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Background The repair of articular cartilage defects is always a significant clinical challenge in joint treatment.
Therefore, the aim of this study was to investigate that the Colll-HA-CS-HAP scaffolds with BMSCs could repair

Methods Bone marrow mesenchymal stem cells (BMSCs) were extracted from rabbits, identified using
immunofluorescence staining, and successfully induced into chondrocytes. Type Il collagen (Colll) was isolated from
bovine cartilage and constructed into scaffolds with hyaluronic acid, chondroitin sulfate, and hydroxyapatite. Then
BMSCs were seeded on the Colll-HA-CS-HAP scaffold to detect biocompatibility.

Results The results of DAPI fluorescence staining showed that the number of BMSCs on the Colll-HA-CS-HAP
scaffolds increased rapidly after culturing for 12 d. The rabbit knee cartilage defect model with a diameter of
approximately 3 mm and a thickness of approximately 4 mm was selected to evaluate the regenerative potential of
the scaffolds using histological and immunohistochemical analyses. At 6 months, the regenerated cartilage in the
Colll-HA-CS-HAP scaffolds with BMSCs was more similar to that of native cartilage than the Colll-HA-CS-HAP scaffold

Conclusions Our study proved that the Colll-HA-CS-HAP scaffolds with differentiated BMSCs can produce an
excellent healing response and repair cartilage defects successfully in a rabbit model.
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Introduction

A variety of three-dimensional (3D) osteochondral scaf-
folds designed by heterogeneous materials, providing an
optimal environment, have the possibility to be used for
repairs of knee cartilage [1]. Articular cartilage (AC) is
basically composed of water, type II collagen, proteogly-
cans (PGs) / glycosaminoglycans (including hyaluronic
acid, heparin, and chondroitin sulfate) and chondrocytes
[2, 3]. Mutations in the COL2A1 gene, encoding type II
collagen, can cause a spectrum of rare autosomal-domi-
nant conditions characterized by skeletal dysplasia, short
stature, and sensorial defects [4]. Chondroitin sulfate
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(CS) is a linear glycan chain mainly composed of repeat-
ing disaccharide units of glucuronic acid (GlcA) and
N-acetylgalactosamine (GalNAc), attaching to specific
scaffolds as glycosaminoglycans [5]. CS can assemble
multimeric signaling complexes, modulate neurotrophin
signaling pathways [6], reduce joint pain and slow struc-
tural disease progression [7]. Hyaluronic acid (HA) is a
natural polyanionic polymer composed of glucuronic
acid and N-acetylglucosamine repeats by a -1, 4 linkage
[8] and is used in tissue regeneration [9]. Hydroxyapa-
tite (HAP) is a natural biocompatible bioceramic com-
pound, that is widely utilized in medicine delivery, tissue
engineering and orthopedics [10]. Chondrocytes are the
only cells residing in cartilage tissue that maintain the
function of cartilage tissue [11]. Autologous chondro-
cyte transplantation, tissue engineering and cell-based
approaches have shown significant improvement in knee
function and potential for treating prominent osteo-
pathic cartilage defects [11, 12].

Bone marrow mesenchymal stem cells (BMSCs), which
are multipotent stem cells from bone marrow, can be
readily obtained and induced to differentiate into carti-
lage after culture [13]. In vitro, cartilage regeneration
from BMSCs is a promising method for functional recon-
struction of osteochondral defects and promoting the
clinical application of cartilage regeneration technology
[14]. Osteoarthritis characterized by pain and disability is
the most common, chronic and degenerative joint disor-
der, and is associated with the aging population and obe-
sity [15]. Maintenance therapy with chondroitin sulfate
and hyaluronic acid as a next step providing sustained
clinical benefit is recommended in the treatment of knee
osteoarthritis [16, 17]. Repairing articular cartilage is an
enormous challenge in biomedical engineering because
of the poor regenerative capacity of cartilage [18, 19],
while cartilage tissue engineering needs supports to over-
come degenerative diseases [20, 21].

In this study, to mimic the composition and structure
of bone, and inspired by the biomineralization process,
we have obtained the tissue engineering cartilage scaf-
folds (CollI-HA-CS-HAP-BMSCs), which are low-cost,
simple operation, green and environmental protection.
Finally, we demonstrated scaffolds’ efficacy in repairing
cartilage using a rabbit model.

Methods

Isolation and characterization of BMSCs from New Zealand
white rabbit

BMSCs were isolated from 6-month-old New Zealand
white (NZW) rabbit (providing and obtaining approval
from the animal experiment center of Hebei Medi-
cal University, Shijiazhuang, China). All methods were
carried out in accordance with relevant guidelines and
regulations. All methods are reported in accordance
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with ARRIVE guidelines (https://arriveguidelines.org).
The rabbits were anesthetized by administration of 5%
pentobarbital sodium in the ear vein (0.5 mL/kg). Bone
marrow cells were obtained by flushing the cavity of the
femurs and tibias harvested under sterile conditions, cen-
trifuged at 1000 rpm for 10 min, the supernatants were
discarded, and the cells were cultured in low-glucose
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1% pen-
icillin-streptomycin (Gibco, USA) at 37 °C, in a 5% CO,
cell culture incubator [22]. The medium was replaced
every 2 d. When the cells reached 90% confluence, the
adherent cells were trypsinized with 3 mL of 0.25% pan-
creatin (Gibco, USA) for 2 min, harvested and expanded
in T-25 flasks (Thermo Fisher Scientific, China).

Toluidine Blue Metachromatic Staining and Immu-
nohistochemical Detection of Colll BMSCs that had
undergone three passages were trypsinized with 0.25%
pancreatin and cultured on a cell climbing piece for 14
days in DMEM supplemented with 10% FBS, 100 nM
dexamethasone, 50 pg/mL L-ascorbic acid 2-phos-
phate, 40 pg/mL L-proline, 1 mM sodium pyruvate, 1%
ITS+, and 10 ng/mL TGEP3 (Thermo Fisher Scientific,
China) [23]. BMSCs were fixed with 4% paraformalde-
hyde (Wuhan Servicebio Technology Co., Ltd, China) for
30 min, washed with PBS three times, stained with tolu-
idine blue, and treated with 50% glycerol solution (PBS).
The cells were examined under a microscope (Primo Star,
Carl Zeiss Microscopy Deutschland GmbH, Germany).
The cell climbing piece of BMSCs cultured for 14 days
was washed with PBS three times, and an added endog-
enous peroxidase blocker (Shanghai Wellbio Biotechnol-
ogy Co., Ltd. China) and incubated for 10 min, blocked
with 5% BSA for 1 h, incubated with primary antibodies
against goat anti-type II collagen (Beijing Biosynthesis
Biotechnology Co., Ltd, China) overnight at 4 °C, washed
three times with PBS for 3 min, incubated with Goat
Anti-Rabbit IgG Fc-HRP (SouthernBiotech, USA) for
20 min, washed three times by PBS for 3 min, incubated
with enhanced diaminobenzidine (DAB) chromogenic
reagent for 10 min, stained with hematoxylin, rehydrated
through a graded series of ethanol washes, deparaffinized
in xylene, and examined using Nikon Inverted Routine
Microscope Eclipse Ts2 (Nikon Imaging Sales Co., Ltd.,
China).

After extensive washing with PBS solution, the BMSCs
were incubated with secondary antibodies containing
fluorescein isothiocyanate (FITC, Beijing Biosynthe-
sis Biotechnology Co., Ltd, China) at 37 °C for 2 h and
analyzed by Attune NxT flow cytometry (Thermo Fisher
Scientific Co., Ltd, China). The proliferation of BMSCs
was evaluated by MTT [3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide] assays (Wuhan Service-
bio Technology Co., Ltd, China).
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Preparation and characterization of the cross-linking
scaffold

The purified collagen (Colll, 0.1 g) extracted from bovine
cartilage as previously described [24, 25], hyaluronic
acid (HA, 0.01 g), chondroitin sulfate (CS, 0.01 g) and
hydroxyapatite (HAP, 0.006 g) were dissolved in 8 mL
ultrapure water in turn, stirred by magnetic stirrer (Ron-
ghua, Jintan, China) at 4 ‘C, 120 r/min for 6 h. The 50
pL  1-ethyl-3-(3-dimethylaminopropyl)- carbodiimide
/N- hydroxysuccinimide (EDC/NHS) cross-linking mix-
tures (0.05 g/mL EDC and 0.005 g/mL NHS at a ratio
of volume 160:1) were added to the Colll-HA-CS-HAP
solutions stirring at 4 C, 120 r/min for 10 min. Then,
the solutions was subpacked into 24 well plates (150 uL/
well) and cross-linked at 4 “C for 12 h. After cross-link-
ing, the solutions was placed at 4 ‘C for 1 h and —20 C
for 4 h, lyophilized at -106 C and 4 KPa by ScanSpeed
MaxiVac (Labogene, The Kingdom of Denmark), washed
by 0.1 mol/L Na,HPO, for 1.5 h with a change of solu-
tion every 30 min, poured in 2 mol/L NaCl for 1 h with a
change of solution every 20 min, washed with ultrapure
water for 30 min, three times. The CollI-CS-HA-HAP
cross-linking scaffolds were obtained by lyophilization
after 4 h. The biocompatibility, nontoxicity, and biode-
gradability of CollI-CS-HA-HAP scaffolds were detected
by hematoxylin-eosin staining [26] and sectioning tech-
nology using mice (provided and obtained approval from
the animal experiment center of Hebei Medical Univer-
sity, Shijiazhuang, China).

DAPI fluorescent stains

Three passages of BMSCs were seeded and cultured in
a 37°C, 5% CO, incubator for 24 h at a concentration
of 500 pl/well (2.5x10* cells) in 24 well plates, with the
ColII-HA-CS-HAP scaffolds sterilized by ethylene oxide.
Then the BMSCs were fixed with 4% paraformaldehyde
for 15 min, washed with PBS three times, stained with
4, 6-diamidino-2-phenylindole (DAPI, Beijing Biosyn-
thesis Biotechnology Co., Ltd, China) for 10 min in the
dark, washed with PBS three times, added to 50% glyc-
erol solution, and observed using Nikon inverted routine
microscope Eclipse Ts2. The morphology and adhesion of
BMSC:s on the scaffolds were photographed by SEM.

Rabbit osteoarthritis (OA) model

Twenty-seven NZW rabbits (6 months old) were ran-
domly allocated into three groups: cartilage defect model
without treatment group (blank group, n=9), CollI-HA-
CS-HAP scaffolds sterilized by ethylene oxide (control
group, #=9), and CollI-HA-CS-HAP scaffolds sterilized
by ethylene oxide with BMSCs cultured for 7 d (experi-
mental group, n=9). Following anesthesia, the lower
limbs of rabbits were shaved and trimmed with iodine
volts before surgery. A medial parapatellar incision,
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including the skin and subcutaneous tissue, was made
to expose the femoral trochlea in the knee. The osteo-
chondral injury, which was 3 mm in diameter and 4 mm
in depth, was caused by an orthopedic drill with a perfo-
rated core in the middle of the trochlear groove [27]. The
defect was filled with the CollI-HA-CS-HAP scaffolds
containing BMSCs, and the CollI-HA-CS-HAP scaffolds
and was not treated. Finally, the lesion was closed using
resorbable sutures. Then, all of the rabbits were housed
in individual cages and allowed to move freely [28]. The
knee joints were removed at 2 months, 4 months and 6
months after the operations. All specimens were then
immediately macroscopically examined according to the
International Cartilage Repair Society (ICRS) macro-
scopic cartilage repair assessment [27, 29].

Histology analysis and immunohistochemistry

The cartilage of the rabbits was fixed with paraformal-
dehyde overnight (4%) for 72 h, washed was water for
24 h, decalcified in 10% ethylenediaminetetraacetic acid
solution, dehydrated in a graded ethanol series, and
embedded in paraffin. The samples were processed at
6 pm thickness by sagittal joint sections and stained with
safranin O fast green (SOFG, Solarbio, Beijing, China)
[30], hematoxylin-eosin (Wuhan Servicebio Technology
Co., Ltd, China) [26], toluidine blue (Solarbio, Beijing,
China), alcian blue (Wuhan Servicebio Technology Co.,
Ltd, China) [31] and immunohistochemical staining [32]
as previously described. All images were evaluated and
scored according to the International Cartilage Repair
Society (ICRS) visual histological assessment scale [27,
33, 34].

Results

Cultivation and identification of BMSCs

The BMSCs were extracted from New Zealand White
rabbits, and identified by hematoxylin and eosin (Fig-
ure S1), immunofluorescence staining (Figure S2), flow
cytometry analysis (Figure S3) and MTT assays (Fig-
ure S4), and a small number of spindle-shaped, multifi-
brillating, fibroblast-like cells were observed after 3 d
of primary culture (Fig. 1A). At 9 d of primary culture,
the density of BMSCs reached 90%, and the cells were
arranged in spindle-shaped, spiral or parallel bundles
(Fig. 1B). The cartilage matrix can naturally induce meta-
chromatic staining, such as toluidine blue metachromatic
stains [35]. The results showed that the cytoplasmic color
was blue and violet, suggesting that the BMSCs had dif-
ferentiated into chondrocytes with glycosaminoglycans
(Fig. 1C). The results of immunohistochemical staining
of collagen type II suggested that the BMSCs also dif-
ferentiated into chondrocytes (Fig. 1D). The pathological
section and HE staining results of mice tissues contain-
ing the CollI-HA-CS-HAP scaffolds showed that a small
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Fig. 1 Characterization of the BMSCs from New Zealand white rabbit. A. The images of the BMSCs were cultured for 3 d. B.The images of the BMSCs were
cultured for 9 d. C. The images of toluidine blue metachromatic staining of the BMSCs. D. The images of immunohistochemical staining of Collagen type

Il. Scale bar: 100 um

number of lymphocytes accompanied neutrophil infiltra-
tion on the fourth day, and then gradually disappeared.
No inflammatory cells were observed by microscopy on
the tenth day, indicating that the inflammatory response
had disappeared (Figure S5).

DAPI fluorescent stains

DAPI], as a classical DNA-specific fluorochrome, binds
strongly to adenine-thymine-rich sequences of DNA [36],
with absorption peaks at 222 nm, 259 nm, and 340 nm,
respectively. The fluorescence intensity can easily reflect
the DNA content and number of cells when the samples
are stained with DAPI [37]. The results of DAPI fluores-
cence staining showed that the number of BMSCs on the

scaffolds increased rapidly. The CollI-HA-CS-HAP scaf-
folds were conducive to the growth and proliferation of
BMSCs, and had good biocompatibility and a reticular
shape. In addition, the BMSCs could grow and distribute
along the direction of the scaffolds (Fig. 2, Figure S6).

Macroscopic examination

The cartilage defects of the blank, control and experi-
mental groups are shown in Fig. 3. When investigated 2
months after implantation, the defects appeared glossy,
translucent, and mostly well-integrated in both the
control and experimental groups. However, the regen-
erated cartilage (control group being 45% and experi-
mental group 55%) had a rough and sunken surface. At



He et al. Journal of Orthopaedic Surgery and Research

(2024) 19:818

Page 5 of 12

Fig. 2 The images of DAPI fluorescent stains. A. The images of the BMSCs were cultured for 3 d with the Colll-HA-CS-HAP scaffolds. B. The images of the
BMSCs were cultured for 6 d with the Colll-HA-CS-HAP scaffolds. C. The images of the BMSCs were cultured for 9 d with the Colll-HA-CS-HAP scaffolds. D.
The images of the BMSCs were cultured for 12 d with the Colll-HA-CS-HAP scaffolds. Scale bar: 100 um

4 months, the regenerated cartilage of the blank group
was 25%, while that of the control group was 85% and
that of the experimental group was 90%. At 6 months,
the regenerated cartilage of the experimental group had
reached up to 99%. The interface between the two was
not clearly identifiable, while that of the blank group
was merely 40% and that of the control group was 93%.
The total macroscopic assessment scores (Table S1) were
higher in the experimental group than in the control
group (11.40£0.10 vs. 10.3010.17; p<0.05), and higher
than that of the blank group (7.33+0.12; p<0.01; Fig. 3],
Kand L).

Safranin O-fast green (SOFG) staining was used for
histological evaluation. The newly formed osteoid was
illustrated by the gray-green color, while the cartilage-
like tissue was red. The cartilage defect in the control
and experimental groups was mended by newly formed
osteoid and cartilage-like tissue. In the blank group, only

formed osteoid was observed in the defect without carti-
lage formation apparent at 6 months (Fig. 4).

The hematoxylin-eosin (H&E) stain has stood the test
of time as the standard with the capability of highlighting
the delicate structures of cells and tissues. The basophilic
ribosomes of cartilage cells were dyed blue by hematoxy-
lin, while most eosinophilic cellular organelles and extra-
cellular matrix including collagen fibers were dyed red
by eosin [26]. The image results showed that new regen-
erated tissues, such as osteoid and collagen, were more
frequently observed in the region of defects in the experi-
mental group than in the control group after implanta-
tion. The soft tissues were predominantly grown into the
defects in the blank group (Fig. 5).

The results of SOFG, toluidine blue and alcian blue
staining showed poor and slight metachromasia in the
blank group, indicating the low proteoglycan content at 6
months post-surgery. The neoformed tissue was dense in
the control and experimental groups which represented
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Fig. 3 Representative photographs of gross appearance of the defect in cartilage (4 mm in diameter) at 2 month (A, B and C), 4 month (D, E and F) and
6 month (G, H and 1) after the operations. A, D and G represents cartilage defect model without treatment group (blank group). B, E and H represents
treated with the Colll-HA-CS-HAP scaffolds. C, F and | represents treated with the Colll-HA-CS-HAP scaffolds containing the BMSCs. The red circles indicate
the original defect margin. J (2 month), K (4 month) and L (6 month): macroscopic assessment of cartilage repair was assessed by International Cartilage
Repair Society (ICRS) macroscopic evaluation scale. Values are the mean +standard deviation (SD). Asterisks indicate signifificant differences (Student’s

t-test, P<0.01)
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Experimental Group

Fig. 4 The cartilage images of safranin O fast green (SOFG) staining at 2 month (A, B and C), 4 month (D, E and F) and 6 month (G, H and 1) after the
operations. A, D and G represents cartilage defect model without treatment group (blank group). B, E and H represents treated with the Colll-HA-CS-HAP
scaffolds. C, F and | represents treated with the Colll-HA-CS-HAP scaffolds containing the BMSCs. Scale bar: 200 um

higher proteoglycan content. The control group showed
lower proteoglycan content than the experimental group
(Figs. 4 and 6, Figure S7).

Immunohistochemical staining of the matrix and
chondrocytes was dense in the control and experimen-
tal groups at 4 and 6 months indicating high expression
of Colll (Fig. 7). However, the immunohistochemical
intensity staining at 2 months, however, was considerably
lower because of the lack of Colll expression in the blank
group (Fig. 7A, D and G). ICRS scoring of histological
evaluation (Table S2) of cartilage repair revealed a sig-
nificant difference between the control and experimental
groups (p<0.05), which was significantly higher than that
in the blank group (p<0.01) (Fig. 7J-L).

Discussion
The treatment of knee joint defects represents a chal-
lenge in orthopedic surgery [16, 19]. In this study, we
evaluated the importance of CollI-HA-CS-HAP scaffolds
containing BMSCs in the repair of cartilage defects in a
rabbit model.

The CollI-HA-CS-HAP scaffolds, retaining much
of the cartilage GAG and Colll, provide a natural

microenvironment for BMSC attachment, proliferation,
and differentiation into chondrocytes [38]. The results of
the DAPI fluorescence stain assay showed that differenti-
ated BMSCs seeded on the CollI-HA-CS-HAP scaffolds
underwent rapid growth (Figs. 1 and 2). These results
suggest that the CollI-HA-CS-HAP scaffolds have good
biocompatibility and nontoxicity.

To examine the regenerative potential of the CollI-HA-
CS-HAP scaffolds containing BMSCs, we selected carti-
lage defects 3 mm in diameter and 4 mm in depth, which
are difficult to repair spontaneously (large defect>3 mm
in diameter) [39]. Our findings showed that the regen-
erated surface of the defect in the Colll-HA-CS-HAP
scaffolds containing BMSCs group was very smooth and
flat, similar to normal cartilage. The interface of the new
cartilage and surrounding normal cartilage was almost
indistinguishable at 6 months after surgery (Fig. 3I). At
the same time, the defect surfaces in the CollI-HA-CS-
HAP scaffold group showed the tissue was thicker and
hyaline cartilage-like. The new cartilage was almost iden-
tical to the natural cartilage, displaying good integration
(Fig. 3H). In contrast, the defect was full of fibrous tissue
in the blank group (Fig. 3G).
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Fig.5 The cartilage images of hematoxylin-eosin (HE) staining at 2 month (A, Band C), 4 month (D, E and F) and 6 month (G, H and I) after the operations.
A, D and G represents cartilage defect model without treatment group (blank group). B, E and H represents treated with the Colll-HA-CS-HAP scaffolds.
C, F and I represents treated with the Colll-HA-CS-HAP scaffolds containing the BMSCs. Scale bar: 200 um

Cartilage lesions are the most common cause of
chronic knee pain [40]. Histological staining and immu-
nohistochemical analysis confirmed that the CollI-HA-
CS-HAP scaffolds help chondrocytes differentiated by
BMSCs to preserve the hyaline-like chondrogenic carti-
lage and induce efficient cartilaginous matrix molecules
such as proteoglycan secretion and cartilage regeneration
(Figs. 4, 5, 6 and 7). These results suggest that the Colll-
HA-CS-HAP scaffolds with BMSCs have good biode-
gradability, and nonimmunogenicity.

In conclusion, our results showed that Colll-HA-
CS-HAP scaffolds containing BMSCs with significant
physicochemical properties such as biocompatibility,
nontoxicity, biodegradability, and nonimmunogenicity
could regenerate large osteochondral defects in a rab-
bit model. The CollI-HA-CS-HAP scaffolds containing
BMSCs have a wide range of biomedical applications,
such as osteoarthritis surgery, tissue engineering, and
drug delivery.

Conclusions

The CollI-HA-CS-HAP scaffolds with BMSCs were
used in the repair of cartilage at first, which is inspired
by the biomineralization process, mimiced the composi-
tion and structure of bone and low cost, simple operation
and green environmental protection tissue engineering
cartilage scaffolds. Our research proved that the Colll-
HA-CS-HAP scaffolds with differentiated BMSCs can
successfully produce a perfect healing response and
repair full-thickness cartilage defects in a rabbit model.
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Blank Group Control Group Experimental Group
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Fig. 6 The cartilage images of toluidine blue staining at 2 month (A, B and C), 4 month (D, E and F) and 6 month (G, H and |) after the operations. A, D
and G represents cartilage defect model without treatment group (blank group). B, E and H represents treated with the Colll-HA-CS-HAP scaffolds. C, F
and I represents treated with the Colll-HA-CS-HAP scaffolds containing the BMSCs. Scale bar: 200 um
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Fig.7 The cartilage images of immunohistochemical staining at 2 month (A, B and C), 4 month (D, E and F) and 6 month (G, H and I) after the operations.
A, D and G represents cartilage defect model without treatment group (blank group). B, E and H represents treated with the Colll-HA-CS-HAP scaffolds.
C, F and I represents treated with the Colll-HA-CS-HAP scaffolds containing the BMSCs. Scale bar: 200 um. J (2 month), K (4 month) and L (6 month):
histochemical assessment of cartilage repair was assessed by International Cartilage Repair Society (ICRS) macroscopic evaluation scale. Values are the
mean + standard deviation (SD). Asterisks indicate signifificant differences (Student’s t-test, P<0.01)
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