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Abstract: Cartilage lesion repair is difficult due to the limited self-repair capability of cartilage and its lack of vas-
cularization. Our previous study established a sandwich model for engineering cartilage with acellular cartilage 
sheets (ACSs) and chondrocytes. However, there is still debate over which agent achieves the optimal decellulariza-
tion of cartilage sheets. In addition, changes in the extracellular matrix after decellularization are worth studying. 
We aimed to determine the optimal decellularization reagents and decellularization time for preparing cartilage 
sheets. This study compared the effects of 2 extraction chemicals [t-octylphenoxypolyethoxyethanol (Triton X-100) 
and sodium dodecyl sulfate (SDS)] on cartilage sheets. The sheets were soaked in various concentrations (0.1-2%) 
of the extraction solutions for various time periods (24-72 h). After the decellularization process with the various 
treatments, we examined the cell removal and preservation of the matrix components and microstructure to deter-
mine which method was the most efficient while inducing minimal damage to the perichondrium. Both protocols 
achieved decellularization within an acceptable time. DNA analysis showed that the reagent removed nearly all of 
the DNA from the cartilage sheets. The growth factor contents in the Triton X-100 samples were higher than those in 
the SDS samples, quantified by enzyme-linked immunosorbent assay (ELISA). Furthermore, Triton X-100 decreased 
the glycosaminoglycan (GAG) and increased the chondromodulin-I contents compared with SDS. The results of a 
Cell Counting Kit-8 (CCK-8) assay revealed that the ACSs were not cytotoxic. In conclusion, our results demonstrate 
that cartilage sheets decellularized by 1% SDS for 24 h or by 2% Triton X-100 for 48 h may be suitable candidate 
scaffolds for cartilage tissue engineering.
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Introduction

Cartilage lesions, generally caused by congeni-
tal abnormalities, trauma, or tumors, have long 
been common clinical problems [1]. Unlike 
most types of tissue, cartilage lacks access to 
abundant nutrients and circulating progenitor 
cells and possesses an avascular structure. 
These features contribute to the limited self-
healing capacity of cartilage, making cartilage 
lesions highly challenging for clinicians to man-
age [2, 3]. Through the use of biodegradable 
scaffolds and cell replacement therapies, tis-

sue engineering has become a promising 
approach for cartilage regeneration [4-6]. 
However, as cartilage is a compact tissue, the 
removal of native cells and the migration of 
seed cells into the scaffolds are difficult [7]. 
Thus, in our previous studies, we established a 
sandwich model for effectively engineering car-
tilage in vitro and in vivo. Cartilage from the 
ears of adult pigs was cut into cylinders with a 
diameter of approximately 6 mm and freeze-
sectioned at a thickness of 10 μm, and the 
sheets were then decellularized and lyophilized. 
The chondrocytes isolated from newborn pig 
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ears were expanded for 2 passages, and the 
acellular sheets and chondrocytes were then 
stacked layer-by-layer in a sandwich model and 
cultured in dishes. This model overcomes the 
decellularization and cell-seeding problems of 
using acellular cartilage sheets (ACSs) for carti-
lage engineering [2]. In addition, we demon-
strated that ACSs possess chondrogenic induc-
tion activity, which promotes bone marrow stro-
mal cell (BMSC) differentiation, and that the 
ACSs possess anti-angiogenic activity that can 
stabilize the engineered cartilage in vivo. 
Compared to synthetic materials, ACSs may be 
better scaffolds for cartilage engineering [8]. 
By cutting donor cartilage into sheets, the origi-
nal chondrocytes may be able to be removed 
from the sheets by treating with 1% sodium 
dodecyl sulfate (SDS) for 24 h, as in our previ-
ous study [2].

When used in the decellularization process, 
SDS results in the denaturation of protein 
structures [9], which may also destroy the pro-
tein function. Therefore, decellularization tech-
niques that are able to preserve functional pro-
teins are worth investigating, and the develop-
ment of other chemical protocols is clearly 
needed. Chemical decellularization is a method 
that primarily relies on chemicals to lyse and 
remove cells and their components from the 
surrounding extracellular matrix (ECM). Che- 

ogy and the preservation of matrix components 
was examined by an enzyme-linked immuno-
sorbent assay (ELISA). Taken together, the pur-
pose of this study is to thoroughly characterize 
the effects of SDS and Triton X-100 removal 
protocols on the decellularization of a porcine 
osteochondral scaffold.

Materials and methods

Cartilage sheet preparation

Porcine ear samples were obtained from a local 
abattoir in Wenzhou, China. Cartilage was har-
vested from adult pig ears, and all surrounding 
tissues were carefully removed using a scalpel. 
The cartilage was then cut into cylinders with a 
diameter of 7 mm, and cartilage sheets were 
then acquired by freeze-sectioning at a thick-
ness of 10 μm. All the experimental protocols 
were performed in strict accordance with the 
Animal Care and Use Committee of Wenzhou 
Medical University.

Decellularization methods

We examined different concentrations of 2 
chemical detergents for different treatment 
times (Table 1). After SDS (Amresco, Solon, OH) 
and Triton X-100 (Solarbio) treatment, the 
sheets were rinsed 5 times with sterile water 
and lyophilized in a vacuum freeze-dryer (Virtis 

Table 1. Chemical treatments for decellularization
Group Con S1 S2 S3 T1 T2 T3
Concentrations of SDS (%) 0.1 0.5 1
Concentrations of Triton X-100 (%) 0.1 0.5 2
Time (h) 72 72 24 72 72 48

micals frequently used for 
decellularization include SDS 
and t-octylphenoxypolyethoxy-
ethanol (Triton X-100) [10, 11]. 
In addition, various formula-
tions of trypsin and tri-n-butyl 
phosphate (TnBP) are also 
commonly used to remove 
nucleic acids from the materi-
al [12, 13]. However, no stan-
dard treatment method is 
available for the decellulariza-
tion of cartilage sheets. Here, 
we investigated the decellu- 
larization effect of chemical 
detergents. Cartilage from ad- 
ult pig ears was harvested, cut 
into sheets, and decellular-
ized by treatment with various 
concentrations of SDS and 
Triton X-100 for various times. 
The decellularization efficien-
cy was investigated by histol-

Figure 1. Characterization of pig ear cartilage. A. Macroscopic view of pre-
shaped cartilage before sectioning; B. Cartilage sheets were achieved by 
freeze-sectioning the shaped cartilage at 10 mm thicknesses.
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Benchtop 6.6, SP Industries, 
Gardiner, NY).

Histology

Decellularized and undecellu-
larized tissue specimens (n = 
20) were mounted on glass 
slides. Hematoxylin and eosin 
(H&E) staining was used to 
evaluate the cellular content 
and general structure of the 
cartilage sheets. Cell nucleus 
staining was performed by 
staining sheets with 40,6-di-
amidino-2-phenylindole (DAPI, 
Biomol, Plymouth Meeting, 
PA). The cartilage cells were 
visualized by toluidine blue 
staining, and the sheets were 
stained with safranin O to 
visualize the glycosaminogly-
can (GAG) deposits.

Quantification of DNA

To determine the DNA content 
in the cartilage sheets as pre-
viously described [14], the 
DNA was first extracted from 
fresh or decellularized carti-
lage sheets by using a DNA 
isolation kit for tissues (Roche 
Applied Sciences, Indianapol- 
is, IN, USA). Then, the DNA 
content was quantified by 
measuring the absorbance at 
260/280 nm using a Nan- 
odrop spectrophotometer (La- 
btech, Ringmer, UK).

Figure 2. DAPI and H&E staining 
of the cartilage sheets. The car-
tilage sheets were treated with 
different groups (con, S1, S2, S3, 
T1, T2, T3). No DAPI-positive cell 
nuclei were observed after treat-
ment. The H&E staining results 
showed that the cell components 
were present in the control group, 
while they were completely re-
moved after decellularization. Sc- 
ale bars in the low-magnification 
pictures: 400 μm. Scale bars in 
the high-magnification pictures: 
50 μm.
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Growth factor, GAG, collagen 
II and chondromodulin-I ELISA

To extract growth factors  
from decellularized cartilage 
sheets, 50 sheet pieces were 
suspended in 1 mL of extrac-
tion buffer (0.5 M acetic acid, 
50 mM Tris-HCl (pH 7.4) and 
0.1x protease inhibitors), fol-
lowed by stirring at 4°C for 3 
days. To extract GAG, collagen 
II and chondromodulin-I, a 
suitable amount of sample tis-
sue was mixed with 500 µL  
of phosphate-buffered saline 
(PBS) and homogenized. The 
mixture was then centrifuged 
at 12,000 rpm/min for 30 min 
at 4°C, and the supernatant 
was collected for protein qu- 
antification and ELISA. The 
amounts of transforming gro- 
wth factor-β1 (TGF-β1), insu-
lin-like growth factor-1 (IGF-1) 
and bone morphogenic pro-
tein-2 (BMP-2) in the extrac-
tion solution were measured 
by ELISA kits purchased from 
R&D Systems. The GAG, colla-
gen II and chondromodulin-I 
contents were measured by 
ELISA kits (Shanghai Boyun 
Biotech Co., LTD, China) fol-
lowing the same protocol.

Cell isolation and culture

Primary chondrocytes were 
isolated from the knee carti-
lage of mice as previously 
described [15]. Briefly, carti-
lage pieces were collected 
under aseptic conditions by a 

Figure 3. Toluidine blue and saf-
ranin O staining of the cartilage 
sheets. The cartilage sheets were 
treated with different groups (con, 
S1, S2, S3, T1, T2, T3). The tolu-
idine blue and safranin O staining 
results showed that in the decel-
lularized groups, some cell matrix 
could be observed. Scale bars in 
the low-magnification pictures: 
400 μm. Scale bars in the high-
magnification pictures: 50 μm.
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dissecting microscope, and digested with 0.1% 
collagenase type II for 4 h at 37°C. Then the 
solution was centrifuged at 1000 rpm for 5 min 
and the supernatant was discarded. Finally, the 
solution was suspended and seeded onto cul-
ture dishes in DMEM with 10% fetal bovine 
serum (FBS, HyClone) in a humidified atmo-
sphere of 5% CO2 at 37°C. Cells at passage 3 
were used for further experiments.

Scanning electron microscopy (SEM)

Decellularized or control cartilage sheets were 
loaded onto copper plates, coated with gold, 
and then examined under a field emission 
scanning electron microscope (S-3000N, 
HITACHI, Japan). The morphological changes 
were compared among the groups.

Cytotoxicity assay 

The cytotoxicity was evaluated by Cell Counting 
Kit-8 (CCK-8; Sigma) assays following the 
instructions of the supplier. Briefly, decellular-
ized or control cartilage sheets (treated with 
double distilled H2O2) were placed on the bot-
toms of 96-well plates, and chondrocytes were 
seeded directly onto the sheets at a density of 
5 × 10³ cells/well, with each well containing 
200 μL of medium at 37°C in a 5% CO2 atmo-
sphere. After 24 h, 10 μL of CCK-8 solution 
(Dojindo Molecular Technologies, Gaithersburg, 
MD, USA) was added to each well, and the plate 
was incubated for 1 h at 37°C with 5% CO2. The 
optical density (OD) absorbance was read using 

a microplate reader (Bio-Rad, Hercules, CA, 
USA) at 450 nm.

Statistical analysis

Statistical analysis was performed using Gra- 
phPad Prism version 6.00, (GraphPad Software, 
CA, USA). Significant differences between two 
groups were determined by multiple t-tests cor-
rected for multiple comparisons using the 
Holm-Sidak method. P<0.05 was considered 
statistically significant.

Results

Preparation and characterization of ACSs

Cartilage sheets were achieved by freeze-sec-
tioning the shaped cartilage at 10-mm thick-
nesses (Figure 1).

Upon DAPI staining, DAPI-positive cell nuclei 
were obtained in the control group. H&E stain-
ing revealed many cells scattered among the 
cartilage spaces in the cartilage sheets. The 
cell components were completely removed in 
both types of sheets after decellularization 
with different concentrations of the 2 chemical 
detergents for different treatment times (Figure 
2). Some cell matrix could be observed in the 
decellularized groups, following toluidine blue 
and safranin O staining (Figure 3).

Quantification of DNA 

The results showed the near-complete rem- 
oval of DNA from the decellularized cartilage 
sheets. There was a significant (P<0.01) reduc-
tion in the DNA content in all decellularized 
samples compared to fresh tissue (Figure 4). 
Meanwhile, there was no significant (P>0.05) 
difference between the DNA content in the car-
tilage from the SDS-treated and Triton X-100-
treated groups.

SEM

SEM was used to analyze the morphological 
changes before and after treatment. Empty 
lacunar structures were observed in all carti-
lage sheets, and the surface of the cartilage 
sheets appeared to remain intact after decel-
lularization (Figure 5).

Cytotoxicity assay

No effects on cellular proliferation were found 
in the S3 and T3 groups (Table 1), as there 

Figure 4. Content of DNA in cartilage sheets. The car-
tilage sheets were treated with different groups (con, 
S1, S2, S3, T1, T2, T3). The results showed the near-
complete removal of the DNA from the decellularized 
cartilage sheets. There was a significant (P<0.01) 
reduction in DNA in all decellularized samples com-
pared to fresh cartilage sheets. 



Comparison of various reagents for decellularized cartilage

1422 Am J Transl Res 2019;11(3):1417-1427

were no differences in the OD 
values among the 3 groups at 
each time. Thus, the decellu-
larized cartilage sheets were 
not cytotoxic (Figure 6).

Quantification of growth fac-
tors

To detect whether growth fac-
tors remained in the cartilage 
sheets after decellularization 
extracts from decellularized 
cartilage sheets and unpro-
cessed sheets were analyzed 
for TGF-β1, IGF-1 and BMP-2 
by ELISA. The amounts of 
growth factors in the decellu-
larized group decreased with 
a longer decellularization ti- 
me. The IFG-1 and BMP-2 con-
tents in the Triton X-100 sam-
ples were higher than those in 
the SDS samples (P<0.01) 
(Figure 7).

Quantification of GAG, colla-
gen II and ChM-I

The GAG, collagen II and ChM-I 
contents exhibited greater lo- 
sses over 72 h of decellular-
ization (Figure 8). The GAG 
content was lower in the Triton 
X-100 samples than in the 
SDS samples (Figure 8A). In 
contrast, the ChM-I content 
was higher in the Triton X-100 
samples than in the SDS sam-

Figure 5. Scanning electron mi-
crographs of the cartilage sheets. 
The cartilage sheets were treated 
with different groups (con, S1, 
S2, S3, T1, T2, T3). In the control 
samples, abundant matrix could 
be observed on the sheets, while 
empty lacunar structures were ob-
served in all cartilage sheets, and 
that the surface of the cartilage 
sheets appeared to remain intact 
after decellularization. Scale bars 
in the low-magnification pictures: 
200 μm. Scale bars in the high-
magnification pictures: 100 μm.
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of an anionic detergent (SDS) and a nonionic 
detergent (Triton X-100) to decellularize pig ear 
cartilage sheets and compared the histological 
structure and biological properties of decellu-
larized cartilage sheets as ideal scaffolds for 
cartilage tissue engineering. 

Figure 6. The cells were cultured with different groups 
(con, S1, S2, S3, T1, T2, T3) for several days (1, 2, 3 
or 4 days). The cytotoxicity was determined by a CCK-
8 assay. The values are mean ± SD. * = P<0.05, ** 
= P<0.01 compared with the control group.

Figure 7. Content of growth factors in ACS extracts 
by ELISA. The cartilage sheets were treated with 
different groups (con, S1, S2, S3, T1, T2, T3). The 
ELISA results showed that the groups of T3 and S3 
contained higher contents of growth factors (TGF-β1, 
IGF-1, BMP-2), with the T3 group exhibiting the high-
est growth factor content. Data are the mean ± SD. 
* = P<0.05 ** and *** = P<0.01 for comparisons 
between groups.

ples (Figure 8C). The data are presented as the 
means ± SD. * = P<0.05 ** and *** = P<0.01 
for comparisons between groups).

Discussion

Scaffolds provide a 3-D structure for the growth 
of cells in tissueengineering. Theoretically, 
acellular matrices derived from the same type 
of tissue would make ideal scaffolds for engi-
neering new tissue. Many acellular matrices 
have been used as scaffolds for tissue engi-
neering [10, 16-18]. Furthermore, in compact 
tissues, the removal of native cells and migra-
tion of seed cells into the scaffolds are difficult. 
By cutting the tissue into pieces, we could eas-
ily remove the cells with a very gentle treatment 
while maximally preserving the natural compo-
nents, including the activity of some important 
factors, in the matrix. Several methods of 
decellularization, including physical [19], chem-
ical [20] and enzymatic [12, 17] treatments, 
have been reported in the literature. Studies 
have shown that the efficiency of a particular 
decellularization protocol is dependent on the 
tissue of interest [21]. The present investiga-
tion analyzed the effects of 2 common chemi-
cal agents on the cartilage. Detergents such as 
SDS and Triton X-100 are commonly used to 
decellularize tissues [10, 22]. In previous 
reports of decellularization, SDS and Triton 
X-100 were reported to remove cells well from 
tracheal [23] and nasal septal cartilage [24]. 
However, how the extracellular matrix compo-
nents, such as growth factors and ChM-I, 
change after decellularization has not been fur-
ther studied. In this study, we explored the use 
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As cells are the main immunogenic factors in 
tissue, the immunogenicity of the acellular 
matrices must be eliminated before such  
matrices can be used for tissue engineering. 
Therefore, evaluating the decellularization effi-
ciency of detergents on cartilage sheets is a 
prerequisite for further studies. We established 
different concentrations and time gradients of 
SDS and Triton X-100 and sought to determine 

the most suitable time period for the removal of 
cells from the matrix for each tested concentra-
tion. The results of H&E, DAPI and toluidine 
blue staining showed that almost no cells 
remained in the cartilage sheets in the groups 
treated with S1-3 and T1-3 (Table 1). The results 
of DNA quantification showed that the DNA was 
nearly completely removed, which was consis-
tent with the histology assay. Moreover, for the 
same concentrations, the decellularization effi-
ciency of SDS was superior to that of Triton 
X-100 when comparing the S3 and T2 groups. 
Interestingly, for concentrations of only 0.1% 
and 0.5%, the optimal decellularization times 
for SDS and Triton X-100 were approximately 
the same. We recommend that when the cell-
free reagent concentration is low, the length of 
time should be the main factor influencing the 
decellularization. In addition, 1% SDS and 2% 
Triton X-100 required less time for decellular-
ization than the other lower concentrations. 
Therefore, the concentrations of the detergen- 
ts affect the decellularization efficiency, and 
achieving a suitable concentration of SDS or 
Triton X-100 played an important role in the 
decellularization. However, whether to increase 
the concentration of chemical agents or pro-
long the decellularization time remains contro-
versial, as the structure of the cartilage sheets 
could be destroyed. The optimal solution is to 
find a balance between the concentration and 
time. In addition, SEM revealed well-preserved 
empty lacunar structures in the decellularized 
groups compared with the CON group.

A functional scaffold not only can support cell 
growth but can also promote the formation of 
new tissue [25]. Collagen II and GAG are the 
main components of the ACS ECM and are 
absolutely necessary in guiding cellular surviv-
al, attachment, proliferation, differentiation, 
and migration [26]. The ideal decellularized 
ACS ECM should contain similar collagen II and 
GAG contents to those of natural cartilage 
sheets. Cartilage sheets are a proteoglycan-
rich ground substance [27], and the result of 
safranin O staining showed that both the con-
trol cartilage sheets and decellularized carti-
lage sheets were rich in proteoglycans. We cal-
culated the GAG and collagen II contents in the 
test samples by ELISA. The GAG exhibited vary-
ing degrees of decline after decellularization, 
with the most GAG losses in the T3 Triton X-100 
group and the S3 SDS group; however, the S3 

Figure 8. Quantification of GAG, collagen II and ChM-I 
by ELISA. The cartilage sheets were treated with dif-
ferent groups (con, S1, S2, S3, T1, T2, T3). The ELISA 
results showed that the GAG, collagen II and ChM-I 
content exhibited losses following 72 h of decellu-
larization. The GAG content was lower in the Triton 
X-100 samples than in the SDS samples, while the 
ChM-I content was higher.
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group contained a significantly greater GAG 
content than the T3 group. There was no signifi-
cant difference in collagen II between the two 
groups. In addition, the collagen II protein was 
well retained in the T3 and S3 groups, which 
indicated that the collagen II loss during the 
decellularization process is related to the treat-
ment time. Therefore, the T3 and S3 groups 
yielded optimal results.

Although cartilage expresses many angiogenic 
factors during endochondral ossification, it is 
an avascular tissue. The cartilage-specific non-
collagenous matrix protein chondromodulin-I 
(ChM-I) has been shown to be a strong angio-
inhibitor [28], and the loss of ChM-I from the 
articular cartilage might be partly responsible 
for promoting blood vessel invasion in the ca- 
rtilage during the progression of OA [29]. 
Therefore, ChM-I may play an essential role in 
determining the avascular nature of the carti-
lage scaffold. The results showed that ChM-I 
content was generally higher in the groups 
decellularized with Triton X-100 than in those 
decellularized with SDS. The reason for this 
may be that the chemical properties of the 
decellularizing reagents exert a larger influence 
on the ChM-I content. The scaffolds decellular-
ized with Triton X-100 exhibited an obviously 
softer appearance, and the T3 group of scaf-
folds achieved better results. 

In addition, some growth factors, such as TGF-β 
and IGF, are known factors produced by mature 
chondrocytes that have chondrogenic potential 
[30-32]. More importantly, our data show that 
ACSs contain a certain amount of growth fac-
tors, including TGF-β1, IGF-1 and BMP-2 (Figure 
7). These matrix and growth factors are known 
to possess chondrogenic induction activity. 
Upon comparing the Triton X-100 and SDS 
groups, the results showed that the decellular-
ization time had a greater influence on the cyto-
kine levels. In addition, the T3 and S3 groups 
contained higher contents of growth factors, 
with the T3 group exhibiting the highest growth 
factor content.

We also tested the biocompatibility of the treat-
ed specimens, which is the most important 
characteristic of decellularized scaffolds for tis-
sue engineering.

A wide variety of chemicals are used during the 
decellularization process. Chemicals remaining 

in the tissue after decellularization may be toxic 
to the reseeding cells when the scaffold is 
implanted in vivo. Therefore, we extensively 
washed the specimens with sterile water 5 
times at the end of the decellularization proce-
dure to clear any residual reagents and then 
evaluated the toxicity of the scaffolds by CCK-8 
assays. The results showed that the scaffold 
extracts had no effect on cellular proliferation, 
which indicated that the scaffolds were noncy-
totoxic and that the residual reagents were suc-
cessfully removed. 

Our preliminary data revealed that the decellu-
larization of cartilage sheets with Triton X-100 
and SDS could remove almost all cells from the 
sliced tissue, and such decellularized cartilage 
matrices could be ideal for cartilage engineer-
ing. The cytokine and ChM-I activities remain to 
be further tested.

In conclusion, this investigation is the first to 
introduce the possibility of using cartilage 
sheets decellularized with 2 different agents as 
tissue-engineered cartilage scaffolds. In light 
of the many protocols used in the literature to 
remove cellular content from ex vivo tissues, 
our study investigated different concentrations 
of 2 popular chemical treatments applied for 
different amounts of time in an effort to deter-
mine which decellularization method was the 
most effective in preserving the ECM integrity 
of the native tissue. Overall, a 1% SDS treat-
ment for 24 h and 2% Triton X-100 treatment 
for 48 h retained the majority of the ECM com-
ponents after a thorough cell removal, pre-
served the empty lacunar structures, retained 
the growth factors and ChM-I, and demonstrat-
ed favorable biocompatibility. Therefore, the 
cartilage sheets treated via this strategy are 
suitable candidate scaffolds for use in cartilage 
tissue engineering. In vivo studies are nee- 
ded to further determine the potential of this 
decellularization method for cartilage tissue 
engineering.

Acknowledgements

This work was supported by grants from the 
National Natural Science Foundation of China 
(81401798), the Zhejiang Provincial Natural 
Science Foundation of China (LQ13C100001), 
the Zhejiang Provincial Project for Medical and 
Health Science and Technology (2013KYA128), 



Comparison of various reagents for decellularized cartilage

1426 Am J Transl Res 2019;11(3):1417-1427

and the Wenzhou Public Welfare Science and 
Technology Project (Y20170238).

Disclosure of conflict of interest

None.

Address correspondence to: Aiguo Xie, Department 
of Plastic and Reconstructive Surgery, Shanghai 
Ninth People’s Hospital, School of Medicine, 
Shanghai Jiao Tong University, Shanghai 200011, P. 
R. China. E-mail: dr.aigo@aliyun.com; Jixin Xue, 
Department of Orthopedics, The Second Affiliated 
Hospital and Yuying Children’s Hospital of Wenzhou 
Medical University, Wenzhou 325000, Zhejiang, P. 
R. China. E-mail: xuejixin@163.com

References

[1] Zhou T, Li X, Li G, Tian T, Lin S, Shi S, Liao J, Cai 
X and Lin Y. Injectable and thermosensitive 
TGF-beta1-loaded PCEC hydrogel system for in 
vivo cartilage repair. Sci Rep 2017; 7: 10553.

[2] Gong YY, Xue JX, Zhang WJ, Zhou GD, Liu W 
and Cao Y. A sandwich model for engineering 
cartilage with acellular cartilage sheets and 
chondrocytes. Biomaterials 2011; 32: 2265-
2273.

[3] Huey DJ, Hu JC and Athanasiou KA. Unlike 
bone, cartilage regeneration remains elusive. 
Science 2012; 338: 917-921.

[4] Delaere PR and Hermans R. Clinical transplan-
tation of a tissue-engineered airway. Lancet 
2009; 373: 717-718.

[5] Vacanti CA, Kim W, Schloo B, Upton J and 
Vacanti JP. Joint resurfacing with cartilage 
grown in situ from cell-polymer structures. Am 
J Sports Med 1994; 22: 485-488.

[6] Wang J, Zhang F, Tsang WP, Wan C and Wu C. 
Fabrication of injectable high strength hydro-
gel based on 4-arm star PEG for cartilage tis-
sue engineering. Biomaterials 2017; 120: 11-
21.

[7] Wang Z, Li Z, Li Z, Wu B, Liu Y and Wu W. 
Cartilaginous extracellular matrix derived from 
decellularized chondrocyte sheets for the re-
construction of osteochondral defects in rab-
bits. Acta Biomater 2018; 81: 129-145.

[8] Xue JX, Gong YY, Zhou GD, Liu W, Cao Y and 
Zhang WJ. Chondrogenic differentiation of 
bone marrow-derived mesenchymal stem  
cells induced by acellular cartilage sheets. 
Biomaterials 2012; 33: 5832-5840.

[9] Basch JJ and Farrell HM Jr. Charge separation 
of proteins complexed with sodium dodecyl 
sulfate by acid gel electrophoresis in the  
presence of cetyltrimethylammonium bromide. 
Biochim Biophys Acta 1979; 577: 125-131.

[10] Ott HC, Matthiesen TS, Goh SK, Black LD, Kren 
SM, Netoff TI and Taylor DA. Perfusion-
decellularized matrix: using nature’s platform 
to engineer a bioartificial heart. Nat Med 
2008; 14: 213-221.

[11] Xu H, Xu B, Yang Q, Li X, Ma X, Xia Q, Zhang Y, 
Zhang C, Wu Y and Zhang Y. Comparison of de-
cellularization protocols for preparing a decel-
lularized porcine annulus fibrosus scaffold. 
PLoS One 2014; 9: e86723.

[12] McFetridge PS, Daniel JW, Bodamyali T, 
Horrocks M and Chaudhuri JB. Preparation of 
porcine carotid arteries for vascular tissue en-
gineering applications. J Biomed Mater Res A 
2004; 70: 224-234.

[13] Fan HH, Zhang BX, Liang XD, Wang AY, Zhao B, 
Cui XM, Hu YY, Wu D, Zhou H and Wang Y. 
Experimental study on preparation of decellu-
larized artery vascular graft matrix and explan-
tation of carotid artery allografts. Zhonghua 
Wai Ke Za Zhi 2005; 43: 870-874.

[14] Kheir E, Stapleton T, Shaw D, Jin Z, Fisher J 
and Ingham E. Development and characteriza-
tion of an acellular porcine cartilage bone ma-
trix for use in tissue engineering. J Biomed 
Mater Res A 2011; 99: 283-294.

[15] Zheng G, Zhan Y, Tang Q, Chen T, Zheng F, 
Wang H, Wang J, Wu D, Li X, Zhou Y, Wang X, 
Wu Y, Zhou Y, Xu H, Tian N and Zhang X. 
Monascin inhibits IL-1beta induced catabolism 
in mouse chondrocytes and ameliorates mu-
rine osteoarthritis. Food Funct 2018; 9: 1454-
1464.

[16] Amiel GE, Komura M, Shapira O, Yoo JJ, 
Yazdani S, Berry J, Kaushal S, Bischoff J, Atala 
A and Soker S. Engineering of blood vessels 
from acellular collagen matrices coated with 
human endothelial cells. Tissue Eng 2006; 12: 
2355-2365.

[17] Teebken OE, Bader A, Steinhoff G and Haverich 
A. Tissue engineering of vascular grafts: hu-
man cell seeding of decellularised porcine ma-
trix. Eur J Vasc Endovasc Surg 2000; 19: 381-
386.

[18] Eshet Y, Mann RR, Anaton A, Yacoby T, Gefen A 
and Jerby E. Microwave drilling of bones. IEEE 
Trans Biomed Eng 2006; 53: 1174-1182.

[19] Jackson DW, Grood ES, Arnoczky SP, Butler DL 
and Simon TM. Freeze dried anterior cruciate 
ligament allografts. Preliminary studies in a 
goat model. Am J Sports Med 1987; 15: 295-
303.

[20] Hassanein W, Uluer MC, Langford J, Woodall 
JD, Cimeno A, Dhru U, Werdesheim A, Harrison 
J, Rivera-Pratt C, Klepfer S, Khalifeh A, 
Buckingham B, Brazio PS, Parsell D, Klassen 
C, Drachenberg C, Barth RN and LaMattina JC. 
Recellularization via the bile duct supports 
functional allogenic and xenogenic cell growth 

mailto:dr.aigo@aliyun.com
mailto:xuejixin@163.com


Comparison of various reagents for decellularized cartilage

1427 Am J Transl Res 2019;11(3):1417-1427

on a decellularized rat liver scaffold. Organo- 
genesis 2017; 13: 16-27.

[21] Gilbert TW, Sellaro TL and Badylak SF. 
Decellularization of tissues and organs. 
Biomaterials 2006; 27: 3675-3683.

[22] Elder S, Chenault H, Gloth P, Webb K, Recinos 
R, Wright E, Moran D, Butler J, Borazjani A and 
Cooley A. Effects of antigen removal on a por-
cine osteochondral xenograft for articular car-
tilage repair. J Biomed Mater Res A 2018; 106: 
2251-2260.

[23] Conconi MT, De Coppi P, Di Liddo R, Vigolo S, 
Zanon GF, Parnigotto PP and Nussdorfer GG. 
Tracheal matrices, obtained by a detergent-
enzymatic method, support in vitro the adhe-
sion of chondrocytes and tracheal epithelial 
cells. Transpl Int 2005; 18: 727-734.

[24] Kang DW, Shin SC, Jang JY, Park HY, Lee JC, 
Wang SG and Lee BJ. Decellularization of hu-
man nasal septal cartilage for the novel filler 
material of vocal fold augmentation. J Voice 
2017; 31: 127.e121-127.e126.

[25] Sun G, Shen YI, Kusuma S, Fox-Talbot K, 
Steenbergen CJ and Gerecht S. Functional 
neovascularization of biodegradable dextran 
hydrogels with multiple angiogenic growth fac-
tors. Biomaterials 2011; 32: 95-106.

[26] Macfelda K, Kapeller B, Wilbacher I and Losert 
UM. Behavior of cardiomyocytes and skeletal 
muscle cells on different extracellular matrix 
components--relevance for cardiac tissue engi-
neering. Artif Organs 2007; 31: 4-12.

[27] Ikeda T, Kamekura S, Mabuchi A, Kou I, Seki S, 
Takato T, Nakamura K, Kawaguchi H, Ikegawa 
S and Chung UI. The combination of SOX5, 
SOX6, and SOX9 (the SOX trio) provides signals 
sufficient for induction of permanent cartilage. 
Arthritis Rheum 2004; 50: 3561-3573.

[28] Kusafuka K, Hiraki Y, Shukunami C, Kayano T 
and Takemura T. Cartilage-specific matrix pro-
tein, chondromodulin-I (ChM-I), is a strong an-
gio-inhibitor in endochondral ossification of 
human neonatal vertebral tissues in vivo: rela-
tionship with angiogenic factors in the carti-
lage. Acta Histochem 2002; 104: 167-175.

[29] Hayami T, Funaki H, Yaoeda K, Mitui K, 
Yamagiwa H, Tokunaga K, Hatano H, Kondo J, 
Hiraki Y, Yamamoto T, Duong LT and Endo N. 
Expression of the cartilage derived anti-angio-
genic factor chondromodulin-I decreases in 
the early stage of experimental osteoarthritis. J 
Rheumatol 2003; 30: 2207-2217.

[30] Uebersax L, Merkle HP and Meinel L. Insulin-
like growth factor I releasing silk fibroin scaf-
folds induce chondrogenic differentiation of 
human mesenchymal stem cells. J Control 
Release 2008; 127: 12-21.

[31] Wang L and Detamore MS. Insulin-like growth 
factor-I improves chondrogenesis of prediffer-
entiated human umbilical cord mesenchymal 
stromal cells. J Orthop Res 2009; 27: 1109-
1115.

[32] Indrawattana N, Chen G, Tadokoro M, Shann 
LH, Ohgushi H, Tateishi T, Tanaka J and 
Bunyaratvej A. Growth factor combination for 
chondrogenic induction from human mesen-
chymal stem cell. Biochem Biophys Res 
Commun 2004; 320: 914-919.


