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A B S T R A C T   

Tissue-engineered cartilage regeneration by bone marrow stromal cells (BMSCs) is considered an ideal method. 
However, how to regulate BMSCs to regenerate specific types of cartilage remains unclear, which significantly 
limits its clinical translation and leads to suboptimal clinical effects. Herein, we systematically explored the role 
of native ear and articular cartilage niches on the differentiation fate of BMSCs and the type of regenerated 
cartilage. First, we prepared two types of acellular cartilage sheets (ACSs) and two types of chondrocytes. Then 
green fluorescent protein-labeled BMSCs were seeded on two types of ACSs with or without corresponding types 
of chondrocytes using a sandwich model and directed or cross-implanted them into native cartilage niches. After 
one year of in vivo culture, cell tracking and the results of histological results showed that the native cartilage 
niches were capable of regulating BMSCs regeneration into specific types of cartilage that were consistent with 
the cartilage types of the implanted sites. Furthermore, even when the type of niche formed by ACSs or the 
biomimetic cartilage niche constructed by specific types of ACSs and specific types of chondrocytes did not match 
with the native cartilage niche, the native cartilage niche continued to determine the type of cartilage regen-
erated by implanted BMSCs and chondrocytes. All our results provide sufficient evidence for specific types of 
cartilage regeneration using chondrogenic potential cells, such as mesenchymal stem cells and chondrocytes.   

1. Introduction 

Cartilage exhibits poor self-repair capacity owing to the lack of 
vasculature and nerves [1], which makes the repair of cartilage defects a 
clinical problem. Tissue engineering is a promising method for regen-
erating cartilage by combining proper scaffolds with suitable seed cells 
[2–4]. As the core element of tissue engineering, finding an appropriate 
source of seed cells remains a significant challenge that has restricted the 
clinical translation of tissue-engineered cartilage regeneration technol-
ogy. Chondrocytes, bone marrow stromal cells (BMSCs), and adipose 

stem cells have been widely reported to be used for cartilage regenera-
tion, and even partially achieve clinical translation [5–7]. BMSCs are 
considered as relatively ideal seed cells for cartilage regeneration owing 
to several properties, such as multi-directional differentiation, the 
ability to induce less trauma at the donor sites, wide sources, and strong 
proliferation capacity, and these properties have been fully demon-
strated via the in vitro regeneration of mature cartilage and repair of 
cartilage defects in vivo [8–10]. 

However, cartilage can be characterized into three subtypes: elastic 
cartilage (such as ear cartilage), hyaline cartilage (such as articular 
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cartilage and costal cartilage), and fibrocartilage (such as meniscus and 
intervertebral disc) [11–13]. At present, few studies have reported 
whether BMSCs could be regulated to regenerate specific types of 
cartilage. Moreover, the three types of cartilage demonstrate distinct 
biological functions owing to their different structures. For instance, ear 
cartilage expresses abundant elastin, resulting in strong elasticity and 
resilience [14–16]. Articular cartilage expresses PRG4, also known as 
lubricin, which prevents cartilage wear caused by joint movement 
[17–19]. Therefore, methods for regulating BMSCs to regenerate specific 
types of cartilage for accurate cartilage regeneration and long-term 
functional reconstruction are urgently needed for clinical translation 
[20]. 

Previous studies have demonstrated that BMSCs induced by chon-
drocytes (co-culture), biomimetic scaffolds, and chondrogenic medium 
system can achieve cartilage regeneration in vitro [21–23], and can also 
repair articular cartilage defects [24–26]. However, these studies mainly 
focused on BMSC regenerated cartilage (BRC), which possesses cartilage 
extracellular matrix (ECM) deposition, including glycosaminoglycans 
(GAG) and type II collagen (COL II), to be observed in all three types of 
cartilage; however, the examination of the type of BRC has garnered 
little interest. Furthermore, Sun et al. described hyaline-like cartilage 
regeneration for injured articular cartilage using dual-factor-releasing 
BMSC-laden hydrogels and physically gradient synthetic biodegrad-
able polymers [27]. Kang et al. also demonstrated the formation of an 
engineered, anatomical analog of osteochondral tissue with 
lubricin-positive cartilage formation in the articular cartilage niche by 
combining a trilayer scaffold with BMSCs [28]. However, due to the lack 
of identification of specific indicators for the three types of cartilage and 
the lack of cell labeling and tracking, the type of BRC regulated by the 
native articular cartilage niche could not be determined. More impor-
tantly, the regulatory role of other types of native cartilage niches (such 
as elastin cartilage niche) on BRC types remains poorly understood. 
Therefore, systematic research investigating with the type of the dif-
ferentiation of BMSC into specific types of cartilage is lacking. The 
following critical issues need to be examined: 1) whether specific types 
of cartilage niches can regulate BMSCs to regenerate specific types of 
cartilage; 2) whether the niche provided by scaffolds affects the regu-
lation of the type of BRC by the native cartilage niche; and 3) in case of a 
conflict between specific biomimetic types of cartilage niches and the 
native cartilage niche, which of these controls the ultimate type of BRC 
needs to be determined. 

To address these issues, in the current study, we used a previously 
established technology to prepare two types of acellular cartilage sheets 
(ACSs) (ear and articular) that retained specific structures and compo-
nents of cartilage [29]. Subsequently, green fluorescent protein 
(GFP)-labeled BMSCs were seeded on the specific types of ACSs with or 
without specific types of chondrocytes using a sandwich model [29] to 
provide BMSCs with biomimetic cartilage niches that matched or mis-
matched with the native cartilage niche types. Thereafter, the engi-
neered constructs were directed or cross-implanted into specific types of 
native cartilage niches as follows: 1) niche-matched group: BMSC-ear 
ACS (EACS) constructs implanted into the ear cartilage niche and 
BMSC-articular ACS (AACS) constructs implanted into the articular 
cartilage niche, 2) ACS niche mismatched group: BMSC-AACS constructs 
implanted into the ear cartilage niche and BMSC-EACS constructs 
implanted into the articular cartilage niche, 3) biomimetic niche mis-
matched group: BMSC-AACS-articular chondrocyte (ARC) constructs 
implanted into the ear cartilage niche and BMSC-EACS-ear chondrocyte 
(EAC) constructs implanted into the articular cartilage niche. Finally, 
cell tracking analysis and the identification of specific types of cartilage 
were performed to elucidate the types of BRC in the aforementioned 
groups and to identify the determining factor that determines the type of 
BRC. 

2. Materials and methods 

2.1. Animal information 

A total of 12 four-month-old hybrid pigs (six male and six female; 
Yangtze River Delta White pig; Shanghai Jiagan Biological Technology 
Co., Shanghai, China) weighing 25–30 kg were used in this study. All 
animal experiments were approved by Animal Experimental Ethical 
Committee of Shanghai Ninth People’s Hospital (HKDL [2016].76), 
affiliated to Shanghai Jiao Tong University school of medicine. All ex-
periments were conducted by the Key Laboratory of Tissue Engineering 
at Shanghai Ninth People’s Hospital. 

2.2. Preparation of the two types of ACSs 

Ear and articular ACSs were prepared as described previously [29, 
30]. Briefly, ear and articular cartilage harvested from adult pigs were 
drilled using corneal trephine into a circular cylinder with a diameter of 
7 mm, and cartilage sheets with a thickness of 10 μm were obtained via 
frozen sectioning. After decellularization with 1% sodium dodecyl sul-
fate (SDS, Solarbio, Beijing, China) for 24 h, the sheets were rinsed thrice 
with sterile water and then lyophilized in a vacuum freeze-drier (Virtis 
Benchtop 6.6; SP Industries, Gardiner, NY). 

2.3. Characterization of ACSs 

The morphology of the ear and articular cartilage sheets before and 
after decellularization was first observed using scanning electron mi-
croscopy (SEM, JEOL JSM-5600LV, Kyoto, Japan) [29]. For histological 
analysis, 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, USA) and 
hematoxylin and eosin (HE) staining were performed to observe the 
nucleus, and Safranin O (SO) was used to detect the deposition of GAG. 
For immunohistochemical analysis, a rabbit polyclonal antibody against 
Col II (1:100 in PBS; ab34712, Abcam, Cambridge, MA, USA) was used 
to detect the expression of Col II, followed by incubated with an 
HRP-conjugated anti-rabbit secondary antibody (1:100; Dako, Glostrup, 
Denmark). Diaminobenzidine tetrahydrochloride (DAB, Santa Cruz 
Biotechnology) was used to develop color, thereby aiding visualization, 
according to a previously established method [31]. 

Cartilage sheets were weighed before and after decellularization for 
the quantitative analysis of DNA, GAG and total collagen using the 
Quant-iT Pico-Green dsDNA kit (Invitrogen), dimethyl methylene blue 
assay kit (Sigma-Aldrich), and hydroxyproline (HYP) assay kit (Sigma- 
Aldrich), respectively according to previously described methods 
[32–34]. 

The Young’s modulus of scaffolds was analyzed using a Nano-
indenter (Piuma nanoindenter, Optics11 BV, Netherlands) equipped 
with a spherical probe. The method used in this study was similar to that 
described previously [35,36]. For all indentations, probe stiffness, probe 
radius, and indentation velocity (loading rate) were set to 0.48 N/m, 
254 μm, and 5 μm/s, respectively. Nanoindentations were performed at 
10 indentation sites on each sample. The Young’s Modulus of all samples 
was calculated using a Hertzian model based on 80% of the data on the 
loading section of the load-indentation data curve (n = 6). 

2.4. Isolation and culture of BMSCs and chondrocytes 

The bone marrow was aspirated from the anterior superior iliac spine 
of healthy pigs. BMSCs were isolated and cultured in regular culture 
medium composed of low-glucose Dulbecco’s Modified Eagle Medium 
(DMEM, Gibco BRL, Grand Island, NY) and 10% fetal bovine serum 
(FBS, Hyclone, Logan, UT, USA) according to previously established 
methods [22,37]. Chondrocytes isolated from the ear and articular 
cartilage were harvested and cultured in regular culture medium 
(high-glucose DMEM, 10%FBS) as previously described [38]. 
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2.5. Biocompatibility evaluation of the ACSs 

2.5.1. Cellular attachment and cell seeding efficiency for ACSs 
A total of 20 × 106 BMSCs in 1.0 ml of regular culture medium were 

evenly dropped onto the EACSs and AACSs. BMSC-EACS-EAC and 
BMSC-AACS-ARC constructs were prepared in the same manner. The 
ratio of BMSCs to chondrocytes was 6:4, and the final seeding concen-
tration was 20 × 106 cells/ml. The cell-ACS constructs were then incu-
bated to allow for the complete adhesion of the cells to the ACSs. After 
24 h of incubation, the cell-ACS constructs were gently transferred into a 
new 6-well plate. The remaining cells from the different groups were 
collected, and the cell number was counted. The cell seeding efficiency 
of the samples was calculated based on the following formula: (total cell 
number − remaining cell number)/total cell number × 100%, to eval-
uate the adherent ability of cells on the EACSs and AACSs. After 3 days of 
culture, ACSs with or without cells were fixed overnight in 0.05% 
glutaraldehyde at 4 ◦C. After dehydration in a graded ethanol series, 
samples were subjected to critical-point drying, and the attachment of 
cells on the ACSs was examined using SEM. 

2.5.2. Cell viability on the ACSs 
After 1, 4, and 7 days of culture, the viabilities of BMSCs and 

chondrocytes on ACSs were determined using the Live & Dead Cell 
Viability Assay (Invitrogen, USA) following the manufacturer’s in-
structions. The cells were examined using a confocal microscope (Nikon, 
Japan). 

2.6. Labeling of BMSCs 

To trace the distribution and differentiation of BMSCs after implan-
tation in vivo, we labeled BMSCs with GFP via lentivirus transfection 
(LV-CMV > EGFP/T2A/Puro, Cyagen, China) at a multiplicity of infec-
tion (MOI) of 40. Briefly, after reaching 30–40% confluence at passage 1, 
BMSCs were incubated with lentivirus in regular culture medium for 16 
h at 37 ◦C. The culture medium was replaced with the fresh medium 
followed by incubation for another 24 h. Thereafter, in order to improve 
the infection efficiency of lentivirus for BMSCs, puromycin 
(HY–B1743A, MedChemExpress, China) was then incubated with 
BMSCs at a concentration of 3 μg/ml in the regular culture medium until 
all unlabeled BMSCs were killed. All labeled BMSCs at passage 3 were 
prepared for subsequent experiments. 

The efficiency of lentiviral transfection of BMSCs was analyzed using 
confocal laser scanning microscopy (TCS SP8 STED 3X, Leica, Germany) 
[39] and flow cytometry as reported previously [40,41]. Moreover, the 
cell proliferation of labeled and unlabeled BMSCs was further evaluated 
using the CCK-8 assay (Dojindo Molecular Technologies, Kumamoto, 
Japan) after in vitro culturing for 1, 3, 5, and 7 days [42]. 

2.7. Engineering of cell-ACS constructs and implantation 

2.7.1. In vitro construction and in vivo implantation of the niche matched 
group 

BMSC-EACS and BMSC-AACS constructs were engineered using the 
previously established sandwich model [29,30]. Briefly, GFP-labeled 
BMSCs were harvested at passage 3 and suspended in regular culture 
medium at a final concentration of 8 × 107 cells/ml. Next, a piece of ACS 
was placed in a culture dish and seeded with 5 μl of BMSC suspension. 
Another piece of ACS was then stacked on top of the first, followed by 
seeding with the same amount of the cell suspension. The aforemen-
tioned procedure was repeated until ACSs formed 20 layers, followed by 
4 h of incubation in culture dishes. Subsequently, all constructs were 
cultured in regular culture medium for 3 days in vitro before in vivo 
implantation. 

After anesthesia, preoperative skin preparation, and disinfection, the 
area between the ear cartilage or the area between the perichondrium 
and cartilage was separated at the dorsal ear to form a pocket of 

sufficient size. Two BMSC-EACS constructs were stacked together and 
implanted into the same separated area (n = 6 pigs). Subsequently, the 
upper and lower edges of the cartilage or perichondrium at the incision 
were sutured with biodegradable sutures to fix the constructs in a closed 
space. Thereafter, BMSC-AACS constructs were immediately implanted 
into the in situ articular cartilage niche of the same pig, as previously 
described [43]. Briefly, cylindrical defects (6 mm diameter, 3 mm depth) 
were created using a trephine at the weight-bearing area of the lateral 
condyles of the knee joint. After the elimination of the blood clots, each 
defect was repaired with BMSC-AACS constructs (two constructs from 
the same group were stacked together and implanted at the same defect 
site) (n = 6 pigs). Constructs were fixed in place by stitching the sur-
rounding native cartilage with biodegradable sutures. 

2.7.2. In vitro construction and in vivo implantation of scaffold niche 
mismatched group 

After the BMSC-ACS constructs were implanted into cartilage niches 
of the same type as their ACS, they were also cross-implanted into 
different types of cartilage niches of the same pig. Using the same sur-
gical procedure, the BMSC-AACS constructs were implanted into the ear 
cartilage niche, and the BMSC-EACS constructs were implanted into the 
articular cartilage defects. 

2.7.3. In vitro construction and in vivo implantation of biomimetic cartilage 
niche mismatched group 

GFP-labeled BMSCs at passage 3 and chondrocytes (ear and artic-
ular) at passage 2 were harvested. BMSC-EACS-EAC and BMSC-AACS- 
ARC constructs were prepared in the same manner. The ratio of 
BMSCs to chondrocytes was 6:4, and the final seeding concentration was 
8 × 107 cells/ml. As shown in Fig. 1, after culturing under in vitro 
conditions for 3 days, the BMSC-EACS-EAC constructs were implanted 
into the in vivo articular cartilage defects (n = 6 pigs), whereas the 
BMSC-AACS-ARC constructs were implanted into the area between the 
ear cartilage or the area between the perichondrium and ear cartilage (n 
= 6 pigs). 

2.8. Detection of GFP-labeled cells in regenerated tissues 

After 1 year of in vivo culturing, BMSC-regenerated tissues (n = 6 
pigs) were collected. Gross images were captured, and tissues were fixed 
in 4% paraformaldehyde (PFA) at 4 ◦C overnight. Next, all samples were 
treated sequentially with 10%, 20%, and 30% sucrose solution for 
dehydration, and the sucrose solutions were dehydrated for 24 h to 
ensure complete dehydration. After washing thrice with PBS, the sam-
ples were frozen in OCT gel (Sakura), sliced into sections with a thick-
ness of 8 μm, and stained with DAPI for observing the nuclei. The 
distribution and location of GFP-positive cells in the regenerated tissues 
were observed using confocal laser scanning microscopy. The chon-
drogenic differentiation type of labeled cells was further analyzed using 
histological and immunohistochemical analysis. 

2.9. Histological and immunohistochemical analysis 

To evaluate the type of BRC in specific types of native cartilage 
niches, all engineered tissues harvested above were subjected to histo-
logical and immunohistochemical examinations. HE, Safranin-O/Fast 
Green (SO/FG) staining, and immunohistochemical staining of type II 
collagen were performed to observe the histological structure and 
cartilage matrix deposition of GAG and COL II, respectively [44]. An 
Elastin Stain kit (ab150667, Abcam) was used to detect the expression of 
elastin (a specific protein of elastin cartilage), according to the manu-
facturer’s protocol. In addition, PRG4 (a specific protein of articular 
cartilage) (ab94933, Abcam) and α-SMA (a specific protein of fibro-
cartilage) were detected using immunohistochemical staining as per the 
manufacturer’s protocols [17]. Furthermore, the expression levels of 
various proteins in BRC were measured using Image J software to 
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quantitatively analyze the staining results [45,46]. The IHC profiler 
plug-in was used to automatically score the staining of the sample based 
on the staining intensity and extent of positive staining. The staining 
intensity was reported as the optical density value of the images, which 
was evaluated through deconvolution using the IHC profiler plugin in 
Image J. Subsequently, the staining area was scored according to the 
percentage contribution of the positive staining area: 0 (0–10%), 1 
(10–20%), 2 (20–40%), 3 (40–70%), and 4 (>70%). Finally, the sum of 
the staining intensity and the positive extent score of the staining, also 
known as the IHC score, was calculated and defined as follows: high 
positive (3+), positive (2+), low positive (1+), negative (0–1). The IHC 
score was generated from four different quadrants of the slides, and the 
average score for each sample was calculated. 

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

RT-qPCR was performed to determine the expression of 
chondrogenesis-related genes (SOX9, aggrecan, and COL II) and specific 
types of cartilage-related genes (elastin, PRG4, and α-SMA) using β-actin 
as the reference gene for BRC [47]. The chondrocytes were first isolated 
from regenerated cartilage samples, and harvested in regular culture 
media. Next, flow cytometry was used to sorted the GFP-positive 
chondrocytes among all harvested cells, and verify the proportion of 
GFP-positive cells in the sorted cells. Thereafter, the sorted cells were 
further analyzed by RT-qPCR. Briefly, total RNA was extracted from the 
sorted GFP-positive cells and native cartilage (ear and articular carti-
lage) using TRIzol reagent (Invitrogen, Carlsbad, CA), and the RNA 
concentration was determined using a Nanodrop 2000 spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA, USA). Reverse transcrip-
tion (RT) was performed to obtain cDNA using M-MLV 5 × Reaction 
Buffer (Promega, Madison, WI, USA), according to previously described 
methods. RT-qPCR was performed using the SYBR Premix Ex TaqTM II 
(Takara, Kyoto, Japan), and the results were analyzed using an Applied 
Biosystems AB instrument (Foster City, CA). All tests were performed in 
triplicate, normalized relative to the expression of housekeeping gene 
β-actin, and analyzed using the 2− ΔCt method. The primer sequences are 
listed in Table S1. 

2.11. Statistical analysis 

All quantitative data are presented as the mean ± standard deviation. 
Data were analyzed using GraphPad Prism 5.0, and a one-way ANOVA 
test was used to analyze statistical differences between the groups. The 
results of the quantitative analysis of DNA, GAG, HYP, and Young’s 
modulus content of cartilage sheets before decellularization were 
compared to those obtained after decellularization. The histological 
scores and expression levels of genes in regenerated cartilage (RC) were 
compared with those of native cartilage (NC). Results were considered 
statistically significant at p < 0.05. 

3. Results 

3.1. Characterizations of ACSs 

Ear and articular cartilage sheets with a thickness of 10 μm were 
obtained by frozen sectioning. As shown in Fig. 2A, the articular carti-
lage sheets appeared to be more transparent than the ear cartilage 
sheets, as demonstrated by gross images. After being decellularized, 
spread out, and freeze-dried, ACSs showed an appearance more similar 
to that of native cartilage; hence, the EACSs appeared ivory white, and 
the AACSs appeared transparent. In addition, ACSs demonstrated a 
minor shape distortion after freeze-drying, which was attributed to their 
low thinness (Fig. 2A). The two types of ACSs were almost completely 
clear of all cellular components, as revealed by SEM (Fig. 2B), DAPI 
staining (Fig. 2C), and HE staining (Fig. 2D); the results were confirmed 
by DNA content analysis (Fig. 2G). More importantly, SEM images and 
HE staining also showed that both EACSs and AACSs had specific surface 
topological structure, which were consistent with those of the native ear 
cartilage and articular cartilage, respectively (Fig. 2B, D). Furthermore, 
SO staining (Fig. 2E) and immunohistochemical analysis of COL II 
(Fig. 2F) indicated that the ear and articular ACSs retained most of the 
cartilage-specific ECM (GAG and COL II) components, as confirmed by 
the quantitative analysis of GAG and hydroxyproline (HYP) (Fig. 2H and 
I). The mechanical properties of different scaffolds were then evaluated. 
The results of Young’s modulus revealed that the ACSs still preserved 
part of the mechanical properties of the native cartilage (Fig. 2J). 

Fig. 1. Schematic description of the study design. BMSCs were seeded on specific types of acellular cartilage sheets (ACSs) with specific types of chondrocytes using a 
sandwich model. The engineered constructs were cross-implanted into specific types of native cartilage niches for 1 year. The results confirmed that when the types of 
niches provided by the biomimetic cartilage niche constructed by specific types of ACSs and specific types of chondrocytes did not match with the native cartilage 
niches, the in situ ear and articular cartilage niches regulated BMSC regeneration of ear and articular cartilage, respectively, which was consistent with the native 
cartilage type of the implanted site. Abbreviations: BMSCs, bone marrow stromal cells, EACS, ear acellular cartilage sheet; AACS, articular acellular cartilage sheet. 
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3.2. Biocompatibility of the ACSs 

Biocompatibility is a prerequisite for evaluating whether scaffolds 
can be used as suitable carriers for seeding cells. The cell seeding effi-
ciency of BMSCs, EAC and ARC in ACS scaffolds was more than 80% (Fig 
S1B), and these cells adhered well in EACS and AACS after seeding cells 
on scaffolds for 3 days (Fig S1C). The Live & Dead staining showed that 
the both BMSCs and chondrocytes survived well in EACS and AACS at 1, 
4, and 7 days after cell seeding, and there was an increase in cell number 
with increasing culture time (Fig S2). These results indicated that both 
EACS and AACS had good biocompatibility and thus were appropriate 
for cell seeding, viability, and proliferation. 

3.3. Labeling of BMSCs 

The lentiviral transfection characteristics of BMSCs, indicated by 
transfection efficiency, and the effect of the transfection process on the 
activity of BMSCs, were investigated. The determination of these 

characteristic is a prerequisite for the follow-up tracking of BMSCs in 
regenerated tissues and analyzing the regulation of the type of BRC by 
specific types of cartilage niches. Confocal laser scanning microscopy 
analysis showed that GFP-positive BMSCs were observed after incu-
bating BMSCs with lentivirus for 24 h (Fig S3A–C), and almost all the 
BMSCs expressed GFP after the resistance screening with puromycin for 
96 h (Fig S3D–F). Moreover, flow cytometry analysis confirmed that 
GFP-positive BMSCs consisted of 91.6% of all transfected cells (Fig S3G). 
Meanwhile, the proliferation curve did not demonstrate any significant 
difference between the labeled and unlabeled cells, which indicated that 
the labeling did not affect the proliferation characteristics of BMSCs (Fig 
S3H). These results indicated that the current method could efficiently 
label BMSCs without affecting their viability, therefore the method was 
used in subsequent experiments. 

3.4. Regulation of the types of BRC by native cartilage niches 

This study primary aimed to examine whether specific cartilage 

Fig. 2. Preparation of ACSs, cell-ACS constructs, and implantation into native cartilage niches. (A) Preparation of ear and articular ACSs via the procedures of frozen 
sectioning, decellularization, spreading and lyophilization of ear and articular cartilage. (B) SEM, (C) DAPI staining, (D) HE staining, (E) SO staining and (F) COL II 
staining of ear and articular cartilage sheet before and after decellularization. Quantitative analysis of (G) DNA content, (H) GAG content, (I) HYP content, and (J) 
Young’s modulus of scaffolds before and after decellularization. (J) Four types of cell-ACS constructs were prepared using the sandwich model. (K) After culturing in 
vitro for 3 days, these constructs were implanted into the (L) ear cartilage or (M) articular cartilage niche. Abbreviations: ACSs, acellular cartilage sheets; BD, before 
decellularization; AD, after decellularization; SEM, scanning electron microscopy; DAPI, 4′,6-diamidino-2-phenylindole; HE, hematoxylin and eosin; SO, Safranin O; 
COL II, Collagen II; GAG, Glycosaminoglycan; HYP, Hydroxyproline; EACS, ear acellular cartilage sheet; AACS, articular acellular cartilage sheet; EAC, ear chon-
drocyte; ARC, articular chondrocyte. Scale bar = 50 μm *p < 0.05. 
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niches could regulate BMSCs to regenerate specific types of cartilage 
following the preparation of ACSs and labeling of BMSCs. BMSC-EACS 
and BMSC-AACS constructs were prepared using the sandwich model, 
which formed a cylinder-shaped cell sheet with a diameter of approxi-
mately 7 mm and a thickness of approximately 1 mm (Fig. 2K). The 
BMSC-AACS construct was more transparent than the BMSC-EACS 
construct, consistent with the gross differences observed between the 
two types of ACSs. After 3 days of in vitro culture (Fig 2L), the constructs 
were directly implanted into the in situ native ear and articular cartilage 
niches that were matched with the type of ACSs for 1 year (Figure 2M, 

N). As shown in Fig. 3, white cartilage-like tissue was formed between 
native ear cartilages, as demonstrated by the gross image (Fig. 3B). To 
confirm whether the regenerated tissue was cartilage and whether it was 
regenerated by the implanted GFP-positive BMSCs, we first detected the 
expression of GFP and then performed HE staining. Our results showed 
that GFP-positive cells were traced in the regenerated cartilage with 
typical lacuna structures, whereas no GFP-positive cells were detected in 
the native cartilage (Fig. 3C), indicating that GFP-positive cells repre-
sented the implanted BMSCs. In addition, histological analysis revealed 
that the BRC displayed cartilage-specific ECM deposition, as indicated 

Fig. 3. Regulation of the type of BRC by native ear and articular cartilage niches. (A) Schematic experimental design used to obtain data presented in (B–I). (B–E) 
Analysis of the effect of native ear cartilage niche on the type of BRC including (B) gross view of BMSC regenerated tissue, (C) GFP-positive cell tracing, (D) his-
tological identification of specific types of cartilage, and (E) quantification analysis of histological staining. (F–I) Analysis of the effect of native articular cartilage 
niche on the type of BRC including (F) gross view, (G) GFP-positive cell tracing, (H) histological identification of specific types of cartilage, and (I) quantification 
analysis of histological staining results. Abbreviations: BRC, BMSC regenerated cartilage; RC, regenerated cartilage; NC, native cartilage; PRG4, Proteoglycan 4; 
α-SMA, alpha-smooth muscle actin. Red scale bar = 500 μm, white and black scale bar = 50 μm. 
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by the positive staining of SO/FG and COL II (Fig. 3D). Analysis of 
cartilage-type-specific indicators showed that the BRC demonstrated a 
high expression of elastin but did not express PRG4 and α-SMA. These 
results were consistent with the expression patterns observed in native 
ear cartilage (Fig. 3D). Furthermore, the staining intensity and the 
extent of positive staining were quantified to score the protein expres-
sion of BRC and native cartilage using ImageJ. Consistent with the re-
sults of histological staining, BRC showed a protein expression intensity 
similar to that of the native ear cartilage, which was evaluated to be 
positive for SO, COL II, and elastin staining; the evaluation for PRG4 and 
α-SMA was negative (Fig. 3E). Furthermore, RT-qPCR results confirmed 

that the expression levels of cartilage-specific genes expressed by BRC 
were similar to those of native cartilage (Fig. 6). 

We then investigated the regulation of the type of BRC by the native 
articular cartilage niche. According to the current results, after im-
plantation for 1 year, the cartilage defects were completely repaired by 
cartilage-like tissue from gross view (Fig. 3F). GFP-positive cells were 
detected in the regenerated cartilage, whereas cells in native cartilage 
did not express GFP (Fig. 3G). HE staining showed that the regenerated 
area of BMSCs showed chondrocyte lacuna structures, the size and 
density of lacuna were similar to those of the native cartilage (Fig. 3H). 
Meanwhile, histological examination (Fig. 3H) and scoring (Fig. 3I) 

Fig. 4. Effect of ACS provided niche on the regulation of the type of BRC by native cartilage niches. (A) Schematic experimental design used to obtain data presented 
in (B–I). (B–E) Analysis of effect of native ear cartilage niche on the type of BRC including (B) gross view of BRC, (C) GFP-positive cells tracing, (D) histological 
identification of specific types of cartilage, and (E) quantification analysis of histological staining. (F–I) Analysis of effect of native articular cartilage niche on the 
type of BRC including (F) gross view of BRC, (G) GFP-positive cells tracing, (H) histological identification of specific types of cartilage, and (I) quantification analysis 
of the results of histological staining. Red arrows indicate the regenerated cartilage. Abbreviations: RC, regenerated cartilage; NC, native cartilage. Red scale bar =
500 μm; white and black scale bar = 50 μm. 
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confirmed that the regenerated area of BMSCs displayed cartilage ECM 
deposition, as indicated by positive staining of SO/FG and COL II. To 
finally confirm the type of BRC, three types of cartilage-specific markers 
were analyzed histologically. Our results showed that the cartilage re-
generated by BMSCs was consistent with the type of native articular 
cartilage, which was reflected by positive staining of PRG4 and negative 
staining of elastin and α-SMA (Fig. 3H). Staining scoring (Fig. 3I) and 
RT-qPCR (Fig. 6) results showed that the expression levels of SO, COL II, 
elastin, PRG4, and α-SMA were more comparable in the BRC than those 
in the native articular cartilage. These results indicated that native ear 
and articular cartilage niches were capable of regulating BMSC regen-
eration of elastic and hyaline cartilage, respectively, which was consis-
tent with the cartilage type of the implanted site. 

3.5. Effect of the niche contributed by the mismatched scaffold on the 
regulation of the type of BRC mediated by the native cartilage niche 

The second key issue of our study was to check whether the regu-
lation of native cartilage niches on the types of BRC would be affected 
when the scaffolds did not match the native cartilage niche at the 
implanted site. BMSC-AACS constructs were implanted into the native 
ear cartilage niche, and BMSC-EACS constructs were implanted into 
native articular cartilage niche. Following the culturing of BMSC-AACS 
constructs in the native ear cartilage niche for 1 year, confocal micro-
scopy (Fig. 4C) and histological examination (Fig. 4D) showed that GFP- 
positive cells were only traced in the regenerated cartilage. The regen-
erated cartilage not only showed typical chondrocyte structures, but also 
demonstrated cartilage-specific ECM. Strong positive staining of elastin 
and negative staining of PRG4 and α-SMA was observed in BRC and 

Fig. 5. Effect of mismatched biomimetic cartilage niche on the regulation of native cartilage niches on the type of BRC. (A) Schematic experimental design for data 
presented in (B–I). (B–E) Analysis of the effect of native ear cartilage niche on the type of BRC including (B) gross view of BRC, (C) GFP-positive cell tracing, (D) 
histological identification of specific types of cartilage, and (E) quantification analysis of histological staining. (F–I) Analysis of effect of native articular cartilage 
niche on the type of BRC including (F) gross view of BRC, (G) GFP-positive cell tracing, (H) histological identification of specific types of cartilage, and (I) quan-
tification analysis of histological staining. Red arrows indicate the regenerated cartilage. Abbreviations: RC, regenerated cartilage; NC, native cartilage. Red scale bar 
= 500 μm; white and black scale bar = 50 μm. 
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native ear cartilage (Fig. 4D and E), which was consistent with the 
expression trends observed at the gene level (Fig. 6). These results 
indicate that BMSCs formed elastin cartilage. 

Next, the type of BRC was evaluated after implantation of BMSC- 
EACS constructs in the articular cartilage niche for 1 year. As shown 
in Fig. 4F, cartilage-like tissue formed in the articular cartilage defect. 
Cell tracing and histological analysis showed that GFP-positive cells 
were distributed in the regenerated cartilage area (Fig. 4G) and the BRC 
shared similar specific protein expression levels to those of native 
articular cartilage at the protein and mRNA levels (Fig. 4H and I; Fig. 6). 

3.6. Effect of mismatched biomimetic cartilage niche constructed by ACSs 
and chondrocytes on the regulation of the BRC’s type by native cartilage 
niches 

The final problem to be solved was to check the in vivo ultimate re-
generated cartilage type of BMSCs when more biomimetic cartilage 
niche conflicts with native cartilage niche, which will further confirm 
whether native cartilage niche is indeed the determining factor of the 
type of BRC. BMSC-AACS-ARC constructs were implanted into the native 
ear cartilage niche, and ivory white tissue that appeared similar to the 
surrounding native cartilage was formed after culturing for 1 year 
(Fig. 5B). Confocal microscopy showed that regenerated tissue 
expressed GFP-positive cells, whereas the surrounding native cartilage 
did not (Fig. 5C), indicating the GFP-positive cells represented implan-
ted labeled BMSCs. As shown in Fig. 5D, mature cartilage with typical 
lacunae and cartilage -specific ECM (GAG and collagen II) deposition 
was formed in the GFP-positive region. Simultaneously, the analysis of 
the characteristic proteins of specific types of cartilage showed that the 
GFP-positive region demonstrated the expression patterns of the native 
ear cartilage, as indicated by positive staining for elastin and negative 
staining for PRG4 and α-SMA (Fig. 5D). In addition, the expression levels 
of cartilage-specific proteins for regenerated cartilage were similar to 
those for the native ear cartilage (Fig.s. 5E and 6). 

Meanwhile, BMSC-EACS-EAC constructs were implanted into the 
native articular cartilage niche and cultured for 1 year. Our results 
showed that GFP-positive cells were traced in the regenerated cartilage 
(Fig. 5G) with typical lacuna structures and cartilage ECM deposition 

(Fig. 5H), which indicated that BMSCs formed the cartilage-like tissue. 
Moreover, the same cartilage type-specific protein expression charac-
teristics as those for native articular cartilage were detected in BRC, as 
observed by the positive staining of PRG4 and negative staining of 
elastin and α-SMA (Fig. 5H and I). 

Notably, as shown in Figure S4, not only the area of BRC, but the 
entire area of the regenerated cartilage area of the two groups expressed 
homogeneous cartilage that was consistent with the type of cartilage at 
the implanted site. Theoretically, the area of the regenerated cartilage 
contains the implanted ear or articular chondrocytes, which differ from 
the type of chondrocytes found at the implanted site. Taken together, 
our results confirmed that native ear and articular cartilage niche 
determine the differentiation fate and ultimate regenerated cartilage 
type of implanted BMSCs and chondrocytes. 

4. Discussion 

BMSCs have been considered the ideal seed cells for tissue- 
engineered cartilage regeneration [8,48]. However, few studies have 
reported how to regulate BMSCs to regenerate a specific type of carti-
lage, which severely limits clinical translation of BRC. The current study 
demonstrated that in situ ear and articular cartilage niches were able to 
regulate BMSC regeneration of elastic and hyaline cartilage, respec-
tively, which was consistent with the cartilage type of the implanted site. 
Moreover, the results also confirmed that when the niche provided by 
ACSs was different from that of the native cartilage niches at the im-
plantation site, the native cartilage niches continued to determine the 
type of cartilage regenerated from the implanted BMSCs. Most impor-
tantly, when the biomimetic cartilage niche constructed by specific 
types of ACSs and specific types of chondrocytes conflicts with that of 
the implanted site, the regenerated cartilage types of BMSCs and even 
the implanted chondrocytes were determined by the native cartilage 
niche of the implanted site. Collectively, these results confirmed that the 
in situ cartilage niche is the most crucial factor that determines the dif-
ferentiation fate of BMSCs and the type of regenerated cartilage. The 
current study provides sufficient evidence and theoretical basis for 
specific types of cartilage regeneration using chondrogenic potential 
cells, such as mesenchymal stem cells and chondrocytes. 

Fig. 6. RT-qPCR analysis of BRC. Determination of the expression of cartilage-related genes (SOX9, aggrecan, and COL2A) and genes associated with specific types of 
cartilage (elastin, PRG4, and α-SMA) via RT-qPCR using β-actin as the reference gene. The expression level of each gene in RC was compared with that of the NC. 
Abbreviation: EC, ear cartilage; AC, articular cartilage; NC, native cartilage. *p < 0.05. 
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A suitable scaffold vector for fixing BMSCs at the implanted sites is a 
prerequisite for examining the regulation of the type of BRC by native 
cartilage niche. After all, BMSCs harvested without a scaffold vector 
failed to fix in the implanted in situ niche and easily flowed away, 
making it impossible to track the implanted BMSCs and analyze the type 
of regenerated cartilage. Currently, many types of synthetic and natural 
scaffolds with good cell adhesion properties are currently used for 
cartilage regeneration [49–51]. However, none of them can provide 
BMSCs with specific biomimetic ECM niches that match different types 
of in situ cartilage niches, because they do not possess the specific 
structures and components of specific types of cartilage. Therefore, an 
ideal scaffold that can form a biomimetic cartilage niche matching with 
the in situ niche of the implanted site is still required. ACSs derived from 
natural cartilage exhibit cartilage components, good cell adhesion 
functions, and the preservation of the topological structures of cartilage 
[29,30]. Consistent with the results of our previous study, the current 
results indicated that ear and articular ACSs not only partially retained 
GAG and COL II expression but also preserved the inherent specific to-
pological structure of the ear and articular cartilage. Moreover, ACSs 
were advantageous for cell adhesion and cell proliferation. Particularly, 
our results confirmed that BMSCs seeded on ACSs could be fixed at the 
implantation site and were capable of regenerating specific types of 
cartilage after implantation for 1 year. Taken altogether, the afore-
mentioned characteristics render ACSs ideal scaffolds for the accurate 
examination of the types of BRC regulated by the native cartilage niche 
in situ. 

After the scaffolds were confirmed, we primarily aimed to examine 
whether the in situ specific cartilage niches could regulate BMSCs to 
regenerate specific types of cartilage. Previous studies have demon-
strated that BMSC-scaffold constructs can repair articular cartilage de-
fects and even achieve the regeneration of hyaline-like cartilage [27,28]. 
However, owing to the lack of cell tracking and identification of char-
acteristic indicators of other types of cartilage, the final regenerated 
cartilage type of BMSCs remained uncertain. In addition, the under-
standing of the regulatory role of other types of cartilage niches with 
respect to the types of BRC are insufficient. Therefore, in this study, 
GFP-labeled BMSCs were seeded on two types of ACSs and implanted 
into corresponding types of native cartilage niches in order to accurately 
investigate the regulation of the type of BRC mediated by different types 
of native cartilage niches. Our results demonstrated that the tracked 
GFP-positive BMSCs in the native ear cartilage niche formed mature 
elastic cartilage; the nature of the regenerated cartilage was confirmed 
by the strong positive staining of elastin (specific protein of elastin 
cartilage) and negative staining of PRG4 (specific protein of articular 
cartilage) and α-SMA (specific protein of fibrocartilage). Furthermore, 
BMSCs in the native articular cartilage niche regenerated hyaline 
cartilage, consistent with the implanted niche in situ, as evidenced by the 
expression of PRG4 but not that of elastin and α-SMA. Although it is still 
unclear how the native cartilage niche regulates the regeneration of 
specific types of cartilage by BMSCs, we speculate that this is the result 
of the combined effects of the following factors:1) the native ear and 
articular cartilage niches are natural sites for the growth and develop-
ment of the ear and articular cartilage, respectively, which exhibit 
specific biomechanics, growth factors, nutrients, and physical parame-
ters (i.e., matrix rigidity, shear stress, and oxygen tension) required for 
the regeneration of different types of cartilages [52–55]; 2) the extra-
cellular vesicles secreted by native chondrocytes may play a major role 
in BMSC–chondrocyte communication, thereby promoting the func-
tional differentiation and matrix production of BMSCs [56]; and 3) ACSs 
and the sandwich model provide a local cartilaginous niche for BMSCs; 
hence, BMSCs are constantly stimulated by the cartilage niche. Collec-
tively, these results confirmed that the cartilage niche at the site of 
implantation formed by specific types of ACSs and specific types of 
native cartilage niche determine the type of regenerated cartilage by 
BMSCs, consistent with the type of cartilage at the implantation site. 

However, whether the regulation of the types of BRC by the native 

niches is affected when the scaffolds do not match the native cartilage 
niche at the implanted site is also of considerable concern. Notably, 
scaffolds exhibit unique characteristics for regulating the chondrogenic 
differentiation of stem cells due to the diversity of structures and tissue- 
specific compositions [57–60]. To explore the dominant factors 
responsible for regulating cartilage-specific differentiation of BMSCs, in 
the current study, BMSCs were seeded on the ear and articular ACSs 
using the sandwich model, and implanted into the native articular and 
ear cartilage sites that did not match the types of ACSs and cultured for 1 
year. Our findings demonstrated that in this case, native ear and artic-
ular cartilage niches could still regulate BMSCs to regenerate elastin and 
hyaline cartilage, respectively. These results indicated that the type of 
ACS did not affect the determinative role of the in situ native niche on the 
type of BRC. In other words, the native cartilage niche continued to be 
the dominant factor for regulating the type of cartilage regenerated by 
BMSCs. 

Nevertheless, the different types of cartilage niches formed by ACS 
alone were limited, and hence, were insufficient to counter the regula-
tion of the types of BRC mediated by the native cartilage niche. This 
study finally examined whether the type of cartilage regenerated by 
BMSCs was still determined by the native niche if biomimetic cartilage 
niches conflicted with native cartilage niches. It is known that chon-
drocytes can create a more biomimetic chondrogenic niche for BMSCs 
by secreting soluble growth factors and cartilage ECM components [61, 
62]. Previous studies have also confirmed that BMSCs can achieve 
cartilage regeneration in vitro upon co-culturing with chondrocytes and 
the reverse ossification of BMSCs can be observed in a subcutaneous 
environment for stable cartilage regeneration upon co-transplantation 
with chondrocytes [22,61,63,64]. Consequently, the combination of 
specific types of chondrocytes with specific types of ACSs could provide 
a more biomimetic cartilage niche for BMSCs. Therefore, a further ex-
amination of the cartilage types regenerated by BMSCs in case of the 
conflict of biomimetic cartilage niches with different types of native 
niches is required. The current study showed that the type of cartilage 
regenerated by tracked GFP-positive BMSC continued to be determined 
by the native cartilage niche at the implanted site rather than the bio-
mimetic cartilage niche formed by ACS and chondrocytes. Furthermore, 
the entire regenerated area demonstrated the formation of homoge-
neous cartilage that was consistent with the type of native cartilage 
niche at the implantation site, implying that the chondrocytes under-
went transdifferentiation [65,66] and regenerated cartilage that was 
consistent with the native cartilage niche. Taken together, our results 
further confirmed that the native cartilage niche determines the differ-
entiation fate and type of the cartilage regenerated by implanted cells 
with chondrogenic potential, including stem cells and chondrocytes. 

5. Conclusion 

In summary, the current study demonstrated that the in situ native 
cartilage niche is the determining factor for the ultimate regenerated 
cartilage type of stem cells as well as chondrocytes. It can regulate the 
directional differentiation of stem cells and transdifferentiation of 
chondrocytes to regenerate a specific type of cartilage consistent with 
the native niche. Although the transition process and molecular mech-
anisms underlying differentiation and the regeneration of specific types 
of cartilages mediated by BMSCs need to be elucidated, our results 
provide sufficient evidence and a theoretical basis for the regeneration 
of specific types of cartilages using cells with chondrogenic potential, 
such as mesenchymal stem cells and chondrocytes. 
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