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Abstract: Chondrocytes from microtia patients are a valuable cell source for the tissue-engineering of auricles. 
However, dedifferentiation of microtia chondrocytes remains an obstacle for clinical translation. Strategies, such 
as three-dimensional (3D) culture systems, and the use of chondrogenic growth factors, have successfully induced 
redifferentiation of dedifferentiated chondrocytes from healthy individuals. However, it remains unknown whether 
these strategies are similarly effective for microtia patient-derived chondrocytes, which may carry genomic defects. 
To address this issue, dedifferentiated microtia chondrocytes (DMCs) were cultured in a 3D chondrogenic culture 
system for 4-8 weeks to investigate their redifferentiated properties and to generate redifferentiated microtia chon-
drocytes (RMCs). To predict the degree and course of redifferentiation, RMCs at different time points were harvest-
ed and examined for cell morphology, cell proliferation, type II collagen expression at passaging, and chondrogenic 
capacity. We show that a 3D chondrogenic culture system can effectively induce DMCs to become redifferentiated, 
functional chondrocytes, enabling them to regenerate mature cartilage. Furthermore, RMCs achieved their full origi-
nal function after culture in the chondrogenic culture system for 6-8 weeks. Interestingly, redifferentiation of micro-
tia chondrocytes exhibited a time-dependent trend. Although the primary mechanism by which the 3D chondrogenic 
culture system regulated the transition of DMCs into RMCs remains unknown, the current study provides deeper 
insight into microtia chondrocytes and promotes clinical translation of tissue-engineered auricles.
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Introduction

Microtia is a congenital abnormality of the 
external ear with a prevalence rate of 0.83 to 
17.4 per 10,000 live births. Patients with micro-
tia suffer psychologically and have a financial 
disadvantage [1, 2]. The most common treat-
ment for severe damage of the auricle is ear 
reconstruction with autologous costal cartilage 
grafts, which can result in severe donor site 
morbidity of rib cartilage and a high risk of tho-
racic deformation [3, 4]. Tissue engineering of 
auricles, which can exactly replicate patient-
specific auricles, provides a promising approach 
for the treatment of patients with microtia. In 

recent decades, many important advances 
have been made in tissue engineering technol-
ogies, including clinical translation of engi-
neered bone, cartilage, skin, and bladder [5-7]. 
Several groups have demonstrated the feasibil-
ity of constructing three dimensional (3D) carti-
laginous tissue using tissue engineering tech-
niques [8-10]. Cell sources applied in previous 
studies were mainly obtained from normal 
healthy cartilage, which is inevitably associated 
with impairment of the donor site. For microtia 
patients, the remnant auricular cartilage might 
be an ideal cell source because healthy rib car-
tilage would not be needed and it may regener-
ate the desired cartilage tissue with similar 
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function to the native auricular cartilage. Many 
researchers have successfully obtained suffi-
cient numbers of microtia chondrocytes for tis-
sue engineering through in vitro expansion and 
subculture. More importantly, Kamil et al. [11], 
Yanaga et al. [12], and Zhang et al. [13] report-
ed that microtia chondrocytes can generate 
robust cartilage tissue with similar anatomical 
features, cartilage-specific composition and 
mechanical properties as auricular cartilage. 
These results indicate that microtia chondro-
cytes are candidates for clinical application. 

Unfortunately, microtia chondrocytes usually 
lose their phenotype (dedifferentiate), become 
fibroblast-like chondrocytes, and are unable to 
form cartilage tissue during subculture [13]. 
Therefore, obtaining a sufficient number of 
cells with robust chondrogenic ability from 
microtia chondrocytes remains a primary 
obstacle for engineering normally sized human 
ear-shaped cartilage (approximately 150 × 106 
cells are needed according to our previous 
studies). Notably, dedifferentiation is frequent-
ly observed in healthy normal chondrocytes 
[14-16]. To functionally reverse the dediffer- 
entiation of chondrocytes, several strategies 
have been reported to successfully prevent the 
dedifferentiation process or to induce rediffer-
entiation of dedifferentiated chondrocytes. 
Indeed, numerous investigations have demon-
strated that 3D culture systems [17, 18], growth 
factor regulation [19-21], and varying the  
density of cultured cells can reverse the dedif-
ferentiation phenotype and lead to redifferen-
tiation of dedifferentiated chondrocytes [22, 
23]. Thus, generating sufficient quantities of 
functional chondrocytes might be enabled  
by these redifferentiation regulatory systems. 
However, most reports are based on healthy 
normal chondrocytes (such as articular, costal, 
and auricular), whereas little is known about 
microtia chondrocytes. 

Microtia is a congenital disorder; therefore, 
microtia chondrocytes may carry a genomic 
defect and/or be unable to redifferentiate [24-
26], thereby limiting their clinical application. It 
is therefore important to clarify whether dedif-
ferentiated microtia chondrocytes (DMCs) can 
regain chondrogenic function and regenerate 
mature cartilage tissue after modulation in a 
3D chondrogenic culture system (most com-
monly used for tissue engineered cartilage), 

and whether these DMCs can regain their origi-
nal phenotype. Moreover, characterizing the 
redifferentiation and dedifferentiation process-
es of microtia chondrocytes is also important.

To address these issues, we harvested microtia 
cartilage from microtia patients (n = 3) for 
chondrocyte isolation. Type II collagen (COL II) 
protein expression, and mRNA levels of colla-
gen type II (COL 2A1) and aggrecan were inves-
tigated to evaluate the dedifferentiation pro-
cess of native microtia chondrocytes (NMCs) 
during monolayer subculture. Then, completely 
dedifferentiated cells (passage five, P5) were 
harvested and cultured in a 3D chondrogenic 
culture system for 4-8 weeks to generate redif-
ferentiated microtia chondrocytes (RMCs). 

Simultaneously, to evaluate the redifferentia-
tion process and the degree of RMC redifferen-
tiation, these chondrocytes were evaluated for 
cell morphology, cell proliferation, and COL II 
expression, as well as chondrogenic capacity 
during passaging. Their original chondrocytes 
were employed as a native control group. This 
study focused on the key issue of phenotypic 
redifferentiation of DMCs and provides detailed 
insights and guidance for clinical application of 
microtia chondrocytes. 

Materials and methods

General experimental design

This study was conducted in three stages to 
evaluate the redifferentiation potential and 
dedifferentiation/redifferentiation processes 
of microtia chondrocytes (Figure 1). First, NMCs 
were passaged five times to enable the harvest 
of completely dedifferentiated chondrocytes 
(P5 DMC group). Next, a 3D chondrogenic cul-
ture system was employed to regulate rediffer-
entiation of these DMCs for 4-8 weeks. The 
resulting RMCs and their original NMCs were 
harvested to evaluate their characteristics, 
including cell morphology, proliferation, expres-
sion of COL II, and chondrogenic properties. 

Isolation, culture, expansion and cryopreserva-
tion of microtia chondrocytes

The acquisition of human cells and all experi-
mental protocols were approved by the Ethics 
Committee of Shanghai Jiao Tong University 
School of Medicine (Shanghai, P. R. China). 
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Informed consent was obtained from all partici-
pants. Microtia auricular cartilage specimens 
were obtained from three microtia patients 
(9-12 years of age) attending the Eye & ENT 
Hospital of Fudan University (Shanghai, P.R. 
China). Cartilage tissue in each specimen was 
dissected to remove fibrous tissue. Then, to iso-
late chondrocytes, cartilage specimens were 
minced and digested with 0.15% collagenase 
(Sigma-Aldrich, St. Louis, MO, USA) as describ- 
ed previously [13, 27]. After cell quantification, 
half of the primary cells were cryopreservated 
in liquid nitrogen for later experiments, and  
half were cultured. Cells were cultured and 
expanded in Dulbecco’s Modified Eagle’s 
Medium (DMEM, Hyclone Laboratories, Utah, 
USA) supplemented with 10% fetal bovine 
serum (FBS, Hyclone Laboratories, Victoria, 
Australia, regular medium). Chondrocytes at 
passages 1-5 (P1-P5) were used for the follow-
ing experiments. 

Fluorescent staining and transmission elec-
tron microscopy analysis of NMCs

NMCs (P1-P5) were fixed and washed with 
phosphate-buffered saline (PBS) for fluores-

cent staining. A mouse anti-human COL II 
monoclonal antibody (1:200 in PBS; Santa Cruz 
Biotechnology, Dallas, TX, USA) and a goat  
anti-mouse IgG conjugated to Alexa Fluor 488 
(A11001, Invitrogen, Carlsbad, CA, USA) was 
used to detect COL II in NMCs. Propidium iodide 
was used to stain nuclei as previously describ- 
ed [13]. For transmission electron microscopy 
(TEM) analysis, dedifferentiated chondrocytes 
(P5) and non-differentiated chondrocytes (P1) 
were collected and fixed in 2.5% glutaraldehy- 
de for 24 h and then in 1% osmic acid for 2 h. 
Samples were then dehydrated in ethanol and 
embedded in epoxy resin, and ultrathin sec-
tions were then cut. Specimens were stained 
with 0.1% lead citrate and 10% uranyl acetate, 
and examined using a transmission electron 
microscope (100CX II, JEOL, Peabody, MA, 
USA).

Real-time PCR analysis of NMCs

Microtia chondrocytes at different passages 
(P1-P5; 2 × 106 cells for each passage) were 
collected, and then RNA was extracted. Total 
RNA was reverse transcribed into single-strand-
ed cDNA as previously described [13, 28]. Real-

Figure 1. Overview of the experimental design. DMCs: dedifferentiated microtia chondrocytes; NMCs: native micro-
tia chondrocytes; RMCs: redifferentiated microtia chondrocytes; COL II: type II collagen.
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time PCR was performed using a continuous 
fluorescence detector (MX3000P, Stratagene, 
San Diego, CA, USA) and a SYBR green kit 
(SYBR Green PCR master mix; Applied 
Biosystems, Foster City, CA, USA). To normalize 
mRNA levels, GAPDH was quantified as an 
internal control. Forward and reverse primer 
pairs are listed in Supplementary Table 1. 

Chondrogenic redifferentiation of DMCs

Chondrogenic redifferentiation was performed 
using P5 microtia chondrocytes from three  
individuals, which were completely dedifferenti-
ated. A 3D chondrogenic culture system in- 
cluding polyglycolic acid/polylactic acid (PGA/
PLA) scaffolds and chondrogenic medium was 
employed to regulate DMCs. Briefly, PGA/PLA 
scaffolds were prepare as previously reported 
[13, 29]. DMCs were collected, seeded into 
PGA/PLA scaffolds (60 × 106 cells per 0.1 mL 
in each scaffold), and cultured in chondrogenic 
medium [DMEM supplemented with 10 ng/mL 
transforming growth factor β1 (TGFβ1, Human- 
Zyme, Chicago, IL, USA), 100 ng/mL insulin- 
like growth factor 1 (IGF1, R&D Systems, 
Minneapolis, MN, USA), 40 ng/mL dexametha-
sone (Sigma-Aldrich), insulin-transferrin-seleni-
um (ITS, R&D Systems, Minneapolis, MN, USA)] 
for 4-8 weeks.

Histological and biochemical evaluation of 
chondrocyte-PGA/PLA constructs

After 4, 6, and 8 weeks of chondrogenic cul-
ture, the chondrocyte-PGA/PLA constructs  
that formed tissue-engineered cartilage were 
examined, weighed, and then volume mea-
sured. All harvested samples were fixed, 
embedded in paraffin, and 5-μm sections  
cut. These sections were stained with hema-
toxylin and eosin (HE), a COL II monoclonal  
antibody (ab34712, 1:100; Abcam, Cambridge, 
UK), and Safranin O (SO) to evaluate anatomi-
cal features, and the expression of COL II and 
sulfated glycosaminoglycan (GAG) in protein 
[13, 30]. Samples were also collected for  
quantitative evaluation of DNA, GAG, and COL 
II. Briefly, a Quant-iT Pico-Green dsDNA kit 
(Invitrogen) was employed to detect the DNA 
content in all samples. GAG content was  
determined with a dimethylmethylene blue 
chloride (Sigma Aldrich) method. COL II content 
was quantified using an enzyme-linked immu-
nosorbent assay (ELISA; monoclonal antibody 

ab34712, 1:100; Abcam) as previously de- 
scribed [13, 31].

Isolation of RMCs and resuscitation of cryopre-
served primary microtia chondrocytes

At 4, 6, and 8 weeks, PGA-chondrocyte con-
structs that formed tissue-engineered cartilage 
were harvested to isolate RMCs. All samples 
were collected, minced, and treated with 0.1% 
collagenase using the procedures described 
above. Primary RMCs of different time point 
groups were harvested, seeded on culture dish-
es at a density of 1.5 × 104 cells/cm2, and sub-
cultured to P5 in regular medium. RMCs at 4, 6, 
and 8 weeks were designated as RMC-4W, 
RMC-6W, and RMC-8W groups, respectively. 
For use as NMC controls, cryopreserved prima-
ry microtia chondrocytes were rapidly resusci-
tated and cultured in regular medium and sub-
cultured to P5. P1, P3, and P5 cells of different 
RMC groups and NMCs were used for subse-
quent experiments. 

Cell counting kit-8 (CCK-8) assay of RMC and 
NMC proliferation

Cell proliferation of NMCs and RMCs at P1, P3, 
and P5 was tested using a CCK-8 assay 
(Beyotime, Beijing, China). Briefly, as previously 
described [13, 27], chondrocytes were plated 
at a density of 2000 cells per well in 96- 
well plates, and the absorbance at 450 nm of 
each well was measured on days 1, 3, 5, 7, and 
9 using an automated ELISA reader (BioTek 
Instruments, Winooski, VT, USA). 

Fluorescent staining of RMCs and NMCs

RMCs and NMCs from each patient at P1,  
P3, and P5 were collected for evaluation of  
cell morphology and COL II expression. COL II 
expression was qualitatively examined using a 
mouse anti-human COL II monoclonal antibody, 
with nuclei identified by diamidino-2-phenylin-
dole (DAPI), as previously described [30]. 

Pellet culture and cartilage sheet regeneration

For pellet culture, P1 NMCs and RMCs of  
different groups were harvested. Aliquots of  
4 × 105 cells in 1 mL of regular culture medium 
were centrifuged to form pellets as previously 
described [13, 29]. The resulting pellets were 
cultured in chondrogenic medium for 3 weeks, 
and then processed for gross observation, his-
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tology, and immunohistochemical analysis. For 
large-scale cartilage regeneration, a cartilage 
sheet was prepared by high-density seeding of 
P1 NMCs, RMC-6W and RMC-8W cells (2.2 × 
106 cells/cm2) into six-well plates, according to 
a previous study [27]. Cells were cultured in 
regular medium for 7 days and in chondrogenic 
medium for another 5 weeks. After 6 weeks of 
in vitro culture, newly formed cartilage sheets 
were collected and used for subsequent ex- 
periments.

Gross observation and histological evaluation 
of engineered cartilage

For each group, pellets and cartilage-sheet 
specimens were harvested, rinsed in PBS, fixed 
in buffered formalin, embedded in paraffin, and 
5-μm sections cut for histological and immuno-
histochemical analyses. To evaluate engi-
neered cartilage for histological structure and 
the presence of cartilage-specific extracellular 
matrix (ECM), sections were stained with HE, 
SO, and COL II using the procedures described 
above.

Statistical analysis

All quantitative data are presented as the mean 
± standard deviation. Statistical significance 
between groups and within groups for mRNA 

levels and biochemical quantification was 
determined with one-way analysis of variance 
(ANOVA) and Tukey’s post-hoc test using SPSS 
Statistics 17.0 software. To identify significant 
differences in cell proliferation between NMC 
and RMC groups, the paired-samples T test 
was applied. P < 0.05 was considered to indi-
cate statistical significance between groups.

Results 

Dedifferentiation process of NMCs

Loss of chondrogenic phenotypes are vital indi-
cators for the dedifferentiation of chondro-
cytes. Changes in chondrogenic phenotypes 
during expansion were investigated to evaluate 
the dedifferentiation process and chondrogen-
ic ability. As shown in Figure 2, substantially 
decreased COL II expression at both protein 
and mRNA levels (COL 2A1) was observed with 
subculture. Similarly, aggrecan mRNA levels 
also substantially decreased with passaging. 
Generally, expression of COL 2A1 and aggre-
can were significantly decreased at P3, and no 
expression was observed at P5. These results 
demonstrated that NMCs began to lose their 
chondrogenic phenotype at P3 and completely 
lost their chondrogenic phenotype by P5, simi-
lar to healthy normal auricular chondrocytes. To 
observe the ultrastructural features of dediffer-

Figure 2. Dedifferentiation process of microtia chondrocytes. COL II immuno-fluorescence staining showed strong 
COL II expression in microtia chondrocytes at P1 and P2 but significantly decreased expression at P3 (A). No expres-
sion was observed at P5 (A). The mRNA levels of COL 2A1 (B) and aggrecan (C) also decreased significantly within 
three passages.
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entiated and non-differentiated chondrocytes, 
we performed TEM analysis. Dedifferentiated 
chondrocytes showed segmented nuclei with 
smaller nucleoli, fewer secretory vesicles, but a 
greater amount of smooth endoplasmic reticu-
lum compared with non-dedifferentiated chon-
drocytes, which showed larger nuclei and 
nucleoli and abundant secretory vesicles in the 
cytoplasm. These results indicated that non-
dedifferentiated chondrocytes might have a 
greater capacity to secrete ECM compared with 
dedifferentiated chondrocytes (Supplementary 
Figure 1).

Redifferentiation potential of DMCs

To engineer robust cartilage, a strong rediffer-
entiation potential is very important for candi-
date cell sources. Therefore, a classical and 
stable 3D chondrogenic culture system (PGA/
PLA scaffold and chondrogenic medium) was 
employed to regulate the dedifferentiation of 
microtia chondrocytes and to confirm their 
redifferentiation abilities. After 4-8 weeks of in 
vitro culture, all samples in different groups 
formed ivory-white cartilage-like tissue wi- 
th typical lacuna structures, abundant GAG 
deposition and strong collagen II expression 
(Figure 3). Quantitative biochemical evalua-
tions further confirmed these observations 

(Supplementary Figure 2A-F). As shown in 
Supplementary Figure 1D-F, total GAG, total 
collagen, and COL II were highly expressed. 
These results demonstrated that the 3D chon-
drogenic culture system can induce DMCs to 
adopt a redifferentiation phenotype, thereby 
indicating DMCs to be a suitable candidate cell 
source for cartilage regeneration. Furthermore, 
with increasing in vitro culture time, constructs 
showed increasing cartilage-specific ECM con-
tent (Supplementary Figure 2D-F), indicating 
that functional recovery of DMCs might be sig-
nificantly influenced by in vitro chondrogenic 
culture time.

Characterization of chondrogenic phenotype, 
cell proliferation, and chondrogenic potential 
of RMCs

Cell morphology of RMCs at different passag-
es: To investigate the degree of RMC redifferen-
tiation, cell morphology was evaluated at differ-
ent passages using NMCs as a control group. 
As shown in Figure 4, most NMCs exhibited 
round or polygonal morphologies with a clean 
background by light microscopy, while RMCs 
(RMC-4W, RMC-6W, and RMC-8W groups) pri-
marily exhibited fibroblast-like morphologies 
with spindle shapes. Moreover, RMCs were rel-
atively smaller than most NMCs, suggesting 

Figure 3. Chondrogenic properties of DMCs. DMCs at 4W, 6W and 8W all formed milky-white cartilage-like tissue, 
similar to native cartilage tissue, and mature lacuna structures and abundant extracellular matrix (ECM) deposition 
were observed by hematoxylin-eosin evaluation. Furthermore, strong positive staining for cartilage-specific ECM 
(COL II and GAG) was observed in all groups. No significant differences in overall appearance was observed among 
samples at different time points, whereas the level of cartilage-specific ECM exhibited an increasing trend with in 
vitro culture time. 
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that RMCs might have different biological 
behaviors compared with their original chon-
drocytes. Nevertheless, neither RMCs nor 
NMCs exhibited significant changes in cell size 
or shape, or presented signs of aging during 
passaging, indicating that these cells might 
maintain a robust proliferation capacity.

Collagen II expression in RMCs at different pas-
sages: Expression of COL II is a vital indicator 
for the level of redifferentiation and functional 
evaluation of dedifferentiated chondrocytes. 

Therefore, expression of COL II was investigat-
ed in RMC-4W, RMC-6W, and RMC-8W groups 
to predict their redifferentiation level. As shown 
in Figure 5, although RMCs in all groups showed 
positive COL II expression, the RMC-4W group 
had far weaker COL II immunofluorescence 
staining compared with RMC-6W and RMC-8W 
groups. Moreover, no significant difference was 
found between RMC-6W and RMC-8W groups, 
and these two groups showed similar COL II 
expression to that of the NMC group. These 
results indicated that 4 weeks of chondrogenic 

Figure 4. Cell morphology of RMCs and NMCs during subculture. NMCs mainly exhibited polygonal or triangular 
shapes, while RMCs mainly exhibited a spindle-like morphology. However, chondrocytes in both RMC and NMC 
groups did not exhibit significant changes in size or morphology during subculture (P1-P5). RMCs in different groups 
(4W, 6W and 8W) did not show obvious morphological differences by light microscopy evaluation. 
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culture might not be enough to induce com-
plete redifferentiation of DMCs. Furthermore, 
RMCs in all groups exhibited a noticeable dedif-
ferentiation trend during passaging, and the 
dedifferentiation process of RMCs was consis-
tent with that of NMCs, indicating that RMCs 
may have regained their original biological 
behavior. 

Proliferation of RMCs 

Cell proliferation is another important charac-
teristic of redifferentiated chondrocytes. The 
proliferation of RMCs and NMCs was evaluated 
at P1, P3, and P5 by cell-growth curves. In con-
trast to the evaluation of COL II expression, pro-
liferation curves of NMC and RMC groups did 
not reveal any significant differences (Figure 

6A-I). Notably, although chondrocytes in the 
RMC-4W group did not achieve complete recov-
ery of COL II expression, these cells exhibited 
robust proliferation potential similar to NMCs 
(Figure 6A-C). These results indicated that the 
3D chondrogenic system could induce DMCs to 
redifferentiate into chondrocytes, and that 
these resulting RMCs exhibited similar prolifer-
ation potential to their native chondrocytes.

Chondrogenic potential of RMCs

Chondrogenic potential is the most important 
characteristic of a functional chondrocyte. 
Therefore, the chondrogenic ability of RMCs 
was evaluated in pellet and cell-sheet culture 
systems. Pellet culture was first performed to 
confirm the ability of RMCs to form 3D carti-

Figure 5. Type II collagen expression in RMCs and NMCs during subculture. Chondrocytes in NMC and different RMC 
groups all presented a substantial decrease in collagen II expression with passaging. Generally, COL II staining was 
strong at P1, decreased at P3, and absent at P5. However, cells in the RMC-4W group presented much weaker COL 
II staining compared with the NMC group. In contrast, chondrocytes in RMC-6W and RMC-8W groups showed similar 
levels of collagen II expression compared with their original chondrocytes.
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lage. P1 chondrocytes from RMC-4W, RMC- 
6W, and RMC-8W groups all formed cartilage-
like pellets with an ivory-white appearance, 
mature lacunae, and abundant GAG and COL  
II deposition on histological evaluation (Figure 
7). In addition, no significant differences were 
observed between the RMC and NMC groups 
(Figure 7), indicating a strong chondrogenic 
potential of RMCs. To further investigate chon-
drogenic potential, a scaffold-free cartilage 
sheet model, which allows engineering of large 
cartilage grafts [27], was also employed. P1 
chondrocytes in RMC-4W and RMC-8W groups 
all generated mature cartilage-sheet after 6 
weeks of in vitro culture (Supplementary Figure 
3), further indicating the strong chondrogenic 
potential of RMCs. In addition, cell-sheet carti-
lage of RMC-4W and RMC-8W groups did not 
exhibit significant differences in gross appear-
ance or histological evaluation compared with 

the NMC group. Collectively, the evidence 
described above indicates that the 3D chondro-
genic system can induce DMCs to regain their 
original function, and that these redifferentiat-
ed chondrocytes behave similarly to their native 
chondrocytes.

Discussion

The tissue-engineering of cartilage is a promis-
ing approach for functional ear reconstruction 
[12, 32]. However, there has not been a sig- 
nificant breakthrough in clinical translation 
because the dedifferentiation of chondrocytes 
remains a substantial obstacle for the genera-
tion of tissue-engineered auricles [13, 24]. The 
current study revealed that a 3D chondrogenic 
culture system can induce DMCs to rediffer- 
entiate into functional chondrocytes, thus 
enabling them to regenerate mature cartilage. 

Figure 6. Cell proliferation of RMCs and NMCs. RMCs in 4W (A-C), 6W (D-F) and 8W (G-I) groups exhibited robust 
proliferation potential after eight passages (black curve), and no significant differences in proliferation rate were 
observed between RMC groups and their original chondrocytes (red curve).
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After culture in this system for 4-8 weeks, 
RMCs achieved biological behaviors and chon-
drogenic functions similar to their original  
chondrocytes. In addition, the degree of redif-
ferentiation of dedifferentiated chondrocytes 
was time-dependent. Collectively, these results 
demonstrate that microtia chondrocytes are an 
appropriate cell candidate for the regeneration 
of tissue-engineered auricles.

Obtaining sufficient numbers of microtia chon-
drocytes is critical for engineering normal-sized 
human ear cartilage grafts. Successive pas-
saging is essential to achieve this; however, it 
induces chondrocyte dedifferentiation. For 
healthy normal chondrocytes, techniques such 

as co-culture, 3D-culture regulation, and cyto-
kine induction are often conducted to maintain 
the chondrogenic phenotype or to protect chon-
drocytes from dedifferentiation [13, 17, 19]. For 
example, Zhang et al. successfully regenerated 
functional human ear-shaped cartilage by co-
culturing human microtia chondrocytes with 
bone marrow mesenchymal stem cells (BMSCs) 
[13]; however, harvesting BMSCs is inevitably 
associated with donor site impairment. There- 
fore, it is difficult for patients to accept this 
technique. Caron et al. found that a 3D algi-
nate-bead chondrocyte culture system could 
induce dedifferentiated articular chondrocytes 
to adopt a redifferentiation phenotype [18]. In 
addition, Bauge et al. and Das et al. confirmed 

Figure 7. Gross view and cartilage-specific staining of pellets formed by RMCs. P1 chondrocytes from RMC-4W, RMC-
6W, and RMC-8W groups all formed cartilage-like pellets with an ivory-white appearance after in vitro culture for 3 
weeks. Histologically, all samples exhibited mature lacunae structures and abundant GAG and COL II deposition, 
which was similar to the pellets formed by P1 NMCs.
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that TGFβ can modulate the phenotype of 
dedifferentiated chondrocytes [20, 33]. How- 
ever, as the abovementioned techniques were 
mainly based on healthy normal chondrocytes, 
it remains unknown whether these regulatory 
techniques are also effective for microtia chon-
drocytes, which reportedly carry single-gene 
defects [24-26]. In the current study, a 3D 
chondrogenic culture system consisting of a 
PGA/PLA scaffold and growth factors for chon-
drogenic induction (including TGFβ, IGF1, and 
ITS, which are the most commonly used growth 
factors in tissue-engineered cartilage [34, 35]) 
was employed to modulate the phenotype of 
DMCs. We found that DMCs formed mature 
cartilage tissue with robust expression of carti-
lage-specific ECM and appropriate mechanical 
strength, indicating that dedifferentiated cells 
can regain their original chondrogenic proper-
ties making them an ideal candidate source of 
cells. Based on these results, dedifferentiation 
of microtia chondrocytes may no longer be the 
main obstacle for the tissue-engineering of 
auricles because functional human ear-shaped 
cartilage can be generated using DMCs and an 
appropriate 3D chondrogenic culture system.

Another important issue is whether DMCs  
can completely regain their original biological 
behavior in the 3D chondrogenic culture sys-
tem. The current results revealed that rediffer-
entiated chondrocytes exhibited similar char- 
acteristics to their original cells, especially  
with respect to proliferation, COL II expression, 
and chondrogenic properties. Moreover, these 
RMCs exhibited a dedifferentiation trend dur-
ing multiple monolayer passages. Most impor-
tantly, the dedifferentiation process of RMCs 
was consistent with that of their original chon-
drocytes, suggesting that these RMCs might 
have completely regained their original cell 
function. This achievement confirms stable in 
vivo cartilage regeneration by the dedifferenti-
ated chondrocytes (fully functional microtia 
chondrocytes could regenerate stable mature 
cartilage tissues both in vitro and in vivo). 
Although the current study demonstrated that 
DMCs can regain their original function in a 3D 
chondrogenic culture system, the key factors in 
this system for regulating the DMCs’ redifferen-
tiation phenotype and how those factors work 
remain unknown. According to previous reports, 
many pathways play important roles in the 
redifferentiation of healthy chondrocytes. For 
example, Wang X et al. found that increased 

MEK-ERK1/2 pathway activity resulted in artic-
ular chondrocyte dedifferentiation [14]; where-
as, Öztürk et al. demonstrated that inhibit- 
ed Wnt/β-catenin signaling could significantly 
enhance the expression of chondrogenic mark-
ers [36]. As such, the involvement and potential 
roles of these pathways in the redifferentiation 
of microtia chondrocytes needs further investi-
gation. Although the main molecular mecha-
nism for the redifferentiation of microtia chon-
drocytes remains unknown, we revealed that 
DMCs can regain their original characteristics 
and become fully functional chondrocytes  
after modulation in the 3D chondrogenic cul-
ture system, which has not been previously 
reported in the literature. Thus, our findings 
provide a deeper understanding of microtia 
chondrocytes.

Interestingly, the current study also found  
that DMCs redifferentiate and functionally 
recovery to different degrees at different time 
points of in vitro chondrogenic culture. The cur-
rent results showed that complete functional 
recovery and relatively satisfactory redifferen-
tiation were only achieved in RMC-6W and 
RMC-8W groups, but not in the RMC-4W group 
(chondrocytes showed much weaker expres-
sion of COL II in the RMC-4W group compared 
with RMC-6W and RMC-8W groups, as well as 
their original chondrocytes), indicating a time-
dependent redifferentiation process for DMCs. 
Several reasons might account for this phe-
nomenon. Indeed, after losing their differen- 
tiation characteristics, microtia chondrocytes 
might revert back to a progenitor-like cell state 
in a two-dimensional monolayer culture sys-
tem, which can be speculated from our previ-
ous study. We found that these dedifferentiat-
ed chondrocytes (including healthy and micro-
tia auricular chondrocytes) exhibited a plastic 
phenotype and mesenchymal stem cell-like  
differentiation properties, as they showed obvi-
ous potential for differentiation into lineage 
phenotypes such as osteoblasts and adipose 
cells (data not shown). Furthermore, we and 
others found that BMSCs present a gradually 
maturing trend with increased in vitro induc- 
tion time [29, 37]. Therefore, according to the 
results described above, it is reasonable that 
DMCs exhibit a time-dependent redifferentia-
tion course, as they need sufficient time to 
achieve a differentiated phenotype after dedif-
ferentiation. These results indicate that appro-
priate prolongation of in vitro culture time is 
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beneficial for full functional recovery of dedif-
ferentiated chondrocytes. 

Conclusions

The current study demonstrated that a 3D 
chondrogenic culture system can effectively 
induce DMCs to become functionally rediffer-
entiated chondrocytes, thus enabling them to 
regenerate mature cartilage. Furthermore, this 
redifferentiation is time-dependent, with redif-
ferentiated chondrocytes achieving their origi-
nal function after culture in the chondrogenic 
culture system for 6-8 weeks. 
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Supplementary Table 1. Primer sequence used for quantitative Real-Time PCR
Gene name Gene symbol Forward primer Reverse primer 
Glyceraldehyde-3-phosphate dehydrogenase GAPDH 5-CTGCCCCTTCTGCTGATGC-3 5-TCCACGATGCCGAAGTTGTC-3
Collagen II, type II alpha 1 COL 2A1 5-TCCTGGTGAAGATGGTCGC-3 5-AGCACCTGTCTCGCCATCT-3
Aggrecan ACAN 5-GAATCTAGCAGGGAGTCATC-3 5-CTGAAAGGCTGAGGTGCTG-3

Supplementary Figure 1. The ultrastructural characteristics of dedifferentiated chondrocytes (NMC P5) and non-
dedifferentiated chondrocytes (NMC P1). Dedifferentiated chondrocytes showed segmented nuclei with smaller 
nucleoli at low power (D), while non-dedifferentiated chondrocytes showed larger nuclei and nucleoli (A). At high 
magnification, the dedifferentiated chondrocytes have a greater amount of smooth endoplasmic reticulum (blue 
arrow) but fewer secretory vesicles compared with the non-dedifferentiated chondrocytes (E, F), which contain abun-
dant secretory vesicles (white arrow) with less smooth endoplasmic reticulum (B, C).

Supplementary Figure 2. Biochemical evaluation of chondrocyte-PGA/PLA constructs at various time points. None 
of the samples exhibited a significant difference in wet weight (A), volume (B), or DNA content (C). However, GAG, to-
tal collagen, and collagen II contents (D-F) exhibited an obvious increasing trend with in vitro culture time. Columns 
with different letters indicate statistical significance.
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Supplementary Figure 3. Overall appearance and cartilage-specific staining of cell-sheet cartilage formed by RMCs. 
All chondrocytes from RMC-4W and RMC-8W groups formed ivory-white cartilage sheet tissues after 6 weeks of in 
vitro culture. Moreover, these in vitro -engineered cartilages showed typical lacuna structures with strong positive 
staining of Safranin-O and COL II. Furthermore, none of the engineered cartilage sheets formed by RMCs showed 
significant differences in overall appearance or histological evaluation compared with those formed by native P1 
chondrocytes. 


