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Aims
A large number of surgical operations are available to treat osteochondral defects of the
knee. However, the knee joint arthroplasty materials cannot completely mimic the articular
cartilage and subchondral bone, which may bring some obvious side effects. Thus, this study
proposed a biocompatible osteochondral repair material prepared from a double-layer scaffold
of collagen and nanohydroxyapatite (CHA), consisting of collagen hydrogel as the upper layer of
the scaffold, and the composite of CHA as the lower layer of the scaffold.

Methods
The CHA scaffold was prepared, and properties including morphology, internal structure, and
mechanical strength of the CHA scaffold were measured by scanning electron microscopy (SEM)
and a MTS electronic universal testing machine. Then, biocompatibility and repair capability of
the CHA scaffold were further evaluated using a rabbit knee cartilage defect model.

Results
The CHA scaffold was well suited for the repair of articular cartilage and subchondral bone; the
in vitro results showed that the CHA scaffold had good cytocompatibility. In vivo experiments
demonstrated that the material had high biocompatibility and effectively induced cartilage and
subchondral bone regeneration.

Conclusion
The CHA scaffold has a high potential for commercialization and could be used as an effective
knee repair material in clinical applications.

Aricle focus
• The preparation method of a double-layer

scaffold of collagen and nanohydroxyapa-
tite (CHA), consisting of collagen hydrogel
as the upper layer of the scaffold and the
composite of collagen-nanohydroxyapa-
tite as lower layer of the scaffold.

• The verification of the repair function of
CHA scaffold.

Key messages
• The CHA scaffold was shown to be well

suited for the repair of articular cartilage
and sub chondral bone.

• The CHA scaffold has good cytocompati-
bility and biocompatibility.

• In vivo experiments demonstrated that the
CHA scaffold effectively induces cartilage
and subchondral bone regeneration.

Strengths and Limitations
• The CHA scaffold has a strong repair effect

in cartilage and subchondral bone defects.
• Larger animal studies are needed to

validate the CHA scaffold before it can be
used in clinical applications of knee repair.
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Introduction
Trauma, osteochondritis dissecans (OCD), subchondral bone
hypoplasia fractures, or damage to the subchondral bone
plate from previous surgeries can cause osteochondral injuries
in the knee. Such localized abnormalities in the subchondral
bone and articular cartilage can lead to substantial joint
pain and morbidity over time. In some cases, up to 60% of
knees are found to have such defects at the time of arthro-
scopy.1-3 Several intra-articularly administered drugs, such as
corticosteroids,4 hyaluronic acid,5 glucosamine,6 and antibiot-
ics7 have been used clinically. However, long-term injection
of corticosteroids in articular cavities can lead to the imbal-
ance of cartilage metabolism and osteoporosis. Intra-articular
injections of hyaluronic acid lubricate joints and relieve pain
and other symptoms, but cannot repair cartilage damage.
Thus, the long-term clinical outcomes remain controversial.8

When these lesions are symptomatic and fail nonoperative
management, surgical strategies are available. Hydroxyapa-
tite (HA)-coated titanium femoral components,9-12 acetabular
components,13,14 and cemented hemiarthroplasty15 have been
used in hybrid total hip arthroplasty. The HA has a natural
affinity for bone cells and tissues, which is conducive to the
rapid combination of bone tissue with the scaffold to fix the
upper layer cartilage tissue. However, surgical treatment is not
effective in healing articular cartilage defects, and the quality
of regenerated cartilage is poor.16 Extracorporeal shockwave
therapy (ESWT) was reported to promote the effect of TGF-β/
BMPs, thereby modulating the production of extracellular
matrix (ECM) proteins and transcription factors involved in the
regeneration of articular cartilage and subchondral bone, in an
OCD rat model.17

Osteochondral allograft transplantation presents a
promising treatment option.18 Autologous matrix-induced
chondrogenesis (AMIC) has been considered as an encour-
aging treatment option for large cartilage lesions of the
hip.19 However, the allografts have a limited source. The
scaffolds provide structural support and space for regenera-
tion of surrounding tissues and cell growth.20 The scaffolds are
often prepared from natural and synthetic materials. Natu-
ral materials such as ECM, with good biocompatibility and
degradability, can promote cell adhesion, migration, differ-
entiation, and ECM deposition. Synthetic materials are also
widely used because of their controllable mechanical and
degradation properties. However, their hydrolysis reaction
during in vivo degradation may cause local pH reduction
and inflammatory reactions.21 Moreover, due to the normal
cartilage and bone having completely different mechani-
cal stiffness and material structural properties,22 repairing
osteochondral defects is difficult and complicated. Common
materials used to prepare monophasic scaffolds include
collagen,23 HA (Ca10(PO4)6(OH)2, HA), and some synthetic
polymers.24,25 The collagen has advantages in chondrocytes,
and thus monophasic scaffolds made from collagen have
often been studied in cartilage defect repair. Onodera et al26

reported that ultra-purified alginate (UPAL) gel was implanted
and facilitated cartilage repair. Helwa-Shalom et al27 found
that 0.5 μg/μl recombinant human amelogenin protein (rHAM)
induced in vivo healing of injured articular cartilage and
subchondral bone in a rat model. The double-layer scaffold
has attracted much attention due to its advantages. However,

this double-layer scaffold still had many defects that preven-
ted it from being used in in vivo experiments. For example, it
has been reported that the difficulty of simultaneous growth
of cartilage and bone in the same culture media made it
impossible to achieve the co-culture of more than one type of
cell on the same composite scaffolds.28 All of these problems
have prevented the study of the bipolar collagen/HA scaffold
until now; we developed the novel double-layer collagen
nanohydroxyapatite scaffold (CHA) for in situ osteochondral
repair.

In this study, we designed a novel scaffold with an
upper pure collagen layer corresponding to the cartilage
region, and a lower CHA composite layer that mimics the
subchondral bone. The key point is that in the surgical
method, we drilled a hole in the articular surface to reach the
bone marrow cavity, and then the bone marrow mesenchymal
stem cells (BMSCs) could be released, and the growth factors
in the bone marrow would also be absorbed into the collagen
sponge, to achieve the perfect integration of seed cells and
growth factors with the scaffold and the in situ repair of the
scaffold at the tissue damage site.

Methods
Preparation for CHA scaffold
The method of extraction of rat tail collagen was performed
as follows.29 The rat tails (n = 50) were collected and soaked
in 75% alcohol after washing. The tail tendon was obtained,
washed in phosphate-buffered saline (PBS), and then weighed
and cut into 2 to 3 mm fragments, and soaked in 0.1% acetic
acid solution at a concentration of 50 ml/g. Then it was placed
at 4°C for one week, during which it was shaken four to six
times a day. Next, the supernatant was obtained by centrifuga-
tion (4°C, 4,000 rpm, 30 mins). Then, 0.1% acetic acid solution
was added again into the precipitation and placed at 4°C for
two to three days. The supernatant was obtained by centrifu-
gation again (4°C, 4,000 rpm, 30 mins), and then we obtained
the crude-extracted collagen. Then, 2 mol/l NaCl solution
equal to the supernatant was added at a ratio of 1:1 for salting
out. The precipitation was obtained by 4°C centrifuge again
at 4,000 rpm for 30 minutes, and cleaned with sterile ddH2O
to remove the residual salt ions. Then it was re-suspended
and precipitated with 0.1% acetic acid solution. Finally, rat tail
collagen was obtained through overnight freezing at -80°C,
and freeze-dried in a vacuum freeze dryer.

The synthetic process of the CHA scaffold is illustra-
ted in Figure 1. The collagen obtained was weighed at
0.4 g and dissolved in 20 ml 0.1% acetic acid solution for
20 mg/ml collagen solution. The pH of the collagen solution
was adjusted to neutral with 1 M NaOH solution and stirred
with a magnetic stirrer at 4°C until it was completely dissolved.
Then, 0.5 g nano-HA was added into the collagen solution,
thoroughly mixed with a vortex oscillator, and added into a
96-well plate to 100 μl per well, frozen at -20°C for two hours,
and then frozen at -80℃ overnight. Next, the 96-well plate
was taken out, and 100 μl of 20 mg/ml collagen solution was
added to the frozen composite of CHA when it began to melt.
Finally, it was placed at -80°C and dried in a vacuum freeze
dryer.
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SEM of CHA scaffold
The collagen scaffold, HA and CHA scaffolds were freeze-dried,
cut, and sprayed with gold for 150 seconds using an ion
sputter (Cressington, China) with a parameter of 30 mA, 150
V. Then, the microstructure of the CHA scaffold was observed
by scanning electron microscopy (SEM; JSM-7001F; Nippon
Electronics, Japan).

Mechanical property of CHA scaffold
The height and diameter of material samples were measured
by a vernier caliper before being placed on the fixture of the
MTS electronic universal testing machine (MTS-858 Mini Bionix
II; MTS Systems, USA). Then, pre-load was set at -0.3 N and
the samples were compressed at a loading rate of 0.033 mm/s,
until the sample was damaged. Five independent samples
were used to evaluate the mechanical properties. The elastic
modulus was calculated as follows: E = stress/strain (stress
=ΔF/S, strain =ΔL/H).

Water contact angle of CHA scaffold
To evaluate the surface wettability and hydrophilicity of
scaffolds, the collagen scaffold and HA and CHA scaf-
folds were prepared and tested using a water contact
angle tester (LSA60; LAUDA Scientific, Germany). Briefly, the
nano-HA, collagen solution, and CHA solution were spread
on the slide and air-dried overnight in a fume hood. Then,
the samples were tested and three points were made for
every sample.

FITR of CHA scaffold
Since fourier-transform infrared spectroscopy (FTIR) is often
used to investigate the different functional groups of the
molecules, we tested the groups of nano-HA, collagen and
CHA scaffolds by FTIR to detect whether CHA scaffold was
successfully prepared. In brief, the nano-HA, collagen solution,
and CHA solution were placed on the surface of slides and
air-dried in the fume hood overnight. Then, the samples were
tested and analyzed by FTIR (IRTracer-100; Shimadzu, Japan).

Cell proliferation
Rabbit BMSCs and chondrocytes were isolated according
to our previous method.30,31 BMSCs (2 × 104 cells/ml) and
chondrocytes (2 × 104 cells/ml) were seeded into 96-well
plates (150 μl per well) and cultured for six hours. Next,
sterilized CHA or collagen scaffolds were added in the culture
plate, and then were co-cultured with cells for one, two,
and three days. For each timepoint, 10% Cell Counting Kit-8
(CCK-8) was added to react for two hours, and then 100 μl
was placed in the 96-well plate and measured by an enzyme-
labelled instrument (ELx800; BioTek, USA) at a wavelength of
450 nm, with six duplicatesset for every group. Meanwhile,
BMSCs and chondrocytes were seeded into six-well plates
and cultured with sterilized collagen/HA or collagen scaffolds,
respectively. Then, the rabbit BMSCs and chondrocyte cells
were all stained with neutral red to observe cell proliferation
after being cultured for one or three days.

Cell migration
We further tested the effect of CHA on cell migration. Briefly, 5
× 105 BMSCs and chondrocytes were seeded into each well of
the six-well plate and cultured for six hours. After the cells had
almost covered the bottom of the wells, starvation incubation
with 0.5% fetal bovine serum (FBS) medium was continued for
12 hours. A 10 μl sterile tip was then used to draw a straight
line across the bottom of the cell-lined six-well plate. The wells
were washed three times with PBS, and then both BMSCs and
chondrocyte cells were cultured for an additional 12 hours in
Dulbecco’s Modified Eagle Medium (DMEM) with the CHA or
collagen scaffolds, respectively, and cells cultured in DMEM
acted as a control. Cells were then stained with crystal violet.
Images were recorded at 0 hours and 12 hours for analysis. The
migration area between migrating edge and wound edge was
measured using ImageJ software (National Institutes of Health,
USA) and ten duplicates were set for every group.

Fig. 1
Preparation diagram of collagen nanohydroxyapatite (CHA) scaffold. The collagen obtained was mixed with hydroxyapatite (HA) and gradient frozen
overnight, then collagen solution was added to the frozen material, which continued de-gradient freezing and was dried in a vacuum freeze dryer.
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Articular joint drilling surgery
Ten New Zealand white rabbits (three months old, male:female
= 1:1) were randomly divided into two groups: control group
(n = 3) and CHA group (n = 7). The specific procedures
were as follows: the rabbits were weighed and anaesthetized
with 25% ethyl carbamate auricular vein (600 to 800 mg/kg).
After removing fur from the right hind leg of the rabbit, the

osteochondral defect model of the knee joint was created
according to our previous study.32 Then, CHA scaffolds were
carefully placed into the osteochondral defects and sutured
closely, while the control group received no treatment. The
authors adhered to the ARRIVE guidelines for animal studies,
and have included an ARRIVE checklist in the Supplementary
Material.

Fig. 2
Characterization of collagen nano-hydroxyapatite (CHA) scaffolds. a) Morphological observation of double-layer scaffold of CHA. b) Mechanical
property of CHA scaffolds. c) and d) Water contact angle of collagen, hydroxyapatite (HA), and CHA scaffold. e) Scanning electron microscopy (SEM)
images of CHA scaffolds. f ) Fourier-transform infrared spectroscopy (FITR) of collagen, HA, and CHA scaffold.
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Fig. 3
Biocompatibility of collagen (Col) nano-hydroxyapatite (CHA) scaffolds. a) Neutral red staining of bone marrow mesenchymal stem cells (BMSCs) and
chondrocytes in the medium containing collagen scaffolds or CHA scaffold. b) and c) Cell Counting Kit-8 (CCK-8) assay was used to test the effect of
collagen scaffold and CHA scaffold on cell proliferation, containing chondrocytes and BMSCs. d) Observation of cell migration in the collagen scaffold
and CHA scaffold medium. e) and f ) Quantification of migration area rate on BMSCs and chondrocytes cultured in the medium containing collagen
scaffold or CHA scaffold. OD, optical density.
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CT observation
Two months after surgery, all rabbits were killed, and the bone
tissues were obtained and fixed in 4% paraformaldehyde.
Then, the morphological and quantitative examination of
bone tissue samples was completed using micro-CT (SkyScan
1272; Bruker, Germany), and the bone volume fraction (BVF)
was calculated to evaluate bone defect repair.

Histological and immunofluorescence observation
The bone tissue samples were taken out from 4% parafor-
maldehyde, washed with PBS, and decalcified in ethylene-
diaminetetraacetic acid (EDTA) decalcified solution. Samples
were then graded and dehydrated in ethanol, embedded
in paraffin, and sectioned. To evaluate new cartilage and
bone formation, the sections were analyzed using haema-
toxylin and eosin (H&E), Masson’s trichrome staining (MTS),
Toluidine blue (TB), and safranin O (S-O) staining. To fur-
ther evaluate the bone tissue repair, immunofluorescence
staining was performed. Briefly, the slices were incubated
with primary antibodies (anti-Col I for BMSCs, anti-Col II for
chondrocytes), rinsed with PBS, and then incubated with
secondary antibody (Alexa Fluor 488; Thermo Fisher Scientific,
USA) and 4',6-diamidino-2-phenylindole (DAPI). The images of

the stained slices were taken by a confocal laser scanning
microscope (FV1000; Olympus, Japan).

Statistical analysis
All data in experiments are presented as mean and SD.
The migration area was calculated by ImageJ, and statistical
analysis was performed using SPSS Statistics v22 (IBM, USA)
software. The statistical differences were analyzed by one-way
analysis of variance (ANOVA), and p < 0.05 was considered to
be statistically significant.

Results
Preparation and characterization of CHA scaffold
As shown in Figure 2a, the CHA scaffolds with a height of
6.5 mm and a diameter of 6 mm have an obvious stratification,
consisting of a 3 mm collagen layer and a 3.5 mm CHA layer.
Results of mechanical properties showed that incorporation of
nano-HA into collagen hydrogels increased the elastic moduli
of the CHA scaffolds, with elastic moduli of CHA scaffold
reaching up to a mean 0.196 MPA (SD 0.005) (Figure 2b).
After nano-HA, the hydrophilicity of the collagen surface was
altered (Figure 2c), and the results of mean water contact
angles showed that all the material surfaces (HA: 3.24° (SD

Fig. 4
Evaluation of collagen nano-hydroxyapatite (CHA) scaffold on chondral injury. a) Model of knee joint cartilage defect. b) Gross observation of the
repaired cartilage tissues two months postoperatively. c) Micro-CT of new regenerated bone. d) Quantification of bone volume/total volume (BV/TV).
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0.60°); collagen: 32.57° (SD 0.12°); collagen/HA: 65.00° (SD
0.17°)) were hydrophilic, which is beneficial for cell adhesion
(Figure 2d). As shown in SEM images, the upper layer of CHA
scaffolds had a loose and porous structure, while the lower
layer of CHA scaffolds showed nano-HA in porous collagen
hydrogels and physically adhered to collagen hydrogel in the

CHA scaffold (Figure 2e). The chemical structure change of the
collagen scaffolds after adding HA was further investigated
by FTIR, and results indicated that both collagen/nano-HA
and collagen had a peak at 1,530 cm−1 corresponding to the
in-plane bending vibration (δ) of N–H (amide II), and both
collagen/nano-HA and HA had a peak at 1,275 cm−1, while

Fig. 5
Histological staining of bone tissues. CHA, collagen-nanohydroxyapatite scaffold; HE, haemotoxylin and eosin; Masson, Masson’s trichrome staining;
S-O, safranin O; TB, Toluidine blue.
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collagen/nano-HA increased to a new peak at 1,069 cm−1

corresponding to ν C–N (Figure 2f). These results demonstrate
that the collagen/HA have formed new bonds to improve
mechanical properties.

Biocompatibility of CHA scaffolds on bone defects
Any biomaterials applied to osteochondral defects of the knee
repair must be biocompatible. The effect of CHA scaffold
and collagen scaffold on cell proliferation was evaluated by
neutral red staining and CCK-8 assay. The images of neutral
red staining showed that BMSCs and chondrocytes could
continue to grow and proliferate on CHA scaffold and collagen
scaffold (Figure 3a). According to the results of CCK-8 assay
on BMSCs and chondrocytes (Figures 3b and 3c), the OD450
value between the CHA group and control group showed
a significant difference, indicating that CHA promoted cell
proliferation. In addition, the cell wound scratch assay was
performed to test whether the CHA scaffold promotes BMSC
and chondrocyte migration (Figures 3d to 3f). As shown in
Figure 3d, BMSCs and chondrocytes migrated to the scratched
region over time, and those co-cultured with CHA scaffold
migrated faster than those cultured with collagen scaffold
non-treatment after 12 hours. The quantification of migration
area rate indicated that both CHA and collagen promoted cell
migration, and that the CHA group had a greater promoting
effect than the collagen group (Figures 3e and 3f).

Effect of CHA scaffolds on bone defects
As shown in Figure 4a, two months after surgery, it was
observed that regenerated tissues in the CHA group were well
integrated with the surrounding cartilage tissues, showing
a white and smooth appearance, very similar to normal
cartilage. In contrast, the control group still had significant
defects, with little fibrous tissue at the base of the defective
holes (Figure 4b). The results of micro-CT also showed that

the osteochondral defects in the CHA group were replaced by
more bone and cartilage-like tissue compared to the control
group (Figure 4c). Additionally, the BVF values in the CHA
group were higher than in the control group, which con-
firmed that CHA scaffold could promote articular osteochon-
dral defect repair (Figure 4d).

Histological evaluation of collagen/nano-hydroxyapatite
scaffold on bone defects
We observed from H&E staining images that there was more
newly formed cartilage in the CHA group than in the control
group. In vivo results were consistent with previous stud-
ies that type I collagen scaffolds supported chondrogenesis
in vitro.33,34 In addition, MTS, TB, and S-O staining further
suggested that the CHA group formed a larger amount
of cartilage collagen and polysaccharides than the control
group, significantly promoting cartilage matrix formation in
vivo (Figure 5). The in vivo results were also consistent with
previous studies that individual type I collagen35 or HA36

substrates improved ability of osteoblast differentiation, and a
combination of collagen-I and HA could accelerate osteogene-
sis.37 The reason for this may be that the Col/HA composite
is similar to bone tissue in composition and microstructure,
providing an appropriate microenvironment for osteogene-
sis.38

Collagen deposition of new regenerated bone
Collagen II is one of the key proteins in the ECM of articu-
lar cartilage, while collagen I plays a key role in formation
and maintenance of bone structure. To further evaluate the
regenerated cartilage tissue, we also performed immunofluor-
escence staining of new bone tissue with collagen II and
collagen I antibodies (Figure 6a). The quantitative analysis of
the immunofluorescence images indicated that collagen II and
collagen I deposits were significantly higher in the CHA group

Fig. 6
Histological staining of bone tissues. a) Immunofluorescence staining of new bone tissue with collagen II and collagen I. Quantitative analysis of b)
collagen II and c) collagen I positive area. CHA, collagen-nanohydroxyapatite scaffold.
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than in the control group (Figures 6b and 6c). The capacity of
repairing both articular and hypertrophic cartilage suggested
that our CHA scaffolds possess potential for remodelling and
repair of osteochondral defects.

Discussion
The composite scaffold scheme is not uncommon in the
application of bone and cartilage medical tissue engineer-
ing. In order to overcome the limitations of conventional
scaffolds such as poor biocompatibility, suboptimal mechan-
ical properties, uncontrollable rate of biodegradation, and
mismatch between a single structure and the layered structure
of articular cartilage, hyaluronic acid was added to collagen to
form a cylindrical structure in a previous study. This composite
scaffold has good cell compatibility and stronger mechani-
cal properties than pure collagen. However, the mechanical
properties required for cartilage and subchondral bone repair
are still not perfect.39

HA, the main component of bone powder, although its
degradation rate is low,40-42 has good mechanical properties,
excellent biocompatibility with hard tissue,43 and high bone
conductivity and biological activity.44 It is neither antigenic
nor cytotoxic.42 However, the single use of nano-hydroxya-
patite (HA) as bone filling material is ineffective for bone
repair and cannot achieve the desired repair effect because its
powder is easily dispersed under the free flow of body fluids.
Therefore, many researchers add polyester materials such as
poly(lactic-co-glycolic acid) (PLGA) and polylactic acid (PLA)
into HA powder to demonstrate that HA can form a unique
shape and be fixed to the bone defect.45 It is worth noting
that polyester materials used more in the past can easily
use 3D printing technology to achieve defect filling. However,
polyester materials have limited ability to capture cells at bone
repair sites due to their large hydrophobic properties and
opposite hydrophilic environment in vivo, which also reduces
the effect of bone repair.46 In contrast, the addition of collagen
to HA not only meets the characteristics of biocompatibility,
biodegradability, and bone induction, but also prevents the
dispersion of HA in the implant, thus forming a biomaterial
that easily repairs bone defects.28,47,48

During the process of repairing osteochondral defects
in knee joints, it is necessary to induce the formation of
osteocytes to reach the state of bone repair, and to induce
the formation of chondrocytes to reach the state of cartilage
repair. The method of preventing the over-repair of either
bone or cartilage, and thus balancing the degree of bone and
cartilage repair, has become a challenge for researchers. In
this study, the characteristics of collagen were fully utilized.
Collagen and HA were mixed to condense HA in the lower
scaffold, maintain good mechanical properties, and recruit and
induce osteocytes in bone repair. At the same time, a separate
rat tail collagen that was used as the upper layer provides
a collagen fibre platform for the migration of chondrocytes
and the reconstruction of the cartilage layer.28 Zhou et al28

performed in vitro studies comparing monophasic collagen
scaffold and biphasic collagen/HA scaffolds, and the results
showed that bipolar collagen/HA scaffold has more advan-
tages in osteogenesis, while monophasic collagen scaffolds
performed better in chondrogenesis. The experimental results
also showed that the composite scaffold not only possesses
positive mechanical properties for bone tissue repair, but also

exhibited strong osteoinductive ability and inhibited cartilage
calcification caused by excessive bone growth in the cartilage
layer.

In conclusion, in our study we developed a novel
CHA scaffold with a unique structure and properties that
can effectively match and repair osteochondral defects in
the knee joint. Additionally, the CHA scaffold could promote
BMSC and chondrocyte proliferation and migration, suggest-
ing good biocompatibility. Animal experiments indicated that
our CHA scaffold induced cartilage and subchondral bone
tissue recovery effectively. Because of the unique performance
and high repair capability of CHA scaffolds, they have high
clinical potential in joint defect repair.

Supplementary material
An ARRIVE checklist is included in the Supplementary Material to
show that the ARRIVE guidelines were adhered to in this study.
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