs and HA hydro-
gel + LV-BMP-14-ADSCs groups revealed smoother 

Fig. 3  RT-PCR was performed to identify the BMP-14 (A), ACAN (B), Collagen II (C) and SOX9 (D) expression in ADSCs, LV-ctrl-ADSCs, 
LV-BMP-14-ADSCs, HA hydrogel + LV-ctrl-ADSCs, HA hydrogel + LV-BMP-14-ADSCs groups
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surface cartilage repair that was level with the sur-
rounding cartilage and almost complete border integra-
tion (Fig. 6).

Safranin O‑fast green cartilage stain
Filling of the defect, Safranin O was used to identify the 
extracellular matrix. We found that reduced GAG depo-
sition and irregular bone islands were observed in con-
trol group at 6, 9 and 12 weeks. In the control, ADSCs, 
LV-ctrl-ADSCs, LV-BMP-14-ADSCs, HA hydrogel + LV-
ctrl-ADSCs and HA hydrogel + LV-BMP-14-ADSCs, the 

loss of articular cartilage increased in a time-dependent 
manner. In the ADSCs and LV-ctrl-ADSCs groups, the 
defect was repaired by fibrous tissue with an improved 
of the GAG content. Notably, the GAG differed among 
groups, with the significantly highest GAG was observed 
in the HA hydrogel + LV-BMP-14-ADSCs group rela-
tively to ADSCs or LV-ctrl-ADSCs groups (Fig. 7).

Collagen II staining
The defect region was mostly filled by fibrotic tissue with 
lower expression of type II collagen (Fig.  8). Excretion 

Fig. 4  Western blot assay was performed to identify the BMP-14, ACAN, Collagen II and SOX9 expression in ADSCs, LV-ctrl-ADSCs, 
LV-BMP-14-ADSCs, HA hydrogel + LV-ctrl-ADSCs, HA hydrogel + LV-BMP-14-ADSCs groups

Fig. 5  Evaluation of surface of cartilage at 12 weeks postoperatively by scanning electron microscopy (500 × and 1500 ×)
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of collagen II increased with time at 6, 9 and 12 weeks, 
as indicated by collagen II staining. ADSCs or LV-ctrl-
ADSCs treatment significantly increased the expression 
of collagen II when compared with the level in the control 
group at each time point (Fig. 8). Compared with ADSCs 
or LV-ctrl-ADSCs group, LV-BMP-14-ADSCs or HA 
hydrogel + LV-BMP-14-ADSCs significantly increased 
the collagen II expression (Fig. 8).

Discussion
In this study, we constructed a LV-BMP-14-ADSCs for 
the first time. Moreover, we found that overexpression of 
BMP-14 could enhance the chondrogenic differentiation 

of ADSCs. We then used HA hydrogel encapsulated 
LV-BMP-14-ADSCs to repair cartilage defect. Results 
revealed that HA hydrogel combined with LV-BMP-
14-ADSCs could promote cartilage defect repair.

The fact that ADSCs have been shown to be suitable 
seed cells for cartilage defect. Previous studies have iden-
tified that ADSCs could potentially serve as the experi-
mental basis for a new treatment to repair cartilage 
defects in vivo. However, TGF-β was commonly used as a 
multifunctional factor that promote chondrogenic differ-
entiation of ADSCs. However, TGF-β is more susceptible 
to inactivation and with a short half-life. These shortcom-
ings of TGF-β limiting the clinical application of ADSCs 

Fig. 6  Histological evaluation of repaired tissue. Representative hematoxylin and eosin staining of repaired knees at 6, 9 and 12 weeks. Staining was 
repeated twice or more independently

Fig. 7  Histological evaluation of repaired tissue. Representative Safranin-O/Fast Green staining of repaired knees at 6, 9 and 12 weeks. Staining was 
repeated twice or more independently



Page 8 of 9Liu et al. J Orthop Surg Res          (2021) 16:657 

for the treatment of cartilage defect. In the present study, 
the BMP-14 gene was stably transfected into ADSCs to 
induce its overexpression. PCR and western blot verified 
that BMP-14 was successfully transfected into ADSCs. 
Then, chondrogenic differentiation markers (ACAN, Col-
lagen II and SOX9) was measured in different treatment 
groups. Results found that HA hydrogel encapsulated 
LV-BMP-14-ADSCs can enhance cartilage repair at the 
defect site.

BMP-14 is best known for its role in joint formation, 
epidermal stem cell proliferation, migration], apoptosis, 
and differentiation in  vitro. Zhao et  al. [20] found that 
BMP-14 promotes epidermal stem cells proliferation via 
Foxg1-cyclin D1 signaling.

Recently, BMP-14 also shown have an influence on 
endochondral bone growth. In contrast, BMP-14 defi-
ciency significantly inhibited long bone fracture heal-
ing [19]. Buxton et  al. [18] found that BMP-14 gene is 
expressed in the early cartilage condensation. Moreover, 
BMP-14 could also promotes the initial stages of chon-
drogenesis by promoting cell adhesion [18]. Luo et al. [21] 
found that adenovirus-mediated BMP-14 promotes the 
extracellular matrix expression in degenerative nucleus 
pulposus cells. Those results suggested that BMP-14 play 
an important role in chondrogenesis process of stem cells 
or nucleus pulposus cells. Moreover, BMP-14 could sup-
pressed IL-1β induced inflammation and enhances TGF-
β3-mediated chondrogenic differentiation in human 
rheumatoid fibroblast-like synoviocytes [22].

In this study, we found that BMP-14 overexpression 
significantly increased chondrogenic differentiation 
markers (ACAN, collagen II and SOX9).

Then, in  vivo cartilage defect model was performed 
and then HA hydrogel encapsulated ADSCs or LV-BMP-
14-ADSCs was used to assess the function of overexpres-
sion BMP-14 for repair of cartilage defect. We found that 
the HA hydrogel encapsulated LV-BMP-14-ADSCs had 
better cartilage repair than the control or ADSCs group. 
Moreover, HA hydrogel encapsulated LV-BMP-14-AD-
SCs was superior than LV-BMP-14-ADSCs alone. The 
reason may be that HA hydrogel can improve the effect 
of the ADSCs released. Previously, HA-derived hydro-
gels can deliver cells and therapeutic agents for tissue 
repair and regeneration [23]. Choi et al. [24] revealed that 
injectable basic fibroblast growth factor-loaded alginate/
HA hydrogel induced successful glottal gap closure.

The important limitation in this paper is the dearth of 
large-animal models of cartilage defect (goats or pig). 
Another limitation of this study was lack of large-scale 
studies to validate the biosecurity safety of the BMP-14 
gene transfer.

Conclusion
Overall, our study testified that ADSCs with BMP-14 
gene transfer by adenovirus could enhance chondrogenic 
differentiation of ADSCs. Moreover, HA hydrogel encap-
sulated LV-BMP-14-ADSCs considerably facilitated car-
tilage regeneration. This study demonstrates the potential 
of the HA hydrogel encapsulated LV-BMP-14-ADSCs in 
repairing cartilage defect and regenerating cartilage tis-
sue. However, we need to further validate the specific 
mechanism of action of HA hydrogel encapsulated LV-
BMP-14-ADSCs involved in the repairing cartilage dam-
age in vivo.

Fig. 8  Immunohistochemical staining for Collagen II of repaired tissue. Representative Immunohistochemical staining for Collagen II of repaired 
knees at 6, 9 and 12 weeks. Staining was repeated twice or more independently
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ity of infection; IHC: Immunohistochemistry.

Acknowledgements
Not applicable.

Authors’ contributions
HL and YJR conceived the study design. JL and FDG performed the study, 
collected the data, and contributed to the study design. YSJ prepared the 
manuscript. HL and YSJ edited the manuscript. All authors read and approved 
the final manuscript.

Funding
This study was funded by Research Project of Wuxi Health Commission (No. 
Q201948).

Availability of data and materials
We state that the data will not be shared since all the raw data are present in 
the figures included in the article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 18 June 2021   Accepted: 12 October 2021

References
	1.	 Qu M, Liao X, Jiang N, et al. Injectable open-porous PLGA microspheres 

as cell carriers for cartilage regeneration. J Biomed Mater Res A. 2021. 
https://​doi.​org/​10.​1002/​jbm.a.​37196.

	2.	 Chiesa-Estomba CM, Aiastui A, González-Fernández I, et al. Three-
dimensional bioprinting scaffolding for nasal cartilage defects: a 
systematic review. Tissue Eng Regen Med. 2021. https://​doi.​org/​10.​1007/​
s13770-​021-​00331-6.

	3.	 Vinod E, Amirtham SM, Kachroo U, et al. Articular chondroprogenitors in 
platelet rich plasma for treatment of osteoarthritis and osteochondral 
defects in a rabbit knee model. Knee. 2021;30:51–62. https://​doi.​org/​10.​
1016/j.​knee.​2021.​03.​010.

	4.	 Li Q, Xu S, Feng Q, et al. 3D printed silk-gelatin hydrogel scaffold with dif-
ferent porous structure and cell seeding strategy for cartilage regenera-
tion. Bioact Mater. 2021;6:3396–410. https://​doi.​org/​10.​1016/j.​bioac​tmat.​
2021.​03.​013.

	5.	 Zhao X, Hu DA, Wu D, et al. Applications of biocompatible scaffold 
materials in stem cell-based cartilage tissue engineering. Front Bioeng 
Biotechnol. 2021;9: 603444. https://​doi.​org/​10.​3389/​fbioe.​2021.​603444.

	6.	 Li Z, Bi Y, Wu Q, et al. A composite scaffold of Wharton’s jelly and chon-
droitin sulphate loaded with human umbilical cord mesenchymal stem 
cells repairs articular cartilage defects in rat knee. J Biomed Mater Res A. 
2021;32:36. https://​doi.​org/​10.​1007/​s10856-​021-​06506-w.

	7.	 Park IS, Jin RL, Oh HJ, et al. Sizable scaffold-free tissue-engineered articular 
cartilage construct for cartilage defect repair. Artif Organs. 2019;43:278–
87. https://​doi.​org/​10.​1111/​aor.​13329.

	8.	 Ma Q, Liao J, Cai X. Different sources of stem cells and their application 
in cartilage tissue engineering. Curr Stem Cell Res Ther. 2018;13:568–75. 
https://​doi.​org/​10.​2174/​15748​88x13​66618​01221​51909.

	9.	 Lamparelli EP, Lovecchio J. Chondrogenic commitment of human 
bone marrow mesenchymal stem cells in a perfused collagen hydrogel 
functionalized with hTGF-β1-releasing PLGA microcarrier. Pharmaceutics. 
2021;13:399. https://​doi.​org/​10.​3390/​pharm​aceut​ics13​030399.

	10.	 Gupta A, Maffulli N, Rodriguez HC, et al. Safety and efficacy of umbilical 
cord-derived Wharton’s jelly compared to hyaluronic acid and saline for 
knee osteoarthritis: study protocol for a randomized, controlled, single-
blind, multi-center trial. J Orthop Surg Res. 2021;16:352. https://​doi.​org/​
10.​1186/​s13018-​021-​02475-6.

	11.	 Gupta A, Maffulli N, Rodriguez HC, et al. Umbilical cord-derived Wharton’s 
jelly for treatment of knee osteoarthritis: study protocol for a non-ran-
domized, open-label, multi-center trial. J Orthop Surg Res. 2021;16:143. 
https://​doi.​org/​10.​1186/​s13018-​021-​02300-0.

	12.	 Xie A, Xue J, Shen G, et al. Thrombospondin-1 inhibits ossification of 
tissue engineered cartilage constructed by ADSCs. Am J Transl Res. 
2017;9:3487–98.

	13.	 Numata H, Nakase J, Oshima T, et al. Effectiveness of adhering adipose-
derived stem cells to defective cartilage in promoting cartilage regenera-
tion in a rabbit model. Arthroscopy. 2019;35:2619–26. https://​doi.​org/​10.​
1016/j.​arthro.​2019.​03.​018.

	14.	 Oshima T, Nakase J, Toratani T, et al. A scaffold-free allogeneic construct 
from adipose-derived stem cells regenerates an osteochondral defect in 
a rabbit model. Arthroscopy. 2019;35:583–93. https://​doi.​org/​10.​1016/j.​
arthro.​2018.​08.​033.

	15.	 Xu L, Shunmei E, Lin S, et al. Sox11-modified mesenchymal stem cells 
accelerate cartilage defect repair in SD rats. Cell Tissue Res. 2019;376:247–
55. https://​doi.​org/​10.​1007/​s00441-​018-​02979-4.

	16.	 Im GI. Gene transfer strategies to promote chondrogenesis and cartilage 
regeneration. Tissue Eng Part B Rev. 2016;22:136–48. https://​doi.​org/​10.​
1089/​ten.​TEB.​2015.​0347.

	17.	 Bolt P, Clerk AN, Luu HH, et al. BMP-14 gene therapy increases tendon 
tensile strength in a rat model of Achilles tendon injury. J Bone Joint Surg 
Am. 2007;89:1315–20. https://​doi.​org/​10.​2106/​jbjs.f.​00257.

	18.	 Buxton P, Edwards C, Archer CW, et al. Growth/differentiation fac-
tor-5 (GDF-5) and skeletal development. J Bone Joint Surg Am. 
2001;83-A(Suppl 1):S23–30.

	19.	 Chhabra A, Zijerdi D, Zhang J, et al. BMP-14 deficiency inhibits long bone 
fracture healing: a biochemical, histologic, and radiographic assessment. 
J Orthop Trauma. 2005;19:629–34. https://​doi.​org/​10.​1097/​01.​bot.​00001​
77108.​38461.​9c.

	20.	 Zhao X, Bian R, Wang F, et al. GDF-5 promotes epidermal stem cells 
proliferation via Foxg1-cyclin D1 signaling. Stem Cell Res Ther. 2021;12:42. 
https://​doi.​org/​10.​1186/​s13287-​020-​02106-7.

	21.	 Luo XW, Liu K, Chen Z, et al. Adenovirus-mediated GDF-5 promotes the 
extracellular matrix expression in degenerative nucleus pulposus cells. J 
Zhejiang Univ Sci B. 2016;17:30–42. https://​doi.​org/​10.​1631/​jzus.​B1500​
182.

	22.	 Liu FL, Lin LH, Sytwu HK, et al. GDF-5 is suppressed by IL-1beta and 
enhances TGF-beta3-mediated chondrogenic differentiation in human 
rheumatoid fibroblast-like synoviocytes. Exp Mol Pathol. 2010;88:163–70. 
https://​doi.​org/​10.​1016/j.​yexmp.​2009.​09.​019.

	23.	 Burdick JA, Prestwich GD. Hyaluronic acid hydrogels for biomedical appli-
cations. Adv Mater. 2011;23:H41-56. https://​doi.​org/​10.​1002/​adma.​20100​
3963.

	24.	 Choi YH, Kim SH, Kim IG, et al. Injectable basic fibroblast growth factor-
loaded alginate/hyaluronic acid hydrogel for rejuvenation of geriatric 
larynx. Acta Biomater. 2019;89:104–14. https://​doi.​org/​10.​1016/j.​actbio.​
2019.​03.​005.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1002/jbm.a.37196
https://doi.org/10.1007/s13770-021-00331-6
https://doi.org/10.1007/s13770-021-00331-6
https://doi.org/10.1016/j.knee.2021.03.010
https://doi.org/10.1016/j.knee.2021.03.010
https://doi.org/10.1016/j.bioactmat.2021.03.013
https://doi.org/10.1016/j.bioactmat.2021.03.013
https://doi.org/10.3389/fbioe.2021.603444
https://doi.org/10.1007/s10856-021-06506-w
https://doi.org/10.1111/aor.13329
https://doi.org/10.2174/1574888x13666180122151909
https://doi.org/10.3390/pharmaceutics13030399
https://doi.org/10.1186/s13018-021-02475-6
https://doi.org/10.1186/s13018-021-02475-6
https://doi.org/10.1186/s13018-021-02300-0
https://doi.org/10.1016/j.arthro.2019.03.018
https://doi.org/10.1016/j.arthro.2019.03.018
https://doi.org/10.1016/j.arthro.2018.08.033
https://doi.org/10.1016/j.arthro.2018.08.033
https://doi.org/10.1007/s00441-018-02979-4
https://doi.org/10.1089/ten.TEB.2015.0347
https://doi.org/10.1089/ten.TEB.2015.0347
https://doi.org/10.2106/jbjs.f.00257
https://doi.org/10.1097/01.bot.0000177108.38461.9c
https://doi.org/10.1097/01.bot.0000177108.38461.9c
https://doi.org/10.1186/s13287-020-02106-7
https://doi.org/10.1631/jzus.B1500182
https://doi.org/10.1631/jzus.B1500182
https://doi.org/10.1016/j.yexmp.2009.09.019
https://doi.org/10.1002/adma.201003963
https://doi.org/10.1002/adma.201003963
https://doi.org/10.1016/j.actbio.2019.03.005
https://doi.org/10.1016/j.actbio.2019.03.005

	Hyaluronic acid hydrogel encapsulated BMP-14-modified ADSCs accelerate cartilage defect repair in rabbits
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Material and methods
	Primary ADSCs culture and BMP-14 transfection
	Reverse transcription polymerase chain reaction (RT-PCR)
	Western blot analysis
	Animals
	Scanning electron microscopy observation
	Hematoxylin and eosin (H&E) staining
	Immunohistochemistry (IHC)
	Statistical analysis

	Results
	ADSC culture and identification
	BMP-14 overexpression increased chondrogenic differentiation markers
	SEM
	Histomorphometry of the repaired tissue
	Safranin O-fast green cartilage stain
	Collagen II staining

	Discussion
	Conclusion
	Acknowledgements
	References


