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Article focus
�� To investigate whether the CD44 mono-

clonal antibody biotin-avidin (CBA) bind-
ing technique could provide better 
tissue-engineered cartilage

�� To investigate whether the tissue-engi-
neered cartilage constructed with CBA 
binding technique could effectively repair 
cartilage defects in the weight-bearing 
area of knee

Key messages
�� The regeneration of a specific hyaline car-

tilage to repair the cartilage defects in 

weight-bearing area could be achieved 
using tissue engineered cartilage con-
structed with CBA technique.

�� There is considerable potential for the 
tissue-engineered cartilage constructed 
by CBA technique to clinically repair the 
cartilage defects in the weight-bearing 
area.

Strengths and limitations
�� Compared to cartilage from non-weight-

bearing area, the restoration of defects 
within the weight-bearing area in our study 
is more important for clinical practice.

Tissue-engineered cartilage constructed 
by a biotin-conjugated anti-CD44 avidin 
binding technique for the repairing of 
cartilage defects in the weight-bearing 
area of knee joints in pigs

Objectives
The lack of effective treatment for cartilage defects has prompted investigations using tissue 
engineering techniques for their regeneration and repair. The success of tissue-engineered 
repair of cartilage may depend on the rapid and efficient adhesion of transplanted cells to 
a scaffold. Our aim in this study was to repair full-thickness defects in articular cartilage in 
the weight-bearing area of a porcine model, and to investigate whether the CD44 mono-
clonal antibody biotin-avidin (CBA) binding technique could provide satisfactory tissue-
engineered cartilage.

Methods
Cartilage defects were created in the load-bearing region of the lateral femoral condyle 
of mini-type pigs. The defects were repaired with traditional tissue-engineered cartilage, 
tissue-engineered cartilage constructed with the biotin-avidin (BA) technique, tissue-
engineered cartilage constructed with the CBA technique and with autologous cartilage. 
The biomechanical properties, Western blot assay, histological findings and immunohisto-
chemical staining were explored.

Results
The CBA group showed similar results to the autologous group in biomechanical properties, 
Moran’s criteria, histological tests and Wakitani histological scoring.

Conclusions
These results suggest that tissue-engineered cartilage constructed using the CBA technique 
could be used effectively to repair cartilage defects in the weight-bearing area of joints.
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�� In our study, the porcine joint size and gait character-
istics more accurately represent humans compared 
with smaller animals, so it is more appropriate for 
translation of cartilage treatment strategies toward 
use with humans.

�� More preclinical studies should be explored before 
the tissue-engineered cartilage constructed by CBA 
technique is used clinically for the repair of cartilage 
defects.

Articular cartilage is prone to damage and degenerative 
change. Avascular and articular chondrocytes are highly 
differentiated and have limited self-repairing capacity. 
Damage to articular cartilage provokes a limited healing 
response and frequently progresses to osteoarthritis 
(OA). Everybody aged > 65 years has some clinical or 
radiographic evidence of OA.2 The goal in the treatment 
of injury to articular cartilage and OA is improved repair 
and the restoration of mechanically functional cartilage 
tissue.3

Various ways of repairing articular cartilage have been 
tried including arthroscopy and debridement, subchon-
dral drilling, microfracture, auto-cartilage (or auto-
chondrocyte) transplant, allograft cartilage (or allograft 
chondrocyte) transplant and periosteal or perichondrial 
transplant.4-7 Each has had some success and may tempo-
rarily alleviate symptoms. However, a fibrocartilage repair 
tissue is produced, which is biomechanically inferior to 
hyaline cartilage, and these methods may themselves 
result in degenerative changes in the long term.8-10 
Attention has turned to tissue engineering techniques for 
the next generation of cartilage regeneration and repair 
solutions. This involves combining a variety of cell sources, 
scaffold materials and bioactive factors to induce the for-
mation of active living tissue in vivo.11-12 It has been shown 
to be a promising approach for restoring the morphol-
ogy, structure and function of damaged articular carti-
lage.13 The overriding principle of tissue-engineered 
repair of cartilage is that the seeding chondrocytes synthe-
sise and deposit the components of extracellular matrix 
(ECM) and integrate repair tissue with the surrounding 
host tissue. Success may depend on the initial adhesion of 
chondrocytes to a scaffold.14 Tissue-engineering scaffolds 
play a role similar to that of ECM in natural tissues, sup-
porting the adhesion and proliferation of cells. However, 
due to a lack of ECM adhesion proteins for specific interac-
tions, the attachment of cells to artificial biomaterials is 
merely mediated by non-specific interactions such as ionic 
attraction, hydrogen bonding and hydrophobic interac-
tion. Cells adhere rather poorly to synthetic biomaterials, 
and hamper effective repair of the cartilage. The adhesion 
of cells in three dimensional (3D) scaffolds is crucial if cell 
anoikis is to be avoided, and this is one of the most impor-
tant issues in fundamental cell biology.15,16 In order to 
encourage the adhesion of cells, immobilisation of bioac-
tive molecules such as arginine–glycine–aspartic acid 

(RGD) peptide, hydroxyapatite or natural polysaccharide 
is a common strategy to ensure controlled interaction 
between the cells and the scaffold.17-19 These methods are 
based on the formation of integrin-mediated bonds 
between substrata and the cell membrane. Their efficacy 
will depend on the availability of cell membrane recep-
tors. Cells possessing few functional integrins might not 
benefit from these methods.

This problem could be solved by using a binding 
mechanism separate from the integrin-binding system. 
The biotin-avidin based system is one of the most investi-
gated binding protein-ligand couples and is used in 
many biotechnological applications. This technology is 
based on the extraordinary affinity of avidin for biotin 
(KD = 10-5 M-1).20,21 The highly specific binding capability 
between these two molecules could mediate the attach-
ment of cells onto biomaterial surfaces. When used in tis-
sue engineering, it is known that almost all kinds of cells 
have abundant amine groups on their membranes, which 
can be biotinylated by N-hydroxysuccinimide-D-biotin 
(NHS-D-biotin). Biotinylated cells have been cultured on 
avidin-modified surfaces, and the enhanced adhesion of 
cells is achieved through specific biotin-avidin interac-
tion.22,23 The mechanism by which the biotin-avidin sys-
tem improves the adhesion of chondrocytes is illustrated 
in Figure 1a.

However, one problem hinders the use of the biotin-
avidin approach. The binding efficacy of biotinylated cells 
to avidin-coated substrata decreases over time. This may 
be attributed to the endocytosis of cell membrane biotin 
molecules which decreases the strength of binding 
between the biotinylated cells and avidin-coated sub-
strata, and therefore undermines the use of the biotin-
avidin system in the long-term adhesion of cells and cell 
culture.24

Since the molecular size of biotin is small, it is easy for 
biotin to attach to biomolecules, including antibodies, 
without interfering with molecular functions. CD44 is an 
isomeric family of surface molecules expressed on a wide 
variety of cell types, including chondrocytes.25,26 In our 
previous work, the biotin was conjugated to monoclonal 
anti-CD44 antibodies, and then formed bonds with avi-
din on scaffolds, as shown in Figure 1b. Our results 
showed that the ability of chondrocytes to adhere to scaf-
folds prepared by the CD44 monoclonal antibody biotin-
avidin (CBA) binding technique led to improved cartilage 
tissue engineering.27 However, in vivo repair of cartilage 
defects with the tissue-engineered cartilage constructed 
with the biotin-conjugated anti-CD44 antibody-avidin 
binding system, especially for defects in the weight-
bearing area, remains to be explored. Thus, the current 
study was designed to repair full-thickness articular carti-
lage defects in the weight-bearing area in a porcine 
model, and to investigate whether the CBA binding tech-
nique could provide better tissue-engineered cartilage 
for clinical applications.
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Materials and Methods
All animal procedures were performed at the animal cen-
tre of Zhongshan Hospital with ethical approval from the 
Animal Care and Use Committee of Fudan University 
(Shanghai, China).

Preparation of chondrocytes.  Cartilage was collected 
aseptically from the knee and hip joints of five-week-
old porcine (Animal Center, Zhongshan Hospital, Fudan 
University). First, it was rinsed with phosphate buffer 
solution (PBS), divided with a scalpel, and washed twice 

Scaffold
Biotin conjugated anti CD44 Chondrocytes

Avidinated
scaffold

Chondrocytes treated with 
biontin conjunated anti CD44 

antibody

Chondrocytes adhesion to the scaffold using 
the biotin conjugated anti CD44 antibody-avidin

binding system

Avidin

Scaffold
Biotin Chondrocytes

Avidinated
scaffold

Biontinylation of chondrocytes

Chondrocytes adhesion to the scaffold 
using the biotin-avidin binding system

Avidin

Fig.1a

Fig.1b

a) the biotin–avidin system, the biotin was conjugated to cell membrane, and the avidin was immobilised to the scaffold. The bond formation between biotin and 
avidin mediated chondrocyte adhesion to the scaffold; b) The biotin-conjugated anti-CD44 antibody–avidin binding system, where the biotin avidin was used as a 
bridge connecting the scaffold and the antibodies, and the monoclonal anti-CD44 antibodies were used as the bridge connecting the chondrocytes and the biotin.
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with PBS. The ECM was digested in Dulbecco’s Modified 
Eagle’s Medium (DMEM; Biowest, Nuaillé, France), con-
taining 0.2% type II collagenase (Sigma-Aldrich, St Louis, 
Missouri), at 37°C in a water bath and shaken for two 
hours. The tissue debris was removed by filtration using 
a 40 μm sieve, and chondrocytes in the filtrate were col-
lected by centrifugation at 300 g for ten minutes. They 
were re-suspended and cultured in complete DMEM 
with 10% foetal bovine serum (FBS; GE Healthcare, 
Logan, Utah), 100 U/mL penicillin, and 100 μg/mL strep-
tomycin. The cell suspension was adjusted to a density 
of 2×105/mL, seeded into 75 cm2 flasks (Corning Inc, 
Corning, New York), and cultured at 37°C with 5% CO2. 
The culture medium was changed every two to three 
days. Confluent chondrocytes were passaged at a ratio of 
1:3, and passage 2 chondrocytes were used.
The construction of tissue-engineered cartilage with biotin- 
conjugated anti-CD44 avidin binding system.  Porous chi-
tosan scaffolds were prepared as follows: 10 mL chito-
san solution was poured into a mould, frozen at -20°C 
for 24 hours, and immersed in -5°C ethanol for another  
24 hours. After removing the mould, the well-shaped 
scaffold with ethanol was equilibrated at room tempera-
ture for two hours. The scaffold was then put into 5% 
NaHCO3 solution to neutralise the residual acetic acid 
for six hours, and finally washed with de-ionised water 
five times. The scaffold was prepared with a diameter of  
10 mm and a height of 3 mm. Its porosity was > 90%, 
and the pore diameter was 100 µm to 150 µm. It was 
sterilised with ethylene oxide.
Avidination of the porous chitosan scaffold.  The avidination 
of the porous scaffolds was performed in accordance with 
the manufacturer’s recommended procedure and with 
previous studies.28 The prepared scaffold was placed in a 
12-well plate to which 3.0 mL of 0.1 mg/mL avidin solution 
was added, and the plates were incubated in a shaker for 
one hour at room temperature. The scaffold was washed 
twice with PBS containing 100 U/mL penicillin, 100 μg/mL 
streptomycin and 25 mg/mL amphotericin B, and air-dried.
Tissue-engineered cartilage constructed with biotin-
conjugated anti-CD44 avidin binding system.  The tissue-
engineered cartilage was divided into three groups: group 
1, chitosan scaffold + chondrocytes (control group); 
group 2, avidinised porous chitosan scaffold + biotinyl-
ated chondrocytes (BA group); and group 3, avidinised 
porous chitosan scaffold + chondrocytes treated with 
biotin-conjugated anti-CD44 (CBA system group). The 
tissue-engineered cartilage was constructed as described 
previously28. Briefly, 5  × 107/mL of chondrocytes were 
treated with biotin (Sigma-Aldrich) for 30 minutes  
(1 mg biotin /1 × 106 chondrocytes) or biotin-conjugated 
anti-CD44 antibody (BioLegend, San Diego, California)  
(0.25 µg of CD44 monoclonal antibody biotin /1 × 106 
chondrocytes), and washed twice with PBS. The chondro-
cytes were then seeded into the scaffolds in the 24-well 

plate (200 μL cell suspension per scaffold). The chondrocyte- 
scaffold complexes were cultured in a CO2 incubator, at 
37°C with atmosphere containing 5% CO2. Four hours 
after the initial seeding, the complexes were transferred to 
another 24-well plate. The culture medium was collected 
and the detached chondrocytes were counted in a blood 
counting chamber and the ratio of detachment was calcu-
lated. Fresh culture medium (2 mL) was added to the new 
24-well plate with the chondrocyte-scaffold constructs. The 
24-well plate was then placed in a CO2 incubator and the 
culture medium was renewed every two days. Except for 
the complexes that were tested for real-time polymerase 
chain reaction, the remaining chondrocyte-scaffold com-
plexes were transplanted to repair the full-thickness defects 
of the articular cartilage of the knees in the pigs.
Repair of the full-thickness defects of weight-bearing 
knee-joint articular cartilage in pigs.  We obtained 
28  mini-type pigs (three months old; mean weight,  
15 kg, sd 2.5; gender not considered). They were checked 
to ensure that there were no visible wounds, infection or 
deformity near the knees. Anaesthesia was induced by 
muscular ketamine, 10 mg/kg. Using a sterile technique, 
a medial parapatellar incision was made in both hind 
limbs, followed by a lateral parapatellar arthrotomy. The 
patella was retracted medially, and full-thickness cartilage 
defects (10 mm diameter, 3 mm depth) were created by 
trepan on the load-bearing region of the lateral femoral 
condyle (Fig. 2). A total of 52 full-thickness defects were 
created. Two pigs died while under anaesthetic.

The experimental groups included: a full-thickness 
defect repaired with traditionally engineered cartilage 
(control group, n = 12); a full-thickness defect repaired 
with engineered cartilage constructed by biotin-avidin 
binding technique (BA group, n =12); a full-thickness 
defect repaired with engineered cartilage constructed by 
CBA binding technique (CBA group, n = 12); a full-
thickness defect repaired with the plug harvested when 
creating the defect (auto group, n = 12). The defects 
were randomly assigned into the four groups, with 12 
defects in each group. Two pigs (four defects) were used 
as the blank control and received no treatment. The 
tissue-engineered articular cartilage (or autologous artic-
ular cartilage) was transplanted into the defects after the 
basal region was sprayed with medical adhesive. After 
thorough haemostasis, the incision was closed in layers 
using absorbable sutures. Each pig received 2.4 × 105 
units of gentamicin intramuscularly during and after the 
surgery to prevent infection. Movement and weight-
bearing were allowed as tolerated after surgery. At 12 
and 24 weeks after surgery, respectively, 12 pigs in the 
experimental group (three in each group) and one in the 
blank group were killed with an overdose of pentobarbi-
tal. The hind limbs were disarticulated at the hip. Six 
samples from each group were used for the testing at 
each time.
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Evaluation and methods: cell detachment assay.  Four 
hours after the initial seeding, the chondrocyte-scaffold 
complexes were transferred to another 24-well plate for 
further culture. The culture medium was collected and 
the detached chondrocytes were counted in a blood 
counting chamber, and the ratio of detachment was 
counted using a blood counting instrument (Nun). The 
ratio of detachment was calculated using formulae 1 and 
2, below. A lower ratio meant a higher ratio of planted 
chondrocytes and a stronger adhering ability.

Formula (1):

Ratio of detachment of planted chondrocytes

N N 1un= ×/ %0 00

Formula (2):
N 5 1 mL 2 L7

0 0 00= × ×/ µ

Evaluation and methods: Real-time PCR.  The gene expres-
sions of the constructs were examined during in vitro 
differentiation. One week after culture, the chondrocyte-
scaffold complex was harvested for the extraction of 
RNA. TRIzol (Invitrogen, Carlsbad, California) was used 
to extract the total RNA according to the manufacturer’s 

protocol. After resuspending in 30 μl DNase/RNase-free 
water, the concentration and purity were checked by the 
ratio of the absorbance at 260 and 280 nm and mea-
sured using a spectrophotometer (FP-6500; JASCO Inc., 
Tokyo, Japan). Subsequently, 2 μg of RNA was reverse 
transcribed into cDNA using a reverse transcription sys-
tem (Promega, Fitchburg, Wisconsin). Subsequently, 
the real-time PCR (RT-qPCR) was carried out on a Bio-
Rad iCycler (Bio-Rad Laboratories, Hercules, California). 
The real-time PCR was initiated with a two-minute 50°C 
hold, followed by a ten-minute 95°C hold, and then 
continued with 40 cycles of 15 seconds at 95°C and one 
minute at 60°C.
Evaluation and methods: Gross view.  The activity, feed-
ing behaviour and wound healing of the pigs after sur-
gery were recorded. After being killed by intravenous 
pentobarbital 12 or 24 weeks after surgery, the knee 
and implants were harvested. After an examination for 
findings suggestive of rejection or infection, such as 
severe inflammation or extensive fibrosis, the degree of 
cartilage repair was grossly evaluated. The colour, lus-
tre, irregularity, presence of depression or bulging of 
the repaired tissue in the defect and the state of the bor-
der with the surrounding normal cartilage tissue, were 

a) Schematic image showing the location of the cartilage defects on the load-bearing region of the lateral femoral condyle; b) the surgical approach showing 
location of cartilage defects on the lateral femoral condyle.
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examined carefully. The midline of the defects was dis-
sected in order to see the longitudinal cross-section, and 
the interface between the repaired tissue and adjacent 
normal osteochondral tissue. The regenerated cartilage 
was scored macroscopically according to Moran’s criteria 
at each time point.29 A higher grade represents a better 
repair. The scoring was performed as a blind test by three 
independent researchers (JZ, LC, HRW).
Evaluation and methods: biomechanics tests.  The biome-
chanical properties of the samples used for these analy-
ses were immediately evaluated under fresh conditions. 
They were trimmed along the rim of the regenerated tis-
sue using a trephine. The corresponding normal articular 
cartilage samples were harvested by the same method. 
The biomechanical property of the engineered cartilage 
was tested by measuring the compressive modulus as 
described previously.10,30 Briefly, the harvested parts  
(5 mm in diameter) were fixed onto a sample table of 
the biomechanical analyser TMI UTM-10T (Toyo Baldwin 
Co., Tokyo, Japan). A force-displacement curve was 
obtained by applying a constant compressive strain at 
a rate of 0.5 mm/min until reaching the maximal force 
at 400 N. Each sample underwent five indentation tests. 
The elastic modulus and stiffness were calculated from 
the curve using formulae 3 and 4.

Formula (3):

E F A L L= ( )/ / ( / )0 0∆

Formula (4):

S F L (E  elastic modulus (Mpa)  F  acting force (N)  

S  

= / , ; , ;

,

∆

sstiffness (N mm)  A contact area before test (m )  

L  h

2/ ; , ;

,
0

0 eeight of the sample before the test (m)  

L  height varia

;

,∆ ttion of the sample after the test (m)).

As the defects in the control group at 12 weeks were 
filled with a small amount of fibrous tissue, which further 
collapsed at 24 weeks, biomechanical tests on the regen-
erated tissue could not be performed properly.

After the biomechanical tests, one half of each sample 
was used for histological examination and immunohisto-
chemical staining, while the glycosaminoglycan (GAG) 
content of the other half was determined.
Evaluation and methods: Western blot assay. A fter the 
biomechanical analysis, the samples were collected. 
Western blotting methods were used to detect the col-
lagen II (COL II) and aggrecan proteins. The tissue was 
homogenised with Pierce T-PER tissue protein extrac-
tion reagent (Thermo Fisher Scientific Inc., Waltham, 
Massachusetts) according to the manufacturer’s instruc-
tions. The total quantity of protein was determined 
using the Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific Inc.). Samples were loaded onto 10% to 14% 
SDS-PAGE (Beyotime Biotechnology, Shanghai, China) 
gels and transferred to a polyvinylidene fluoride mem-
brane (Merck Millipore, Billerica, Massachusetts). The 
membranes were then blocked with 5% skimmed milk 
in 0.05% tris-buffered saline/Tween 20 (TBST), followed 
by incubation with the indicated antibodies at their rec-
ommended dilutions in Western blocking buffer (WBB, 
PBS, 5% powdered milk, 0.1% Tw-20). Samples were 
then incubated with horseradish peroxidase (HRP)- con-
jugated secondary antibody, followed by enhanced che-
miluminescence detection (ImageJ, National Institute of 
Health, Maryland). Chemiluminescence detection val-
ues were used to quantitate the Western blot results. A 
ratio of each band of interest to the internal control was 
obtained and the statistical significance of differences 
between control and experimental groups determined.
Evaluation and methods: histological analysis.  Specimens 
were fixed with buffered formalin and decalcified in a 
solution of ethylenediamine tetra-acetic acid (EDTA) in 
a shaker. The samples were dehydrated with a gradient 
ethanol series, cleared with xylene, and embedded in 
paraffin blocks. Sections, 5 mm thick, were obtained and 
stained with haematoxylin and eosin (H&E) and toluidine 
blue (TB) for histological analysis.

According to the scoring system described previously 
by Wakitani et al,31 the histological structure, matrix stain-
ing, surface regularity and thickness of the repaired carti-
lage, and the integration of the repaired tissue with its 
surrounding normal tissue were graded blindly by three 
observers (JZ, LC, HRW).
Evaluation and methods: immunohistochemical staining.  
The expression of COL II in the engineered cartilage was 
examined by immunohistochemical staining at 12 and  
24 weeks after implantation. Briefly, paraffin sections were 
deparaffinised followed by hydration in ethanol solutions 
of decreasing concentrations (100% to 70%), and pre-
treated with 0.1% of Proteinase K (Vivantis Technologies, 
Oceanside, California) at room temperature for 30 min-
utes. The sections were then treated with protein block-
ing agent ( UltraTech HRP Kit, Beckman Coulter France, 
Villepinte, France) for ten minutes and incubated with 
goat serum to block non-specific sites. The slides were 
washed in PBS three times and the sections were incu-
bated at 37°C for one hour with mouse anti-collagen 
type II monoclonal antibody diluted in PBS (1:200), fol-
lowed by incubation with 1:100 diluted horseradish per-
oxidase (HRP)-conjugated anti-mouse antibody (Dako, 
Carpinteria, California) for 30 minutes. Colour was devel-
oped with diaminobenzidine tetrahydrochloride (DAB).
Statistical analysis.  Normality testing was carried out 
using SPSS 16.0 software (IBM Corp., Armonk, New York) 
and the values were expressed as mean sd (x±s). One-
way analysis of variance (ANOVA) was also carried out. 
Statistical significance was set at a p-value < 0.05.
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Results
Ratio of chondrocyte detachment. A fter the chondro-
cytes were seeded in the scaffold and incubated for four 
hours, the ratio of detachment was significantly lower in 
the CBA group than in either the control or BA groups 
(p = 0.001 and p = 0.002, and the ratio of chondrocyte 
detachment in the control group was 3.82 times higher 
and 2.11 times higher than the corresponding values in 
the BA and CBA groups, respectively (Fig. 3).
Real-time PCR.  Real-time PCR was used to test the 
expression of mRNA of collagen II, aggrecan and SOX9 
in the samples after they were cultured for one week. As 
illustrated in Figure 4, all three expressions were highest 
in the CBA group, followed by the BA group, with the 
lowest expression in the control group (CBA group > BA 
group > control group, p = 0.001 and p=0.001).

Gross view.  The gross appearance of articular cartilage 
defects in the weight-bearing area was assessed at both 
12 and 24 weeks after surgery. The pigs recovered quickly 
after surgery and at the time of being killed there were 
no signs of wound infection, limitation of movement or 
synovitis in the operated knees. No free tissue-engineered 
cartilage was found away from the cartilage defects in the 
knee.

All defects in the blank group were mainly occupied 
by fibrous tissue with little cartilage-like tissue regener-
ated at 12 weeks post-implantation. The defect was also 
wider and deeper with the collapse of its adjacent sub-
chondral bone 24 weeks post-implantation. At 12 weeks 
after implantation, the defects had glossy white, well 
integrated, regenerated tissue in the CBA and auto 
groups, although they remained slightly depressed in the 
centre. Defects in the control group were mostly filled 
with rough whitish tissue and was clearly distinguishable 
from the normal cartilage. Defects in the BA group 
repaired more quickly than those in the control group 
and slowly than those in the CBA and auto groups. At 24 
weeks post-implantation, the defects in the CBA and auto 
groups were covered by the smooth, consistent, white 
hyaline tissue almost indistinguishable from the sur-
rounding normal cartilage. No clear signs of margin with 
normal cartilage could be identified on the surface of the 
regenerated areas. In contrast, the defects in the control 
group were partially repaired with fibrous tissue, leaving 
a small depression in the defect, and the defects in the BA 
group had a thin irregular surface tissue with obvious 
defects and cracks surrounding the normal cartilage 
(Fig. 5).

The grading of all cases according to Moran’s criteria 
in the experimental and control groups is shown in Table 
I. The auto group had the best repair, indicated by the 

Fig. 5a Fig. 5b

Fig. 5c Fig. 5d

Macroscopic view of articular cartilage defects in control, BA, CBA, and auto 
groups at six months post-implantation.
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highest grade, both at 12 and 24 weeks after implanta-
tion. Although the repair in the CBA group was slightly 
poorer than in the auto group, there was no statistically 
significant difference between them (p = 0.732). Both the 
CBA and auto groups were better than the BA group (p = 
0.003), and the BA group was better than the control 
group (p = 0.012). Meanwhile, the repair improved with 
time, and was generally better at 24 weeks than at 12 
weeks after implantation (p = 0.004).
Biomechanical test.  The biomechanical properties of the 
engineered cartilage were determined by measuring the 
elastic modulus and stiffness. The value was also com-
pared with that of normal cartilage. The biomechanical 
test was not performed on the samples from the blank 
group because no cartilage was found. The elastic modu-
lus and stiffness in each group increased with time. At 12 
weeks post-implantation, the elastic modulus in the con-
trol, BA, CBA and auto groups was 61.2%, 72.8%, 81.6% 
and 90.3% of the normal cartilage, respectively, and there 
were significant differences among groups (p = 0.012). 
The stiffness in the control, BA, CBA and auto groups was 
68.1%, 77.2%, 88.3% and 94.9% of normal cartilage, 
respectively (p = 0.004). At 24 weeks post-implantation, 
the elastic modulus in the experimental groups respec-
tively increased to 70.6%, 79.2%, 87.8% and 95.3% of 
normal cartilage, which had a modulus of 23.02 sd 2.12 
MPa. The stiffness in the experimental groups respectively 
increased to 75.2%, 83.3%, 92.6% and 97.8% of that in 
normal cartilage, which was 75.76 sd 6.48 N/mm. There 
were significant differences in the elastic modulus and stiff-
ness between groups (p < 0.05). (Fig. 6)

Western blot analyses were performed at 12 and 24 
weeks after implantation, and the levels of COL II and 
aggrecan were determined. The level of expression for 
each target protein was presented as the ratio of the grey 
value of the protein band versus that of the tubulin band. 
The results are shown in Figure 7. The COL II and aggre-
can in the auto group were the highest at 12 and  
24 weeks post-implantation, followed by the CBA group. 
In contrast, the content in the BA and control groups was 
much lower. Statistical analysis showed a significant  
difference between the CBA, BA and control groups  
(p < 0.05) at both 12 and 24 weeks post-implantation.

Histological test.  The H&E stain at 12 weeks post-
implantation showed similar results in the CBA and auto 
groups. Chondrocytes were arranged in column form 
with a relatively higher density, and cartilage lacunae 
were formed. The histological features of the engineered 
cartilage in these groups were similar to those in normal 
cartilage. In the control group, the repaired cartilage was 
distinctly different from that in normal cartilage, with fewer 
chondrocytes and lacunae. At 24 weeks post-implantation, 
the defects in the CBA and auto groups were repaired by 
newly generated hyaline cartilage (Fig. 8).

Deposition of GAG in the engineered cartilage was 
confirmed by TB staining at 12 and 24 weeks post-
implantation. The staining showed superiority of the 
24-week engineered cartilage construct over the 12-week 
samples in terms of cartilage-specific ECM. At 12 weeks 
post-implantation, the defects in the CBA and auto 
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variance (ANOVA) and least-significant differences (LSD) test. Compared with 
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CBA group, +p < 0.05 (Western blot analysis).

Table I.  Moran’s criteria grading in all groups at different time points

Groups n Moran’s criteria

  12 wks after surgery 24 wks after surgery

Control 6 3.35 sd 0.21†‡ 3.89 sd 0.22†‡

BA 6 3.85 sd 0.21*‡ 4.45 sd 0.22*‡

CBA 6 4.36 sd 0.22*† 4.98 sd 0.23*†

Auto 6 4.48 sd 0.23*† 5.12 sd 0.22*†

Analysis of variance (ANOVA) and least-significant differences (LSD) test. 
Compared with control group
*p = 0.006; compared with BA group
†p = 0.009; compared with CBA group
‡p = 0.007.
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groups were filled with regenerated cartilage similar to a 
mixture of hyaline cartilage and abundant ECM, as 
shown by TB staining. However, the arrangement of the 
cells in the new cartilage still lacked zonal organisation. 
The TB staining in the BA group was better than in the 
control group but worse in the range and density than in 
the CBA group. At 24 weeks, the repaired sites in the CBA 
and auto groups showed uniform, positive staining for 
cartilaginous ECM, comparable with that of normal car-
tilage. The 24-week TB staining showed that the engi-
neered cartilage in the CBA group was better than that in 
the BA group, while the engineered cartilage was poor-
est in the control group (Fig. 9). The positively dyed 
region and the degree of staining in the control group 
clearly distinguished the engineered tissue from normal 
tissue, with some asymmetrical and blurred distribution 

of matrix. Part of the region still lacked matrix and stained 
lightly.
Histological scoring results.  The repair was evaluated 
using the scoring system of Wakitani et al,31 in which 
the total is 14, and a lower score signifies a better effect. 
The auto group had the best effect at both 12 and 24 
weeks post-implantation (Table II), although the scores 
in the CBA group were slightly poorer than those in the 

Fig. 8a Fig. 8b

Fig. 8c Fig. 8d

At 24 weeks post-implantation, the defects in the c) CBA and d) auto groups 
were repaired by newly generated hyaline cartilage shown by the formation 
of lacunae and cell clusters. The new-formed cartilage integrated well with its 
adjacent cartilage, although the interface between engineered and normal 
cartilage could still be identified. However, there were few cells and lacunae 
in the control group a). The BA group b) showed better results in terms of 
healing ability compared with the control group, but worse than those in the 
CBA group, haematoxylin and eosin ×200.

Fig. 9a Fig. 9b

Fig. 9c Fig. 9d

At 24 weeks, the repaired sites in the c) CBA and d) auto groups displayed uni-
form, positive staining for cartilaginous ECM, comparable with that of normal 
cartilage. The results of the 24-week TB staining showed that the engineered 
cartilage in the CBA group c) was better than that in the BA group b), while 
the engineered cartilage in the control group a) was the poorest among the 
groups, TB×200.
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auto group, and there were no significant differences  
(p > 0.05). The scores in the CBA and auto groups were 
better than in the BA group (p < 0.05) whose scores were 
better than in the control group (p < 0.05). Furthermore, 
the engineered cartilage scores in each group at 24 weeks 
post-implantation were significantly better than their  
corresponding scores at 12 weeks (p = 0.003).
Results of the immunohistochemical staining.  Immunohi
stochemical staining was consistent with the TB staining, 
and showed better quality and quantity of repair in the 
CBA group compared with the BA group and the con-
trols. At 12 weeks post-implantation, an even distribu-
tion and expanded darker positive immunohistochemical 
staining of COL II was seen in the CBA and auto groups, 
indicating the presence of hyaline cartilage in the regen-
erated tissue. In contrast, the staining of the control 
group and the BA group showed an abundance of col-
lagen II in the regenerated tissue, indicating the minimal 
production, or complete absence, of hyaline cartilage. At 
24 weeks post-implantation, with the maturation of engi-
neered cartilage, the expression and distribution of COL II 
in the CBA and auto groups were similar to those of nor-
mal cartilage, with positive staining of the ECM around 
the evenly distributed chondrocyte-like cells at the site of 
the repair. Most of the scaffolds in the CBA group were 
degraded, endocytosed, and replaced. The BA group had 
better results than the control group but worse results 
than the CBA group (Fig. 10).

Discussion
Functionally, cartilage in the weight-bearing area is the 
major structure in the knee joint to be responsible for the 
compression, transmission and absorption of forces. It 
has been shown that more than 80% of patients suffering 
full-thickness defects in weight-bearing areas may 
develop OA within five to ten years.32 The restoration of 
defects in weight-bearing areas is thus more important 
than that in non-weight-bearing areas.33 However, most 
of the data regarding tissue-engineered cartilage come 
from results in small animal models. Although commonly 
used and significantly less expensive, small animal mod-
els such as rabbits and rodents do not give useful infor-
mation. For instance, cartilage defects in rabbits tend to 

heal spontaneously, and it is difficult to create purely 
chondral defects in rodents due to the extremely thin 
layer of cartilage.34 The use of large animal models may 
be more appropriate for the translation of methods of 
treating cartilage defects in humans. For example, the 
size and the gait charctersitics of the porcine knee more 
accurately reflect those in humans than do those of 
smaller animals.34 It is a primary focus of orthopaedic 
research to develop reliable models for the investigation 
of the repair or regeneration of damaged articular carti-
lage. Tissue engineering and regenerative medicine have 
shown great promise in this regard by using a 3D scaffold 
seeded with cells,35 and the success of tissue-engineered 
repair of cartilage may depend on the rapid and efficient 
adhesion of transplanted cells to the scaffold.

Accordingly, in the present study, a full-thickness articu-
lar cartilage defect was created in a weight-bearing porcine 
model, and the CD44 monoclonal antibody biotin-avidin 
(CBA) binding technique was used to construct the tissue-
engineered cartilage. The defects were repaired with tissue-
engineered cartilage constructed with the CBA binding 
technique three and six months post-operatively.

Previously, the BA technique was used to enhance the 
adhesion of chondrocytes, however, endocytosis of bio-
tin molecules by chondrocytes decreased the strength of 
adhesion between the biotinylated cells and avidin-
coated substrata, undermining the use of this system.28 It 
has been reported that endocytosis can be weakened 
greatly when the temperature of the culture drops to 

Table II.  Results of Wakitani histological scoring

Groups n Wakitani histological scoring

  12 wks after surgery 24 wks after surgery

Control 6 7.08 sd 0.33†‡ 6.12 sd 0.31†‡

BA 6 6.26 sd 0.32*‡ 5.37 sd 0.33*‡

CBA 6 5.12 sd 0.29*† 4.41 sd 0.32*†

Auto 6 4.97 sd 0.31*† 4.26 sd 0.29*†

Analysis of variance (ANOVA) and least-significant differences (LSD) test. 
Compared with control group
*p = 0.003; compared with BA group
†p = 0.007; compared with CBA group
‡p = 0.006.

Fig. 10a Fig. 10b

Fig. 10c Fig. 10d

At 24 weeks after surgery, with the maturation of engineered cartilage, the 
expression and distribution of COL II in the c) CBA and d) auto groups were 
similar to those of normal cartilage, with positive staining of the ECM matrix 
around the evenly distributed chondrocyte-like cells at the site of the repair 
tissue. Most of the scaffolds in the CBA group were degraded, endocytosed, 
and replaced. The BA group b) had better results than the control group a) but 
worse results than the CBA group. ▲: traces of the scaffold; R, regenerated 
tissue; N: normal tissue.
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4°C. However, this temperature can reduce the survival 
and the ability of the cells to proliferate.24

In our previous study, the combination of the BA sys-
tem and monoclonal anti-CD44 antibodies was applied 
in order to enhance the adhesion of chondrocytes and 
the regeneration of cartilage in porous scaffolds, and we 
found that the CBA technique can enhance the adhesion 
between chondrocytes and 3D chitosan scaffold in vitro.27 
In the current study, we found that the rate of detach-
ment was greatly reduced by the CBA technique at four 
hours after implantation. Real-time PCR results at one 
week after implantation showed an increase in the levels 
of expression of COL II, aggrecan and SOX9 in the CBA 
group. These results further show that the CBA technique 
can improve the adhesion between chondrocytes and 
the scaffold, promoting the proliferation of cells and 
ensuring expression of the phenotype. This is consistent 
with our previous in vitro studies.27

The pigs in this study recovered well post-implanta-
tion without local complications. The surgical process is 
simple and safe. The chondral defect with a diameter of 
10 mm and depth of 3 mm cannot spontaneously repair 
in a porcine model, and thus is of critical size.36,37 Indeed, 
none of the animals in the blank group had full cartilagi-
nous repair 12 or 24 weeks post-implantation.

The biomechanical results revealed that the Elastic 
modulus and stiffness in the auto group were signifi-
cantly greater than those in the CBA group. The Elastic 
modulus and stiffness in the CBA group were signifi-
cantly greater than those in the BA and control group. It 
is clear that although the same biomechanical properties 
could not be reached using the CBA technique as when 
using the autologous transplant technique, it is much 
better than both the BA technique and the control group. 
The better biomechanical properties could guarantee 
restoration of the load-bearing function and perfor-
mance of the repaired cartilage, and it can potentially 
restore the function of the cartilage, which was further 
proved by the results of the histological and Western 
blot test.

As shown histologically, the defect repaired with engi-
neered cartilage constructed using CBA techniques at six 
months post-implantation has an architecture that is 
characteristic of mature hyaline cartilage. Mature chon-
drocytes distributed evenly in the ECM were found in 
both the CBA and autologous groups. They were less 
mature and with a more uneven distribution in the BA 
and control groups. As the most important components 
of ECM in hyaline cartilage, the level of COL II and aggre-
can were found to be expressed in the engineered tissue 
at three months post-implantation and this was enhanced 
at six months post-implantation in each group. Results of 
the Western blot analysis revealed that COL II and aggre-
can were highest in the autologous group, followed by 
the CBA group, and then the BA group and the control 
group.

The TB staining also showed the deposition of GAG in 
the engineered cartilage. This is another major compo-
nent responsible for maintaining the water content and 
biomechanical properties of hyaline cartilage. The bio-
chemical composition (GAG quantification) and biome-
chanical properties (compressive modulus) of engineered 
cartilage six months post-implantation were similar to 
those of normal cartilage, indicating that the defects were 
repaired both structurally and functionally.

Taken together, these results suggest that regenera-
tion of a specific hyaline cartilage to repair cartilage 
defects in weight-bearing areas could be achieved using 
tissue-engineered cartilage constructed with the CBA 
technique. Although the same repair could not be 
achieved in the CBA group as in autologous group, the 
results in these two groups were similar when assessed 
using Moran’s criteria and Wakitani histological scoring.

In conclusion, it is clear that the CBA technique used in 
this study is an effective means of improving the adhesion 
between chondrocytes and scaffolds. Tissue-engineered 
cartilage constructed using the CBA technique was found 
to repair cartilage defects in weight-bearing areas in pigs 
effectively, although the repair remains imperfect. Tissue-
engineered cartilage constructed using this technique 
may therefore potentially be used to repair cartilage 
defects in weight-bearing areas of joints.

Supplementary material
Tables showing grading according to Moran’s  
criteria and the results of Wakitani histological 

scoring. can be found alongside this paper at http://
www.bjr.boneandjoint.org.uk/
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