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1.  Introduction

Ear cartilage defects—either caused by congenital 
malformation, trauma or tumor destruction—are a 
commonly encountered problem in reconstructive 
surgery, since cartilage has a limited capacity for self-
regeneration once damaged. Therefore, ear cartilage 
defects can ultimately lead to physical and aesthetic 
impairment. Despite the great demand for treating ear 
cartilage defects, current treatments using autologous 

cartilage are challenging. Not only because they require 
a high degree of surgical expertise, but also because they 
are associated with limited availability of autologous 
cartilage and can cause severe donor site morbidity.

For successful cartilage reconstruction, the proper-
ties of the three-dimensional (3D) matrix is of major 
importance, in: (1) providing temporary or perma-
nent support while maintaining size and shape; and (2) 
providing specific structural, mechanical and biologi-
cal cues to cells, which guide tissue remodeling [1, 2]. 
Ideally, the best scaffold for cartilage reconstruction 
should mimic the extracellular matrix (ECM) of the 
targeted tissue itself. As a result, several 3D scaffolds, 
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Abstract
Scaffolds are widely used to reconstruct cartilage. Yet, the fabrication of a scaffold with a highly 
organized microenvironment that closely resembles native cartilage remains a major challenge. 
Scaffolds derived from acellular extracellular matrices are able to provide such a microenvironment. 
Currently, no report specifically on decellularization of full thickness ear cartilage has been 
published. In this study, decellularized ear cartilage scaffolds were prepared and extensively 
characterized. Cartilage decellularization was optimized to remove cells and cell remnants from 
elastic cartilage. Following removal of nuclear material, the obtained scaffolds retained their native 
collagen and elastin contents as well as their architecture and shape. High magnification scanning 
electron microscopy showed no obvious difference in matrix density after decellularization. 
However, glycosaminoglycan content was significantly reduced, resulting in a loss of viscoelastic 
properties. Additionally, in contact with the scaffolds, human bone-marrow-derived mesenchymal 
stem cells remained viable and are able to differentiate toward the chondrogenic lineage when 
cultured in vitro. These results, including the ability to decellularize whole human ears, highlight the 
clinical potential of decellularization as an improved cartilage reconstruction strategy.
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including both natural and synthetic materials, have 
been developed and investigated for their use in carti-
lage reconstruction [3–5]. A frequently used alternative 
to autologous cartilage implants are synthetic materials 
such as porous polyethylene [6, 7]. Although this mate-
rial is advantageous to work with it is prone to induce 
a foreign body reaction, the ensuing extrusion [8] in 
most cases resulting in removal of the entire implant 
[9]. Additionally, the biomechanical mismatch of the 
implants compared to normal ear cartilage can result in 
eventual collapse of the framework [10]. So far, no ideal 
scaffold has emerged since the complex 3D composi-
tion and architecture of native ECM makes it extremely 
difficult to precisely mimic. Recently, natural acellu-
lar ECM scaffolds have become increasingly popular. 
These acellular ECM scaffolds are acquired by a process 
called decellularization: a method that requires chemi-
cal, physical and/or enzymatic treatments [11]. Decel-
lularized ECM scaffolds provide a 3D ECM structure 
with immediate functional support without evoking an 
adaptive immune response upon implantation due to 
absence of donor cellular antigens [12].

To date, various cartilaginous structures have 
already been decellularized including tracheal cartilage 
[12–17], articular cartilage [18–21], nasal cartilage [22, 
23], intervertebral discs [24, 25] and meniscal cartilage 
[22, 26–28]. Currently, no method to specifically decel-
lularize full thickness ear cartilage that belongs to the 
elastic cartilage type, has been described in literature. In 
contrast to hyaline and fibrous cartilage, elastic cartilage 
contains additional thick elastic fibers, making it denser 
and therefore more challenging to decellularize. Fur-
thermore, the ability to prepare scaffolds from whole 
cartilage tissue rather than scaffolds that are derived 
from ECM [29, 30], provides the opportunity to decel-
lularize large tissues and structures that hold complex 
native shapes such as ears.

Therefore, the goal of this study was to prepare 
decellularized ear cartilage scaffolds and extensively 
characterize their biochemical and biomechanical 
properties, as well as investigate their cytocompat-
ibility. Furthermore, by preparing human ear cartilage 
scaffolds with desirable size and shape, we show the 
potential of decellularized cartilage to improve human 
cartilage reconstruction.

2.  Materials and methods

All chemicals were obtained from Sigma-Aldrich, St. 
Louis, USA unless stated otherwise.

2.1.  Preparation of decellularized cartilage 
scaffolds
To obtain full thickness bovine ear cartilage (bEC), 
macroscopically intact cartilage was harvested from 
calves ( =n 3) less than 8 months old (T. Boer & Zn., 
Nieuwerkerk aan den IJssel, the Netherlands) and 
washed with phosphate buffered saline (PBS) after 
careful resection of the perichondrium. Bovine 

articular cartilage samples (bAC) were harvested 
from the metacarpophalangeal joints ( =n 3) and 
included as controls to compare decellularization 
outcomes. Samples were made using an 8 mm dermal 
biopsy punch (Spengler, Asnières sur Seine, France) 
and kept in PBS until decellularization. Human ear 
cartilage (hEC) was obtained from post mortem 
donors ( =n 2; M, 83 and 84 Y) who donated their 
bodies to medical science at Erasmus Medical Center 
(EMC; Rotterdam, the Netherlands). Dermal tissue 
was macroscopically removed, followed by careful 
removal of the perichondrium and samples were made 
using an 8 mm dermal biopsy punch. Untreated (i.e. 
native) cartilage samples were immediately stored dry 
at −80 °C after harvest for biochemical analysis or in 
4% formaldehyde for histological analysis and scanning 
electron microscopy (SEM).

All human and bovine cartilage samples were decel-
lularized according to the protocol of Kheir et al [19], 
which was further optimized to specifically decellular-
ize ear cartilage. Briefly, the samples were subjected to 
two overnight dry freeze-thaw cycles followed by two 
overnight freeze-thaw cycles at −20 °C in hypotonic 
buffer (10mM tris-HCl in Mili-Q water, pH 8.0) fol-
lowing a 24 h incubation in hypotonic buffer at 45 °C. 
Next, samples were treated for 24 h with an ionic deter-
gent consistent of 0.1% sodium dodecyl sulfate (SDS), 
0.1% ethylenediaminetetraacetic acid (EDTA) and 
10 KUI ml−1 aprotinin in Mili-Q water. Then, samples 
were washed twice for 30 min in wash solution (PBS 
with 10 KIU ml−1 aprotinin) before a 24 h wash at 45 °C 
in wash solution. Since the protocol of Kheir et al was 
not sufficient to reduce or remove cellular remnants, an 
elastase solution was incorporated into the protocol to 
improve the removal of cellular remnants. Therefore, 
the samples were treated next with a low concentra-
tion elastase solution (0.2M tris-HCl in Mili-Q water, 
10 KIU ml−1 aprotinin and 0.03 U ml−1 elastase, pH 8.6) 
for 24 h at 37 °C, as a high concentration elastase would 
completely damage the matrix structure due to the 
complete depletion of elastin and glycosaminoglycans 
(GAGs). (Online supplementary figure 1 (stacks.iop.
org/BMM/10/015010).) Next, samples were washed 
twice and incubated for 3 h at 37 °C in nuclease solu-
tion (50mM tris-HCl in Mili-Q water, 10mM MgCl, 
50 µg ml−1 bovine serum albumin (BSA), 50 U ml−1 
DNAse and 2.5 U ml−1 RNAse, pH 7.5). Samples were 
washed again in wash solution and treated for 3 h in 
decontamination solution (0.1% peracetic acid in 
PBS). All incubation and wash steps were performed 
with agitation. Finally, the samples were transferred to 
sterile tubes and washed twice for 30 min in sterile PBS 
before starting a 24 h wash cycle in sterile PBS at 45 °C. 
To assess the decrease in wet weight after decellulariza-
tion, samples from one donor of both cartilage types 
were weighted directly after harvest and subjected to 
an individual decellularization treatment taking into 
account volume ratios of the used solutions. After 
the individual treatment, wet weight was determined 
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again. Samples from the remaining donors were decel-
lularized in batches. Samples intended for histologi-
cal analysis and SEM were stored in 4% formaldehyde 
and samples for biochemical analysis were stored dry 
at −80 °C. Samples intended for biomechanical analy-
sis were shipped to Eidgenössische Technische Hoch-
schule (ETH; Zurich, Switzerland) in PBS contain-
ing protease inhibitors (Roche, Basel, Switzerland) at 
4 °C. Decellularized bEC scaffolds intended for seed-
ing ( =n 1, in 6-fold) were pre-conditioned for at least 
2 h in Minimally Essential Medium Alpha (MEM-α; 
Gibco, Carlsbad, USA) containing 10% fetal calf serum 
(FCS; Lonza, Verviers, Belgium), 50 µg ml−1 gentamicin 
(Gibco) and 1.5 µg ml−1 amphotericin B (Fungizone; 
Gibco) and stored at 4 °C until seeding.

2.2.  Biochemical analysis
Prior to biochemical analysis, wet weight was 
determined for all cartilage samples. For DNA, GAG 
and collagen analysis, samples were digested overnight 
at 60 °C in a papain solution (0.2M Na

2
H

2
PO

4
, 0.01M 

EDTA.2H
2
O, 250 µg ml−1 papain, 5mM L-cystein, pH 

6.0). Bovine and human cartilage samples were digested 
in 400 µl and 500 µl papain solution, respectively.

To assess the removal of nuclear components, the 
DNA content of the cartilage scaffolds was measured 
with the CyQUANT® (Invitrogen) proliferation assay. 
This assay is able to detect low amounts of DNA and has 
a detection limit of 10 ng per measurement. In short, 
250 IU heparin (LEO Pharma, Ballerup, Denmark) 
and 125 µg RNAse were added to the papain digests 
and incubated for 30 min at 37 °C. Finally, 0.375 µl 
CyQUANT GR dye was added to each papain digested 
sample and fluorescence was immediately measured 
(excitation/emission: 480/520 nm) on a SpectraMax 
Gemini micro plate reader (Molecular Devices, Sun-
nyvale, USA), using calf thymus DNA as a standard.

A 1,9-Dimethylmethylene Blue (DMMB; pH 3.0) 
assay [31] was performed to measure the sulfated GAG 
content of the cartilage scaffolds. The metachromatic 
reaction of DMMB was monitored using a VersaMax 
spectrophotometer at 530 and 590 nm. Shark chondroi-
tin sulfate C was used as a standard.

A hydroxyproline assay [32] was performed to 
measure the total amount of collagen of the cartilage 
scaffolds. In short, the papain digests were hydrolyzed 
with equal volumes of 12 M HCl at 108 °C for 20 h, 
dried (Savant SPD 121P SpeedVac; Thermo Scientific, 
Massachusetts, USA) and re-dissolved in 1.5 ml Mili-Q 
water. Hydroxyproline contents were measured using a 
colorimetric method (extinction 570 nm), with chlora-
mine-T and dimethylaminobenazldehyde as reagents. 
Hydroxyproline (Merck) was used as a standard to cal-
culate the amount of collagen per sample.

Elastin content of the cartilage samples was meas-
ured using the FastinTM Elastin Assay (Biocolor, Car-
rickfergus, UK) according to manufacturer’s instruc-
tions. Briefly, cartilage samples were converted to water 
soluble α-elastin by 3 overnight heat extraction cycles 

at 100 °C in 0.25M oxalic acid before adding the kit’s 
dye. Absorption was measured at 513 nm on a VersaMax 
plate reader. α-elastin from bovine neck ligament (pro-
vided by manufacturer) was used as a standard.

2.3.  Histological analysis
Untreated and decellularized samples were fixed in 4% 
formaldehyde and embedded in 3% agarose, dehydrated 
in an ascending series of alcohol, then embedded in 
paraffin and sectioned at 6 µm. Sections were stained 
with Gill’s haematoxylin and eosin (H&E, Merck), 
Safranin-O and resorcin fuchsin (RF, Klinipath, Duiven, 
the Netherlands). Additionally, collagen type II and 
elastin were immunohistochemically visualized. Antigen 
retrieval for the collagen type II antibody (II-II 6B3; 
DSHB, Iowa, USA) was achieved by incubating in 0.1% 
pronase in PBS for 30 min at 37 °C. Antigen retrieval of 
elastin (BA-4) was carried out by incubation in 0.25% 
trypsin in PBS for 20 min at 37 °C. 10% goat serum in 
PBS was used to block non-specific binding sites. Next, 
sections were stained for 1 h with primary antibodies 
against collagen type II (1:100) or elastin (1 : 1000). An 
enzyme–streptavidin conjugate (HK-321/325-UK; 
Biogenex, California, USA) in PBS/1% BSA at a dilution 
of 1 : 100 was used as label and visualized by Neu Fuchsin 
substrate (Chroma, Köngen, Germany).

Cell-seeded cartilage scaffolds were immediately 
embedded in Tissue-Tek OCT Compound (Sakura, 
Alphen aan den Rijn, the Netherlands) after harvest, sec-
tioned at 6 µm, fixed in acetone and stained with H&E.

For SEM analysis, samples were dehydrated in a 
graded alcohol series, fractured by pulling at the distal 
end of the samples and dried with hexamethyldisila-
zane. Samples were then mounted on stubs, coated with 
palladium gold in a sputter coater (SC7620; Emitech/
Quorum Technologies, Laughton, UK) and visually 
observed with a scanning electron microscope (JSM-
6510; JEOL, Tokyo, Japan).

2.4.  Biomechanical testing
Biomechanical properties of cartilage scaffolds 
were assessed using stress-relaxation-indentation as 
previously described [33]. In short, samples ( =n 3 
with 6 samples per donor) were placed in close-fitting 
stainless steel cylindrical wells of 5 mm in diameter, 
while immersed in PBS supplemented with antibiotic/
antimycotic solution. Mechanical testing was performed 
with a materials testing machine (Zwick Z005, Ulm, 
Germany) equipped with a 10 N load cell, a built-in 
displacement control, and a cylindrical, plane ended, 
stainless steel indenter (∅0.35 mm). A preload of 3 mN 
was first applied on the sample to locate the sample surface 
and measure sample thickness, and held for 5 min. Five 
consecutive strain steps in 5% increments were applied 
up to a maximum strain of 25%. Samples were then left 
to relax for 20 min at each step. A custom MATLAB® 
script was used to convert the force–displacement data 
to stress–strain. Maximum stress (σmax) equilibrium 
modulus (Eeq), relaxation time (τ) and relaxation half 
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time ( ½t ) were determined from the stress–strain plots 
to determine intrinsic, flow-independent, and flow-
dependent mechanical properties [34].

2.5.  Scaffold cytocompatibility
To assess toxicity and complete removal of the 
used chemicals during decellularization, the 
scaffolds were evaluated for their cytotoxicity with a 
methylthiazolyldiphenyltetrazolium bromide (MTT) 
assay. Bone-marrow derived mesenchymal stem cells 
(BMSCs) were isolated from bone marrow aspirates 
from patients undergoing total hip-replacement surgery 
(3 males, 67  ±  5 Y), with informed consent and approval 
of the Medical Ethics Committee (Albert Schweitzer 
Hospital 2011/7). Cells were cultured at a density 
of 2300 cells cm−2 at 37 °C and 5% CO

2
 in MEM-α, 

containing 10% FCS, 50 µg/mL gentamicin, 1.5 µg ml−1 
Fungizone, 25 µg ml−1 L-ascorbic acid 2-phosphate and 
1 ng/mL basic Fibroblast Growth Factor 2 (bFGF2; R&D 
Systems, Minneapolis, USA), from now on referred 
to as ‘MSC-expansion medium’. For toxicity tests, 
BMSCs were plated in a 24-well plate at a density of 
40 000 cells cm−2 and after 3 d of culture a decellularized 
cartilage scaffold was added to each well. Wells 
containing only medium or only BMSCs were included 
as controls. After 4 d, the cells and scaffolds were washed 
with PBS. Next, 5 mg ml−2 MTT-solution was added and 
incubated for 3 h protected from light at 37 °C and 5% 
CO

2
. Finally, the scaffolds were removed from the wells 

and the MTT-solution was replaced with 100% ethanol 
(Boom, Meppel, the Netherlands), transferred to a 96-
well plate and absorbance was measured at 670 and 
570 nm on a VersaMax (Molecular Devices, Sunnyvale, 
USA). Toxicity experiments were conducted twice 
with independent BMSC and cartilage donors, with 3 
decellularized bovine samples per cartilage type.

To further assess the interaction of cells with the 
decellularized cartilage scaffolds, BMSCs were seeded 
on the scaffolds by rotation in a tube rotator at 20 rpm 
(VWR, Radnor, Pennsylvania, USA) in 1.6 mL cell sus-
pension containing 2  ×  106 BMSCs/scaffold for 4 h at 
37 °C. After seeding, the scaffolds were transferred to a 
12-well plate (BD Biosciences) coated with 3% agarose 
(Eurogentec, Liège, Belgium) to prevent attachment of 
BMSCs to the culture well and cultured in 2 mL high 
glucose (4.5 g l−1) Dulbecco’s Modified Eagle Medium 
(DMEM-HG; Gibco) containing 50 µg ml−1 gentamicin, 
1.5 µg ml−1 Fungizone, Insulin-Transferrin-Selenium 
(ITS + 1, BD Biosciences, New Jersey, USA), 40 µg ml−1 
L-proline, 1 mM sodium pyruvate (Gibco), 25 µg ml−1 
L-ascorbic acid 2-phosphate, 10 ng ml−1 Transforming 
Growth Factor—beta 1 (TGF-β1; R&D Systems, Min-
neapolis, USA) and 10−7M dexamethasone. To confirm 
the chondrogenic capacity of the seeded BMSCs, pellet 
cultures of 250 000 BMSCs/pellet were included as posi-
tive controls. Therefore, BMSCs were suspended at a 
density of 5  ×  105 cells ml−1. Aliquots of 0.5 ml cell-sus-
pension were transferred into polypropylene tubes and 
pellets were formed by centrifuging at 200 G for 8 min. 

Negative controls included BMSCs cultured in mon-
olayer in DMEM-HG containing 10% FCS, 50 µg ml−1 
gentamicin, 1.5 µg ml−1 Fungizone and 25 µg ml−1 
L-ascorbic acid 2-phosphate in the absence of TGF-
β1. Samples intended for gene-expression analysis and 
viability analysis were cultured for 21 d at 37 °C and 5% 
CO

2
 and medium was refreshed twice a week.

After culture, cell viability was evaluated with 
a LIVE/DEAD® assay (Invitrogen, Carlsbad, USA) 
according to manufacturer’s instructions. Fluorescent 
imaging was performed on a Zeiss LSM 510 with the 
excitation laser set at 488 nm. A 505–530 nm band-pass 
filter was used to detect living cells and a 650 nm low-
pass filter for detecting dead cells.

To assess the chondrogenic differentiation of the 
BMSCs cultured on the scaffolds, gene expression anal-
ysis was performed. RNA was isolated from the seeded 
scaffolds by snap freezing in liquid nitrogen followed by 
pulverization using a Mikro-Dismembrator (B. Braun 
Biotech International GmbH, Melsungen, Germany) 
at 2800 rpm. The tissue was homogenized with 18 µL/
mg sample RNA-Bee TM (Tel-Test Inc., Friendswood, 
USA) and 20% chloroform. RNA was isolated using 
the RNeasy Micro Kit (Qiagen, Hilden, Germany) 
according to manufacturer’s instructions. Quantifi-
cation of total extracted RNA was determined using 
a NanoDrop ND-1000 spectrophotometer (Thermo 
Fisher Scientific Inc., Waltham, USA) at 260/280 nm. 
Next, complementary DNA (cDNA) was synthesized 
using the RevertAidTM First Strand cDNA Synthesis Kit 
(Fermentas GmbH, Leon-Rot, Germany) according to 
manufacturer’s instructions. Finally, PCR analysis was 
accomplished with a Bio-Rad CFX96 Real-Time PCR 
Detection System using TaqMan® Universal PCR Master 
Mix (Applied Biosystems) or qPCRTM Mastermix Plus 
for SYBTR® Green I (Eurogentec). Gene expression of 
collagen type II (COL2A1, Forward: GGCAATAGCAG-
GTTCACGTACA; Reverse: CGATAACAGTCTTGC-
CCCACTT), SRY (sex determining region Y)-box 9 
(SOX9, Forward: CAACGCCGAGCTCAGCA; Reverse: 
TCCACGAAGGGCCGC) and aggrecan (ACAN, 
Forward: TCGAGGACAGCGAGGCC, Reverse: 
TCGAGGGTGTAGCGTGTAGAGA) was evaluated. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 
Forward: ATGGGGAAGGTGAAGGTCG; Reverse: 
TAAAAGCAGCCCTGGTGACC), Beta-2-Microglob-
ulin (B2M, Forward: TGCTCGCGCTACTCTCTCTTT; 
Reverse: TCTGCTGGATGACGTGAGTAAAC) and 
hypoxanthine phosphoribosyltransferase 1 (HPRT1, 
Forward: TATGGACAGGACTGAACGTCTTG; 
Reverse: CACACAGAGGGCTACAATGTG), were used 
to determine a best-housekeeping-gene-index (BHKi) 
[35], which was used as reference for the expression of 
the genes of interest. The relative gene expression was 
calculated by the Δ−2 CT formula.

2.6.  Statistics
The mean and standard deviation (SD) of the variables 
of interest were calculated using MS Excel 2013 and 
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PASW Statistics 21.0 (SPSS Inc. Chicago, USA) for 3 
independent bovine donors per cartilage type, with 6 
samples per donor. For statistical evaluation, a mixed 
linear model was used followed by a Bonferroni’s 
post-hoc comparisons test. Treatment and cartilage 
type were defined as fixed factors in the model, while 
donor was considered as a random factor. Linear 
regression analysis was performed to evaluate the 
relationship between amount of matrix components 
and biomechanical properties after decellularization. 
For analysis, the mechanical properties (i.e. σmax,  t1/2 and 
Eeq) were defined as the dependent variables and matrix 
components (i.e. GAG, collagen and elastin content) as 
independent variables. Differences in gene expression of 
the BMSCs seeded on decellularized cartilage scaffolds 
were determined by Mann–Whitney U-tests with the 
genes of interest (i.e. SOX9, COL2A1 and ACAN) set as 
test variables. Differences between human decellularized 
and untreated cartilage samples for 1 donor in 6-fold, 
were determined by Mann–Whitney U-tests as well with 
the biochemical parameters (i.e. DNA, GAG, collagen 
and elastin contents) as test variable. Differences were 
considered statistically significant for <p 0.05.

3.  Results

3.1.  Decellularization of bovine ear cartilage
Bovine cartilage samples were decellularized according 
to the protocol of Kheir et al [19], which was further 

optimized to specifically decellularize bEC by the 
addition of a treatment with a low concentration elastase 
solution. Bovine articular cartilage (bAC) samples 
were taken as controls, since AC decellularization has 
been performed by Kheir et al (online supplementary 
figure 1)(stacks.iop.org/BMM/10/015010). After 
decellularization, bEC scaffolds and bAC control 
scaffolds retained their cartilage-like appearance, 
although samples seemed more translucent after the 
decellularization process. After decellularization, 
wet weight reduced by 26.1  ±  4.9% in bEC and an 
8.4  ±  2.6% wet weight reduction was measured in 
bAC. The thickness of decellularized bEC scaffolds 
was significantly reduced ( <p 0.001) by 23.5% 
(1.37  ±  0.32 mm) when compared to untreated bEC 
scaffolds (1.72  ±  0.40 mm), while no obvious reduction 
in sample diameter was observed (figure 1(a)).

To assess decellularization efficiency, cell content 
was analyzed histologically (H&E stain) and biochemi-
cally. DNA content was significantly reduced ( <p 0.001) 
and undetectable (<10 ng/sample) after decellulariza-
tion compared to untreated bEC. Similar results were 
obtained in the decellularized bAC control scaffolds; 
DNA was significantly reduced ( <p 0.001) and unde-
tectable after decellularization compared to untreated 
bAC. Histological analysis showed that the cell rem-
nants were diminished after decellularization and those 
that were still present were clearly reduced in size and 
weakly stained for H&E. The ECM itself was weakly 

Figure 1.  Morphological and cellular content of decellularized bovine cartilage. (a) Photograph of cartilage samples (Ø 8 mm) 
before and after decellularization. (b) DNA content and histological H&E stain after decellularization show removal of nuclear 
materials and reduction in cell remnants. Data shown as mean ± SD for 3 donors, 6 samples per donor. Histological images are 
representative for all donors. bAC: bovine articular; bEC: bovine ear cartilage; UD: undetectable. (c) Scanning electron microscopy 
(SEM) shows a highly organized collagen network that remains intact after decellularization ( =n 1).

http://stacks.iop.org/BMM/10/015010
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stained compared to the untreated scaffolds, although 
the overall structure of the ECM was virtually intact 
(figure 1(b)).

SEM analysis showed no obvious changes in the 
extracellular matrix after decellularization compared 
to untreated cartilage. The decellularized bAC and bEC 
scaffolds retained their dense matrix consistent of fine, 
intact collagen fibers similar to that of untreated car-
tilage. In untreated bEC, the thick elastic fibers were 
deeply embedded and intertwined within a homoge-
neous collagen network and this 3D organization was 
retained after decellularization (figure 1(c)).

3.2.  Scaffold characterization
To characterize the matrix properties of  the 
decellularized bEC scaffolds, the GAG, total collagen 
and elastin contents were measured biochemically in 
addition to histological evaluation. The GAG content 
of decellularized bEC scaffolds significantly reduced 
to 3% ( <p 0.001) compared to untreated bEC, which 
was confirmed by histological analysis when stained 

for Safranin-O. The total collagen content of untreated 
bEC did not reduce after decellularization, but 
significantly increased ( =p 0.011). This phenomenon 
appears to be due to the normalization of the collagen 
content to the sample wet weight, since wet weight 
was reduced after decellularization while the collagen 
content most likely was not. As GAG content was 
strongly reduced by the decellularization procedure, 
the relative contribution of collagens to the overall wet 
weight increased, resulting in the observed increase in 
collagen content. Furthermore, immunohistochemical 
analysis confirmed the retention of collagen type II 
after decellularization. As for the retention of elastin, 
no statistical difference was seen between the elastin 
content of decellularized bEC scaffolds compared 
to untreated bEC ( =p 0.535). Histological analysis 
revealed that after decellularization, elastin was mainly 
retained directly around lacunae when stained for RF 
(figure 2(a)).

The biomechanical properties of decellularized 
cartilage scaffolds were assessed using stress-relaxation-

Figure 2.  Matrix integrity and mechanical properties of decellularized bovine ear cartilage scaffolds. (a) GAG, collagen and elastin 
contents of untreated and decellularized bovine ear cartilage scaffolds. Less intense Safranin-O (Saf-O) staining confirmed GAG 
reduction, while immunohistochemistry of collagen type II (Coll-II, counterstained with haematoxylin), elastin and resorcin 
fuchsin (RF) stain confirmed retention of these matrix components. Histological images are representative for all donors. (b) 
Equilibrium modulus after decellularization. Data shown as mean ± SD for 3 donors, 6 samples per donor for GAG and collagen 
analysis. Elastin data is shown as mean ± SD for 2 donors, 6 samples per donor and missing values are excluded.
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indentation. A statistically significant reduction of all 
compressive parameters was seen in decellularized 
bEC scaffolds compared to the untreated bEC samples 
( <p 0.001). Equilibrium modulus (Eeq) of the decellu-
larized bEC scaffolds was 8.7% of the untreated bEC 
scaffolds. Similarly, maximum stress (σmax) and relaxa-
tion half time (t1/2) were reduced to 9.2% and 32% of 
the untreated values, respectively. Specifically, σmax in 
the decellularized bEC scaffolds was 0.54  ±  0.36 MPa 
and 5.83  ±  2.18 MPa in untreated bEC. t1/2 in the decel-
lularized bEC samples was 0.74  ±  0.45 s compared to 
untreated 2.31  ±  1.5 s (figure 2(b)). Similar changes 
in matrix integrity and viscoelasticity were seen in the 
control group consisting of decellularized bAC scaf-
folds (online supplementary figure 2)(stacks.iop.org/
BMM/10/015010).

Linear regression analysis was used to correlate 
ECM components and biomechanical properties. 
R2-values showed that the GAG, collagen and elastin 
content of the scaffolds were responsible for more than 
50% of the biomechanical properties of decellularized 
cartilage scaffolds: Eeq ( =R 0.642 ), t1/2 ( =R 0.512 ) and 
σmax ( =R 0.6182 ). GAG content was statistically signifi-
cantly correlated to Eeq ( =p 0.002), σmax (p = 0.005) 

and t1/2 ( =p 0.001) of the decellularized bEC and bAC 
scaffolds.

3.3.  Decellularized ear cartilage scaffolds are not 
cytotoxic and allow chondrogenic differentiation of 
human BMSCs
To assess the cytocompatibility of the bEC scaffolds, 
the metabolic activity of plated human BMSCs in the 
presence of decellularized bEC scaffolds was measured 
after 4 d of culture. No statistically significant effect 
on the metabolic activity of the BMSCs due to the 
decellularized scaffolds was found ( =p 0.559). Relative 
to the control wells, 90.76  ±  8.22% of the cells were 
viable in the presence of a decellularized bEC scaffold, 
compared to the conditions in the absence of a scaffold. 
This indicates that decellularized bEC scaffolds are 
non-cytotoxic and suitable for cell seeding.

To evaluate survival of human BMSCs in contact 
with decellularized bEC scaffolds, a LIVE/DEAD® assay 
was performed after 21 d of culture. Living BMSCs emit-
ted a bright green fluorescence and showed a stretched 
morphology. Evaluation of z-stacks indicated that the 
seeded BMSCs were present on the surface of the scaf-
fold. Unseeded, decellularized bEC scaffolds served 

Figure 3.  Decellularized cartilage supports chondrogenesis. (a) H&E stain of decellularized 
ear cartilage scaffolds seeded with BMSCs shows attachment but limited migration (left). 
Fluorescent imaging (right) confirms viability after 21 d of culture. Images are representative 
for all samples. Control image consists of an unseeded, decellularized bEC scaffold. (b) 
Relative expression of the chondrogenic markers SRY (sex determining region Y)-box 9 
(SOX9), Collagen type II (COL2A1) and aggrecan (ACAN) are similar to that of BMSCs in 
pellet culture (positive control). Dotted line represents the relative expression after culturing 
in monolayer (negative control). Data shown as mean ± SD for 1 donor in 6-fold, relative 
to the best housekeeper index (BHKi) determined by the expression of Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), Beta-2-Microglobulin (B2M) and hypoxanthine 
phosphoribosyltransferase 1 (HPRT1).

http://stacks.iop.org/BMM/10/015010
http://stacks.iop.org/BMM/10/015010
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as a control and no sign of living cells was observed in 
these controls. Histological sections showed that after 
21 d, BMSCs were attached to the decellularized scaf-
folds, yet no migration into the scaffolds was observed 
(figure 3(a)).

Gene-expression analysis of GAPDH, B2M and 
HPRT1 confirmed the presence of BMSCs on decel-
lularized bEC scaffolds after cell-seeding. In decellu-
larized, non-seeded control scaffolds, the expression 
of either housekeeping gene was non-detectable (CT-
values > 40). The chondrogenic potential of BMSCs 
in pellet culture was confirmed by the expression of 
the chondrogenic-specific genes SOX9, COL2A1 and 
ACAN, while low expression presented after culturing 
in monolayer (negative control). Gene expression lev-
els after seeding and culturing on decellularized bEC 
scaffolds were similar to pellet culture. This shows that 
decellularized bEC scaffolds support the retention of 
the chondrogenic capacity of human BMSCs in vitro 
(figure 3(b)).

3.4.  Decellularization of human ear cartilage
To investigate the potential clinical implementation 
of a decellularized scaffold with desirable size and 
shape, human ear cartilage (hEC) was decellularized 
and characterized. On gross examination, the size 
and shape of the whole human ear was preserved 
after decellularization (figure 4(a)). The DNA 
content significantly reduced by 99.93% ( =p 0.002)  
after decellularization compared to untreated hEC. 

Staining for H&E revealed the removal of most 
nuclear material, with minimal disruption of the ECM 
structure (figure 4(b)). GAG and elastin contents 
were significantly reduced in the decellularized hEC 
scaffolds by 75.3% ( =p 0.002) and 48.8% ( =p 0.010),  
respectively. No statistically significant reduction 
was seen in the total collagen content ( =p 0.180) 
after decellularization and histological staining of the 
decellularized hEC scaffolds confirmed the biochemical 
analysis (figure 4(c)). The Eeq of the hEC scaffolds 
was 2.51  ±  1.26 MPa after decellularization and high 
magnification SEM of the decellularized hEC scaffolds 
showed a dense collagen matrix intertwined with thick 
elastic fibers (figure 4(d)).

4.  Discussion

For successful cartilage regeneration 3D scaffolds are 
crucial. We were able to obtain decellularized bovine 
and human scaffolds from whole full-thickness ear 
cartilage (EC) tissue. These scaffolds preserved their 
native collagen and elastin contents, as well as their 
major architecture and shape. Furthermore, these 
decellularized EC scaffolds were non-cytotoxic and 
have the capacity to allow chondrogenic differentiation 
of human BMSCs in vitro.

To date, decellularized scaffolds are extensively used 
for the reconstruction of various tissues and organs 
[36]. In addition, several cartilaginous structures have 
been decellularized. These studies, however, mainly 

Figure 4.  Human ear cartilage decellularization. (a) The size and shape of a whole human ear is preserved after decellularization. 
(b) DNA was statistically significantly reduced after decellularization and a reduction in cell remnants is seen on histology (H&E 
stain). (c) GAG, collagen and elastin contents of untreated and decellularized human ear cartilage. Histological stains confirm 
the findings. Data shown as mean ± SD for 1 donor in 6-fold. (d) High magnification scanning electron microscopy (SEM) of 
decellularized ear cartilage shows thick elastic fibers deeply embedded in a complex collagen network ( =n 1). C: collagen; E: elastin; 
*: cross-section of transected elastic fibers.
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focus on hyaline (i.e. articular cartilage, nasal cartilage, 
tracheal cartilage) or fibrous (i.e. meniscal cartilage, 
annulus fibrosis) cartilaginous tissues. Other cartilage 
decellularization techniques described in the literature 
are the fabrication of decellularized ECM-derived scaf-
folds, by either pulverizing cartilage tissue [29, 30] or 
stacking thin cartilage slices [37]. Although these seem 
effective methods to decellularize the tissue, their major 
drawback is that it completely disrupts the native tissue 
architecture and/or shape. In fact, no method to specifi-
cally decellularize full thickness EC has been described 
in the literature yet. This study is the first to evaluate 
structural and functional properties of decellularized 
full-thickness EC scaffolds of both bovine (bEC) and 
human (hEC) origin.

Various decellularization protocols are proposed 
for cartilaginous tissues, each aiming to maximize the 
decellularization effect, while reducing any adverse 
effect of the process on the structural composition and 
functionality of the remaining ECM. Therefore, decel-
lularization outcome was evaluated based on: (1) the 
removal of cellular material and (2) matrix integrity 
which was characterized by its components, archi-
tecture and biomechanical properties. First, removal 
of native cellular material is highly imperative, as it 
reduces the possibility of an immune reaction in case 
of in vivo implantation. For this reason, one of the cri-
teria for successful decellularization is to reduce the 
DNA content to less than 50 ng/mg tissue [38]. Unfor-
tunately, most recently developed decellularization 
protocols for cartilage do not meet this requirement 
at all [18, 25]. These decellularized cartilage scaffolds 
still show distinct cell remnants on histological exami-
nation [12–14, 17–19, 24, 25, 39–42] or need multiple 
decellularization cycles to remove nuclear material [19, 
42], leading to further degradation of the ECM. To spe-
cifically decellularize EC, the samples were decellular-
ized according to the protocol of Kheir et al [19] which 
was further optimized to ensure the decellularization 
outcome was satisfactory for EC and cell remnants 
reduced. The incorporation of an additional 24 h incu-
bation with a low concentration of elastase (0.03 U/
mL) enabled the removal of nuclear material and a 
reduction of cell remnants in decellularized bEC scaf-
folds and near-complete removal in decellularized full 
size human ear cartilage scaffolds. It should be noted 
though, that the 10 ng detection limit of the DNA assay 
concerns a fraction of papain digest used in the DNA 
assay (50 µl). Because the DNA content was undetect-
able in that fraction of the decellularized bEC scaffolds, 
it is reasonable to assume that DNA was removed from 
the entire scaffolds after decellularization.

Second, the balance between the removal of nuclear 
material and preserving the matrix integrity should be 
considered carefully. We showed that the decellularized 
EC scaffolds preserved their native collagen and elastin 
contents, as well as their major architecture and shape, 
while GAG content significantly decreased during the 
process. Collagen, the most abundant protein present 

within the ECM, is of major importance, providing 
mechanical strength and guiding chondrogenic dif-
ferentiation [43]. Additionally, the number of collagen 
cross-links contributes to the mechanical properties 
of newly formed cartilage [44]. Naturally, we expect 
these cross-links to be greater in scaffolds derived from 
native cartilage, than in synthetic scaffolds or ECM-
derived scaffolds. Therefore, the retention of collagen 
during decellularization is crucial. Although collagen 
type I-elastin-GAG scaffolds were produced before 
[45], the dense elastic network that is interspersed with 
the collagen fibrils is not as highly organized as that of 
native ear cartilage [46, 47], while high magnification 
SEM showed that the decellularized EC retained the 
complex interaction between the elastic fibers and fine 
collagen network. Following decellularization, GAG 
content decreased significantly which corresponds with 
previously reported findings by others [18, 19] and was 
most likely caused by the SDS-treatment during decel-
lularization. Consequently with the GAG reduction, the 
viscoelastic material properties of the decellularized EC 
scaffolds also reduced, which is in agreement with find-
ings previously reported by others [48]. Depletion of 
GAGs might be required to allow cells and cell residu-
als to leave the matrix [49]. Depending on the eventual 
application of the scaffold, GAG depletion might also 
improve ingrowth of cells with chondrogenic capacity 
into the scaffold and thereby allowing matrix remod-
eling and revitalization of the graft.

To completely assess functionality of the decellu-
larized scaffold, mechanical properties were evaluated, 
since it should provide sufficient mechanical strength to 
compensate for that of the damaged tissue. After decel-
lularization, biomechanical properties reduced signifi-
cantly. Nevertheless, the decellularized bEC scaffolds 
presented superior mechanical properties compared to 
that of other commonly used natural or synthetic bio-
materials for cartilage TE. For instance, low equilibrium 
moduli were found by unconfined compression in vari-
ous hydrogels; maximum Eeq of 0.03 MPa in 2% alginate 
constructs [50], 0.3 MPa in 20% polyethylene glycol and 
0.5 MPa in 15% agarose [51], showing that these hydro-
gels only reach a maximum of 50% of the Eeq of our decel-
lularized EC scaffolds. Additionally, the Eeq of synthetic 
co-polymer scaffolds was 0.05–0.25 MPa [52], which was 
only 5.5–25% found in our decellularized bEC scaffolds.

To assure long lasting properties and fully func-
tional cartilage, eventual revitalization of the scaffold 
is a requirement. It is therefore important that we can 
prepare scaffolds that are non-cytotoxic after decel-
lularization so cells can attach and survive. We showed 
that our decellularized scaffolds were non-cytotoxic and 
the seeded BMSCs were still viable after 21 d of culture. 
Furthermore, the scaffold allowed chondrogenic differ-
entiation of BMSCs. We have used BMSCs in this work 
to evaluate the cell supportive capacity of our scaffold, 
the final choice of cell sources would mainly depend on 
the application and could be any cell with chondrogenic 
potential such as chondrocytes, perichondrium cells 
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or adipose derived mesenchymal stem cells [53, 54]. 
Moreover, it would not be unlikely that seeding prior 
to implanting a decellularized scaffold is required, as it 
is the scaffold that could provide support for cells pre-
sent at the implantation site to grow in. To revitalize and 
remodel the matrix, migration of cells throughout the 
matrices needs to be further optimized. In this respect, 
the reduction of GAGs in the decellularized scaffolds 
will be advantageous [49], since it has been reported 
that chondrocyte adhesion is prevented by GAGs [55]. 
Given that cell adhesion is essential for cell migration, 
partial or even complete depletion of GAGs could be 
beneficial to realize cartilage revitalization, as it has 
been shown that chondrogenic progenitor cells possess 
the capacity to migrate through degraded cartilage and 
repair ECM [56]. This indicates that optimization of cell 
migration could lead to matrix synthesis and restored 
biomechanical properties of the revitalized cartilage. 
Recovery of biomechanical properties due to matrix 
deposited by cells was previously seen by Reiffel et al [57], 
who reported de novo cartilage deposition and a 30-fold 
increase in Eeq 3 months after in vivo implantation of a 
collagen type I hydrogel. This showed that the biome-
chanical properties returned to the native situation.

Finally, the decellularized hEC scaffolds and whole 
human ear preserved their size and shape after decellu-
larization. Also, approximately 25% more GAGs were 
retained than in the decellularized bEC. The maturity of 
the hEC matrix might cause better retention of GAG. In 
human ears, the ECM components and especially elas-
tic fibers structurally change over the years [46]. When 
stained for elastin, the elastic fibers in our bEC are mainly 
directly located as a band around the lacunae whereas 
in hEC, this network extends more into the ECM, con-
firming what is shown previously by Ito et al [46]. This 
difference in elastic fibers in adult cartilage, could have 
protected the ECM from degradation during decellu-
larization. Importantly, this retention was also reflected 
in the Eeq of the hEC scaffolds, which was not reduce 
compared to that of native hEC (3.3  ±  1.3 MPa for Eeq) 
measured in our previous work [34]. This shows that the 
decellularization process can also be translated to human 
tissue and provides the possibility to use decellularized 
ear cartilage as an improved reconstruction strategy.

5.  Conclusion

Decellularization can provide scaffolds made of 
natural materials, even allogeneic or xenogeneic, for 
reconstruction of defects in cartilaginous structures. We 
have prepared decellularized ear cartilage scaffolds with 
an architecture and matrix composition that closely 
resembles native cartilage and that have the capacity 
to support chondrogenic differentiation of BMSCs. 
Furthermore, the translation of the decellularization 
method to whole human ear cartilage shows the 
possibility to use decellularization as an improved 
reconstruction strategy for large cartilage defects 
that hold complex shapes. In order to implement the 

method as a clinical treatment, long term in vivo studies 
should be conducted to assess the scaffold functionality 
and characteristics after implantation.
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