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Abstract
Background

Articular cartilage has limited self-repair ability. Tissue engineering is considered to be one of the most
promising therapeutic approaches. Chitosan (CS) based hydrogels are the most widely used scaffolds
which still need improvement. The purpose of this study was to investigate the e�cacy of a thermally
triggered injectable chitosan / type II collagen / polylactic acid / sodium β-glycerophosphate
(CS/Col/PLA/GP) hydrogel and bone marrow mesenchymal stem cells (BMSCs) for the treatment of
cartilage defects in rabbit knee joints.

Material/Methods

The CS-based hydrogels consisting of CS, Col II, PLA and GP were fabricated by chemical cross-linking
method. The gel forming time and elastic modulus of these hydrogels were measured. We tested the
viability, proliferation and differentiation of rabbit BMSCs cultured in the hydrogels by �uorescence
staining, CCK-8 and PCR method. The hydrogels combined with or without BMSCs were injected into
cartilage defects in rabbit knee joints and the materials were collected at 8 weeks after surgery. The repair
effect of cartilage defects was evaluated based on gross observation, HE, safranin O and
immunohistochemical staining.

Results

The CS/Col/PLA/GP hydrogel was liquid at room temperature and gelled after 7.5±0.41min at 37°C.
CS/Col /PLA/GP hydrogel had a modulus of 8.90 ± 0.12 kPa while CS/GP and CS/Col/GP hydrogels had
the modulus of 4.07 ± 0.24 kPa and 4.93 ± 0.09 kPa. The results of Live/Dead cell viability assay reveal
that most of BMSCs remained alive in the hydrogels. CCK-8 assay shows that the number of cells in
CS/Col /PLA/GP hydrogel was signi�cantly higher in comparison to the other groups on days 2 and 3 of
cell culture (p<0.05). Aggrecan mRNA expression in the CS/Col /PLA/GP gel was the highest (p<0.05).
Sox9 mRNA expression in the CS/Col /GP group was the highest, in which CS/Col /PLA/GP hydrogel was
higher than the CS/GP hydrogel(p<0.05). Furthermore, CS/Col/PLA/GP and CS/Col /GP hydrogels
showed higher COL2A1 mRNA expression in comparison to CS/GP constructs (p<0.05). In vivo studies
showed that approximately 90% of the cartilage defects of rabbits treated by the hydrogel and BMSCs
were repaired with hyaline-like tissue without obvious in�ammation response. HE, safranin O, and
immunohistochemical staining showed that the hyaline like cartilage was formed in cartilage defects,
and the collagen content in the new generated cartilage was similar to the normal cartilage. The
neocartilage was thinner than the surrounding normal cartilage, but it exhibited integration with adjacent
healthy tissue. The abundant well-de�ned chondrocytes were aligned in several apparent chondrocyte
clusters in the new generated cartilage.

Conclusions
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The thermo-sensitive injectable CS/Col/PLA/GP composite hydrogel has better ability to promote survive,
proliferation and chondrogenic differentiation of seeded BMSCs as compared against CS/Col/GP and
CS/GP hydrogels. Combined with BMSCs to repair cartilage defects of rabbit knee joints, they can
effectively reduce the cartilage defect area, and the new generated cartilage is comparable to normal
cartilage structure. In addition, abundant availability and simple fabrication process also make
CS/Col/PLA/GP composite hydrogel a suitable candidate scaffold in cartilage tissue engineering. 

Background
Articular cartilage defects appear with frequency in orthopaedic clinical practice as result of trauma,
infections or degeneration of joints[1] . Even a minor defect may fail to heal, thus degenerating to
osteoarthritis, which leads to knee joint dysfunction, signi�cant pain, and even disability[2, 3].
Articular cartilage defects have been treated with microfracture, autologous chondrocyte implantation
and bone marrow stimulation [4]. However, there are problems such as inaccurate clinical e�cacy,
secondary damage to the donor area, and limited availability[4] . In recent years, cartilage tissue
engineering has become a signi�cant alternative to conventional treatment[5].

Tissue engineering to promote cartilage regeneration must take on three elements: scaffolds, cells, and
growth agents[6]. Designing appropriate material for tissue engineering is a critical step in tissue
engineering. Recently, hydrogels have been considered one of the most promising materials because they
could offer high water content , implantation without open surgery, and in situ scaffold formation [7]. In
particular, in situ cross-linkable hydrogels have been widely used as therapeutic implants for cartilage
tissue engineering[8]. They can be injected into the target sites using injectable devices and can
encapsulate cells or drugs during hydrogel formation.

Natural polymer derived chitosan(CS) hydrogel has recently been paid much attention due to its
advantages such as biocompatibility, biodegradability and antibacterial activity[9] . CS binds to sodium β-
glycerophosphate (GP) and generates thermosensitive gel complex[10] . The hydrogel displayed a
desirable gelling behavior that is useful for intra-articular injection (liquid-like
at room temperature and gel-like at 37 °C). They are able to �ll abnormally shaped defects and support
intra-operative cell seeding through minimally invasive methods, which greatly facilitate clinical
applications.

Although CS hydrogels have numerous advantages, their mechanical and electrical properties are not
good enough to satisfy cartilage tissue engineering. It is sometimes not possible to prepare a biomaterial
with desired properties using only one polymer. Therefore, composite materials are created where a
supportive material can be added to comply with the necessary mechanical properties [11]. It was shown
that freeze-dried CS/gelatin scaffolds crosslinked with genipin support bone regeneration in vivo in mice,
inducing extracellular matrix (ECM) production with minimal in�ammatory reactions [12]. The addition of
TEMPO-oxidized cellulose nano�ber induced faster gelation and increased porosity with improved
biocompatibility in vitro and in vivo in comparison to CS[13]. It was known that synthetic thermoplastic
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polymers such as polycaprolactone (PCL), polylactic acid (PLA), have mechanical properties well suited
for use as scaffold structures for cartilage tissue engineering as they are relatively stiff and strong[14]. It
was also demonstrated that CS /PLA hybrid scaffold improved stiffness in comparison to CS hydrogel
alone. The low mechanical properties of hydrogels can be overcome with the use of PLA which improve
the mechanical stability of the hydrogel[15]. However, they undergo rapid cell-mediated contraction and
generate �brous cartilage rather than hyaline cartilage. It is still a challenge to mimic native cartilage
more accurately and to improve their mechanical and biological properties.

It is well-known that type II collagen (Col II) is the main component of articular cartilage. It was found that
the hydrogel prepared by collagen is rich in bioactive sites bene�cial to the growth of cells and tissues,
and has good biocompatibility [16]. It has been reported that Col II hydrogels resulted in the more
prominent chondrogenic differentiation of MSC, compared to alginate or type I collagen [17]. Zhang and
his colleagues designed a biocompatible bone repair material prepared from crosslinked porous
constructs of collagen and hydroxyapatite [18]. The results in their research demonstrated the novel
materials presented high biocompatibility and effectively induced osteanagenesis ability. CS could
interact with collagen via electrostatic interactions between abundant amino groups and sulfo groups
[19], and freeze-dried Col II /CS hybrid scaffold possesses improved stiffness in comparison to single
component scaffolds, with a good porous structure resembling cartilage[20].

Based on previous research, we have designed a novel thermosensitive, injectable hydrogel scaffold
which includes CS, Col II, PLA and GP. BMSCs, combined with CS/Col /PLA/GP hydrogel, were injected
into the articular cartilage defects in a rabbit model. We evaluated physical and biological properties of
the new fabricated hydrogel and determined the e�cacy of cartilage defects treatment with this hydrogel
and BMSCs.

Results
2.1 Physical properties of the CS-based hydrogels

All CS-based hydrogels were liquid at room temperature and irreversibly gelled following incubation at
37°C in 10min but the time durations were different (Figure 1). All formulations were light yellow and
clear. CS/GP and CS/Col /GP solution became gel in 8.87± 0.48min and 8.0±0.41min, while CS/Col
/PLA/GP solution became gel in 7.5±0.41min (Figure 1B). The difference between three groups was not
statistically signi�cant (p> 0.05). Results of compression test on the hydrogels were shown in Figures 1C.
The compressive modules of the hydrogels increased signi�cantly after the PLA and Col were
supplemented, compared with CS gel alone. It revealed that CS/Col /PLA/GP hydrogel was 2.19 times
stiffer than CS/GP hydrogel (p < 0.05). CS/Col /PLA/GP hydrogel had a modulus of 8.90 ± 0.12 kPa while
CS/GP and CS/Col/GP hydrogels had the modulus of 4.07 ± 0.24 kPa and 4.93 ± 0.09 kPa.

2.2 Survival, proliferation and differentiation results of BMSCs in the CS-based hydrogels
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BMSCs were cultured in the three CS-based hydrogels for 3 days and then stained with the Live/Dead
staining kit. The results are shown in Figure 2. It can be seen that there is almost no red �uorescence in
the �eld of 400x and 600x, and the entire �eld of view is bright green. It revealed that most of BMSCs
remained alive in the hydrogels.

Figure 3 shows the results of CCK-8 assay. As it is shown, three CS-based hydrogels improve and
accelerate BMSCs proliferation on day 1, 2, and 3 after culturing in the gels. There was no signi�cant
difference in the number of cells between the groups on the �rst day. After 2 or 3 days, cell proliferations
in hydrogels were signi�cantly higher in comparison to the control group (p<0.05). Among these three
hydrogels, the CS/Col /PLA/GP group has the strongest cell proliferation ability.

The qRT-PCR technique was used to detect the changes in the expression level of BMSCs chondrogenic
differentiation-related mRNA. The results are shown in Figure 2F: The expression of chondrogenic
differentiation-related mRNA showed a certain difference. Aggrecan mRNA expression in the CS/Col
/PLA/GP gel was the highest with statistical signi�cance (p<0.05). Sox9 mRNA expression in the CS/Col
/GP group was the highest, in which CS/Col /PLA/GP hydrogel was higher than the CS/GP
hydrogel(p<0.05). Furthermore, CS/Col /PLA/GP and CS/Col /GP hydrogels showed higher COL2A1
mRNA expression in comparison to CS/GP constructs (p<0.05). There was no signi�cant difference
between the CS/Col /PLA/GP group and the CS/Col /GP group. The results indicate CS/Col /PLA/GP
hydrogel has the best biocompatibility, which not only favors the survival and proliferation of BMSCs, but
also helps them differentiate into chondrocytes.

2.3Macroscopic observations of the articular cartilage

Figure 5B shows that the cartilage defects in CS/Col /PLA/GP hydrogel+BMSCs group generally exhibited
cartilage-like formation at 8 weeks after surgery. Approximately 90% of the defect was repaired with
hyaline-like tissue and the joint surface was relatively smooth. The margin was integrated with adjacent
healthy tissue (Figure 5B4). No signs of cartilage erosion, or synovial proliferation were observed in the
operated knees. The repair effects in the hydrogel+BMSCs group were remarkably better than those in the
control (Figure 5B2) and hydrogel groups (Figure 5B3). The surgical defects with hydrogel implantation at
8 weeks had irregular surfaces with �brosis and were incompletely healed. The defects in the control
group were still concave, irregular, or empty in the middle and the boundary was clear (Figure 5B2).

According to the ICRS scores from macroscopic observations, the average scores in the hydrogel+BMSCs
group (10.33±1.51) were higher than those in the control group (2.83±0.75) and hydrogel group
(5.17±0.75) (Figure 5). The scoring showed a signi�cant difference among those three groups (P<0.05),
which means that the application of CS/Col /PLA/GP hydrogel to �ll cartilage defects favor cartilage
repair, but hydrogel combined with BMSCs has the best repair effect.

2.4 Histological and immunohistochemical evaluations of the articular cartilage
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Figure 6 shows the results of HE, safranin O, immunohistochemical staining of Col II of the new
generated cartilage. In hydrogel+BMSCs group, the cartilage defects were repaired by hyaline-like
cartilage at 8 weeks (Figure 6 D1-D6). The neocartilage was thinner than the surrounding normal
cartilage, but it exhibited integration with adjacent healthy tissue. The abundant well-de�ned
chondrocytes were aligned in several apparent chondrocyte clusters in the new generated cartilage which
had integrated with subchondral bone. The Col II content in the new generated cartilage was similar to the
normal cartilage. No obvious in�ammatory response and hydrogel residue were observed. In hrdrogel
group, more �brocartilage and less integration were discovered in cartilage defects (Figure 6 C1-C6). In
control group, the defects were �lled with severe �brosis, and no cartilage was discovered (Figure 6 B1-
B6).

Discussion
With its limited self-repair potential, human articular cartilage undergoes frequent irreversible damages.
The repair of cartilage defects remains a signi�cant challenge in orthopedic medicine. Cartilage tissue
engineering based on materials science and cell biology was considered to be one of the most promising
therapeutic approaches for cartilage defects [4].

Environmentally sensitive hydrogels are one of the important components of cartilage tissue engineering
scaffolds [5]. They show a phase transition form a solution to a gel state via various physical and
chemical stimuli. According to the cross-linking strategies, they can be divided into photo-sensitive,
thermo-sensitive, pH-sensitive hydrogels and so on [21]. Studies have been conducted to prepare pH-
sensitive hydrogels by reaction between dibenzaldehyde terminated PEG and chitosan[22] . Some
researchers prepared the photosensitive hydrogel by introducing the chlorophyll photosensitive group into
the PNIPAm hydrogel [23]. The CS/Col /PLA/GP hydrogel in this article has thermo-sensitive property. It is
liquid at room temperature and forms a gel at 37°C after 7-8 minutes. Thermo-sensitive characteristics
and suitable gelation time make it suitable for intra-articular injection and in-situ gelation in the defect
area. Compared with other types of smart hydrogels, this hydrogel does not depend on pH or light with
special wavelengths, and can undergo a liquid-gel phase transition at physiological temperature. At the
same time, the thermo-sensitive gel is formed by physical cross-linking, avoiding the disadvantages of
using chemical cross-linking agents. The results in vivo suggested that CS/Col /PLA/GP solution was
injected into the cartilage defects of the rabbit, and a gel formed after about 8 minutes. No shedding
occurred, and the cartilage defect area was completely �lled with hydrogel. In clinical treatment, the
hydrogel solution can be injected into cartilage defects of different sizes and shapes through arthroscopy
or other minimally invasive methods, and the gel can be formed in situ by itself to exert a repairing effect,
which greatly facilitates clinical practical applications.

CS/GP hydrogel is a weak gel with a very low compression modulus. This study shows that the elastic
modulus of the hybrid scaffold signi�cantly increased when compared to CS/GP gel alone (4kPa), after
the PLA and Col II were supplemented. Wu Jingjing and others designed and synthesized chitosan/silk
�broin/nano-hydroxyapatite composite gel by adding nano-hydroxyapatite to signi�cantly improve the
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mechanical properties, and the elastic modulus can reach more than 40 kPa [24]. However, BMSCs still
showed desired proliferation and differentiation into chondrocytes in the CS/Col II /PLA/GP gel, which
may be related to the lower mechanical properties of the gel. As we known, tissue elasticity can range
from less than 1KPa (brain, lung), 1MPa (cartilage), up to 2-4 GPa (bone)[25] . Some scaffolds with poor
mechanical properties still display excellent prospects in applications [26, 27] . Previous studies have
reported when gel rigidity increased, although overall cell survival decreased, more osteogenic
differentiation of MSCs was observed[28] . Some researchers have reported that BMSCs showed
osteogenic differentiation in the bioglass-alginate scaffold with strong mechanical properties [29]. Some
studies have demonstrated that BMSCs cultured in calcium phosphate scaffolds embedded in CS
hydrogels increase cartilage matrix components synthesis and chondrogenic diffrentiation, in
comparison to calcium phosphate scaffolds alone[30]. Engler and other scholars found that mechanical
properties of the biomaterials affect cell behaviour[31]. Consistent with our results, growing evidence has
demonstrated that MSCs differentiate into neural, muscle, cartilage lineages after being cultured on the
soft substrates, while MSCs differentiate into bone lineages on the stiffer substrates [31].

In addition to the mechanical properties, the composition and structure of scaffolds affect the synthesis
and quality of the new generated cartilage. Speci�cally, recent researches have demonstrated that the
differentiation capability of stem cells is enhanced in a three dimensional (3D) culture system both in
vivo and in vitro[32] . Compared with other scaffolds, hydrogel has a spatial structure more similar to
extracellular matrix. In addition to water, the extracellular matrix is mainly composed of collagen,
proteoglycans and other protein macromolecules [1]. In this study, type II collagen contained in the
CS/Col /PLA/GP composite gel is the main component of articular cartilage. CS is a linear carbohydrate
biopolymer with a structural similarity to glycosaminoglycans of the extracellular matrix (ECM). Some
researchers have reported that the collagen component provides contact with a native ECM protein that
regulates the adhesion, proliferation, and differentiation of MSC[33] . Type II collagen hydrogels have
been shown to promote chondrogenic differentiation of embedded MSCs[34] .It was reported that
chondrocytes embedded in collagen gel maintained the cartilage phenotype in long-term cultures [35].
The results in this study showed that BMSCs can proliferate and differentiate into chondrocyte in the
CS/Col /PLA/GP composite hydrogel. 8 weeks after surgery, it was observed that all the hydrogels were
completely degraded in the cartilage defect area without signi�cant in�ammatory response. Hyaline-like
tissues were generated, which were almost �ush with the surrounding normal cartilage tissue. No obvious
hydrogel residue was observed in histological staining. Some researchers combined chondrocytes with
type collagen and implanted them into the cartilage defects of rabbits. Consistent with our results, it can
be seen that the tissue engineered cartilage is similar in height and texture to the surrounding normal
cartilage after 12 weeks [5]. Some studies have wrapped chondrocytes with hyaluronic acid composite
hydrogel, and found that it can maintain the phenotype and high activity of cartilage cells, and increase
the expression of cartilage matrix [36].In another study, in vivo experiments for the repair of cartilage
defects in rabbits using gelatin-polylactic acid multilayer gel and BMSCs have shown the formation of
hyaline cartilage by the fourth week post-implantation [37]. The results of this study showed that the new
generated cartilage staining in hydrogel+BMSCs group is close to the surrounding tissue, and
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chondrocytes can be seen in it. Similar to other researches, the thickness of new generated cartilage in
this study is insu�cient, and the degree of integration with normal cartilage needs to be further improved.
How to adopt more innovative engineering approaches to generate more complex tissue constructs with
better mechanical and biological properties, and extend the duration of observation in animal
experiments are all aspects that need to be improved upon the future.

Conclusions
In summary, the thermo-sensitive injectable CS/Col /PLA/GP composite hydrogel has better ability to
promote survive, proliferation and chondrogenic differentiation of seeded BMSCs as compared against
CS/Col/GP and CS/GP hydrogels. Combined with BMSCs to repair cartilage defects of rabbit knee joints,
they can effectively reduce the cartilage defect area, and the new generated cartilage is comparable to
normal cartilage structure. In addition, abundant availability and simple fabrication process also make
CS/Col /PLA/GP composite hydrogel a suitable candidate scaffold in cartilage tissue engineering.

Materials And Methods
4.1 Materials

New Zealand white rabbits (4-5 months old, weighing 2.5-3.0 kg, provided by the Animal Experiment
Center of Tongji Medical College); Chitosan (molecular weight~~21,000Da, deacetylation degree>95%,
Jinan Haidebei Marine Biological Engineering, China), sodiumβ-glycerophosphate(Aladdin, USA), Acetic
acid(chemical reagents of analytical grade, Sigma, USA), Type II Collagen (Shanghai Xiangduo Biological,
China), Polylactic Acid (Sigma, USA) , -MEM medium (Gibco, USA), DMEM / F12 medium (Gibco, USA),
fetal bovine serum (Gibco, USA), 0.25% trypsin (containing EDTA) (Gibco, USA), Live/Dead cell staining
kit(Sigma, USA), type II Collagenase and trypsin (Sigma, USA), HE and Safranin O staining kit (Gibco,
USA), anti-type II collagen antibody (Abcam, USA), goat anti-rabbit horseradish peroxidase IgG (Abcam,
USA), SYBR® Green master mix (Applied Biosystems, Foster City, CA); Fluorescence inverted microscope
(Olympus, Japan), Universal tensile testing machine SANS CMT4000, MTS, China .

4.2 Fabrication of thermosensitiveCS-based hydrogels

Firstly, 2000 mg of CS powder was dissolved in 100 mL acetic acid (0.1 mol / L) and vigorously stir for 1h
with 300 rpm to prepare a 2% solution. The solution were then passed through a gauze �lter, sterilized by
autoclave (121 °C, 15min) and stored at 4 °C; 25mg Col II was dissolved in 1.25mL acetic acid (0.1 mol /
L) to prepare a 2% solution; 20mg PLA was dissolved in 1 mL chloroform solution to prepare a 2%
solution; 5600mg GP powder was dissolved in 10 mL distilled water to prepare a 56% solution, which was
sterilized by suction �ltration. Secondly, the hydrogel was prepared by mixing CS with Col II and PLA at
the ratio of 2: 1: 1; the pre-cooled GP was added dropwise to the mixed solution in the ice bath under
constant stirring with 300 rpm to reach a �nal concentration of 6%. The CS/GP, CS/Col /GP hydrogels
were prepared following the same steps above and served as controls.
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4.3 Gelation time determination and mechanical characterization of CS-based hydrogels

The test tube inverting method was used to measure the gelation time at constant temperature of 37°C in
a water bath. 1mL of each sample (n = 5) of hydrogel solution was added into test tubes at room
temperature before incubated in water bath. The �uidity of the samples was observed every 30 s by tilting
the tube. The time at which �ow stopped was taken as the gelation time and the values were recorded.

Compression tests were carried out by a universal tensile testing machine. At least four specimens were
tested for each group. Samples were cut into cubic specimens and compressed by two parallel metal
platens. The state of the hydrogel samples was examined with crosshead speed of 2 mm/min until
reaching 20% strain. Force and deformation data were collected by the test instrument and were
converted to stress and strain values. The elastic modulus was calculated from the slope of the initial
linear segment of stress–strain curves.

4.4 In vitro culture of BMSCs in CS-based hydrogels

The animal experiment was carried out in accordance with relevant guidelines and regulations, and was
approved by the Medical Ethics Committee of the Puai Hospital a�liated to Tongji Medical College,
Huazhong University of Science and Technology (number: KY-2020-106-01). Three New Zealand rabbits
were sacri�ced under general anaesthesia by injection of 30mg/kg sodium pentobarbital (1%) through
the auricular veins. The femur and tibia were isolated under aseptic conditions and the muscles on the
bone surface were removed. BMSCs were isolated as published previously[38]. BMSCs were cultured in
DMEM supplemented with 10% FBS and 1% antibiotic-antimycotic so lution (penicillin, streptomycin,
amphotericin, and gentamycin) under standard cell culture conditions (37°C, 5% CO2, 95% humidity). The
�rst medium change was performed after 24 h, and then the medium was changed every half a day for
half a volume. BMSCs were passaged and expanded. All experiments were performed with passage 3
(P3) BMSCs.

The sterile hydrogels were prepared as previously mentioned in an aseptic environment and mixed with
BMSCs suspension of appropriate amount reaching a �nal cell density of 2*105 cells/mL. They were
placed in 24-well plates (0.5mL for each well). To induce thermal gelation, hydrogels were placed in an
incubator at 37°C for 10 mins. After gelation, all the hydrogels were washed three times with cell culture
medium every 30mins. 1 mL complete medium was added to each well and changed every 2 days.

4.5 Cell viability and proliferation assessments of BMSCs seeded in hydrogels

Cell viability seeded in hydrogels was evaluated using Live/Dead cell viability assay. After 3 days of
incubation, cell-seeded scaffolds were washed in PBS for three times. Each constructs was immersed in
500uL of PBS with Calcein AM (0.05% v/v) and ethidium homodimer 1 (0.2% v/v) and incubated for 2h at
37℃. Samples were imaged using a �uorescence inverted microscope applying an excitation/emission
wave length of 350/460 nm.



Page 10/19

Cell proliferation was determined using the Cell Counting Kit-8 (CCK-8, Sigma-Aldrich, USA) on days 1, 2,
and 3 of cell culture, following manufacturer instructions. 2D culture system was taken as control group.
Brie�y, cell culture medium of the samples (three replicates) was removed and 350μL fresh culture
medium with 35μL CCK-8 reagent was added to each sample. After incubated at 37°C for 2 h, 100 μL
medium of each well was transferred to 96-well plate. The absorbance values were measured using a
microplate reader at wave length of 450 nm. The results obtained were expressed as optical density (OD)
after blank subtraction.

4.6 Cartilage-speci�c gene expression analysis of BMSCs seeded in hydrogels

On days 21 of cell cultured in chondrogenic medium(DMEM, 10 μg/ml insulin, transferrin, selenium, 0.1
μM dexamethasone, 40 μg/mL proline, 50 μg/mL ascorbate-2-phopshate, 10 ng/mL TGF-β3), total RNA
was collected from constructs by sequential use of Trizol and RNeasy mini kit plus, according to the
manufacturer’s instructions. 500 ng total RNA was reverse transcribed into cDNA using SuperScript III
�rst-strand synthesis kit (Thermo Fisher Scienti�c). Quantitative real-time polymerase chain reaction (qRT-
PCR) was performed using SYBR® Green master mix on a StepOnePlus Real-Time PCR system (Applied
Biosystems). GAPDH was used as the housekeeping gene. Relative genes expression (Sox9, Aggrecan,
COL2A1) were assessed using the ΔΔCT method. Primer sequences are as follows: GAPDH (Forward:
CAAGGCTGAGAACGGGAAGC; Reverse: AGGGGGCAGAGATGATGACC), Sox9 (Forward:
CTGAGCAGCGACGTCATCTC; Reverse: GTTGGGCGGCAGGTACTG), Aggrecan (Forward:
GCTACACTGGCGAGCACTGTAACAT; Reverse: GCGCCAGTTCTCAAATTGCATGGG), COL2A1 (Forward:
GCTGGTGAAGAAGGCAAGA; Reverse: AGAACACGGACCACAAGGA).

The mechanical and biological properties were invested and compared for all hydrogels in order to select
the most suitable hydrogel for in vivo studies.

4.7 Construction of rabbit cartilage defects models

24 New Zealand rabbits were randomly divided into four groups (N = 6 per group): A: normal group; B:
control group; C: hydrogel group; D: hydrogel + BMSCs group. The hydrogel with best mechanical and
biological properties was selected to take the in vivo studies. Normal group without any treatment was
taken as comparison. The rabbits in B, C and D groups were anesthetized by injection of 30mg/kg
sodium pentobarbital (1%) through the auricular veins. The knee joints were exposed via a medial
parapatellar approach. The knees were �exed to expose the femoral articular cartilage, and a circular full-
thickness defect in the articular cartilage was made using a 4.5-mm drill to create a 3-mm-deep hole
extended into subchondral bone (Figure 5). The cartilage defect in the control group received no
treatment; the hydrogel group was �lled with the CS /Col/PLA/GP hydrogel; the hydrogel + BMSCs group
was �lled with CS /Col/PLA/GP hydrogel and BMSCs. The incision was sutured layer by layer after the
hydrogel was solidi�ed. All rabbits were given an injection of 80,000 U of penicillin after operation for
three days and allowed to move freely in the cage. No pain killers were used after the surgery. The general
conditions of the animals are observed and recorded daily.
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4.8 Evaluation of e�ciency of articular cartilage repair

At 8 weeks after surgery, the animals were sacri�ced by injecting overdose chloral hydrate, and then the
knee joints were harvested for further research.

(1) Gross morphology: The entire knees of each rabbit were dissected and the distal part of each femur
was extirpated. The samples from each group were photographed and examined for evaluation
according to the criteria proposed by the International Cartilage Repair Society (ICRS) [39].

(2) Histology and immunohistochemical staining: All specimens were �xed with 4% paraformaldehyde
solution for 72 h. They were embedded in para�n after dehydrated routinely, and cut into 5 μm thick
sections. Sections were stained with hematoxylin-eosin (HE), safranin-0, and immunohistochemical
staining of type II collagen. All specimens were observed using optical microscope.

4.9 Statistical analysis

All quantitative results were obtained from at least triplicate measurements. SPSS 18.0 statistical
software was used for data analysis. The data were expressed as the mean ± standard deviation.
Comparison between samples was carried out by analysis of variance. P value <0.05 was considered
statistically signi�cant.
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Figure 1

Physical properties of CS-based hydrogels. (A) Gross images of CS/GP, CS/Col /GP, CS/Col /PLA/GP
composite hydrogels after gelation. (B) The gelation time of the three groups of hydrogels was not
different (p>0.05). (C) The elastic modulus of the three groups of hydrogels. The elastic modulus of
CS/Col /PLA/GP hydrogel was higher than that of CS/GP and CS/Col /GP hydrogels(p<0.05). (CS:
chitosan, Col: collagen type II, PLA: polylactic acid, GP: sodium β-glycerophosphate)
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Figure 2

Biological properties of CS-based hydrogels. A1-D1, A2-D2: The images of the normal group (A1,A2),
CS/GP hydrogel (B1,B2), CS/Col/GP hydrogel (C1,C2), and CS/Col/PLA/GP hydrogel (D1,D2), magni�ed
400 and 600 times. E: The comparison of BMSCs proliferation on 2D normal medium (control group) and
CS/CP, CS/Col/GP, CS/Col/PLA/GP hydrogels after 1, 2 and 3 days (p<0.05). F: Aggrecan, Sox-9 and
COL2A1 gene expressions of BMSCs in each group after three weeks of inducing chondrogenic
differentiation (p<0.05). (BMSCs :bone marrow mesenchymal stem cells)
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Figure 3

A1:The knee joints were exposed via a medial parapatellar approach. A2: Cartilage defect with a diameter
of 4.5mm was created by the electric drill. A3: The cartilage defect was �lled with hydrogel by injection.
A4: The hydrogel irreversibly gelled at body temperature after 8 minutes. B1-B4: Gross morphology of the
joints of the normal group (B1), control group (B2), hydrogel group (B3), and hydrogel+BMSCs group (B4)
at 8 weeks after surgery. The bottom table shows the ICRS scores for each group (p<0.05).
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Figure 4

The images of HE, Safranin O and Collagen type II immunohistochemical staining of cartilage at 8 weeks
after surgery. A1-D1, A2-D2: The images of HE staining of the normal group (A1,A2), control group
(B1,B2), hydrogel group (C1,C2), and hydrogel+BMSCs group (D1,D2), magni�ed 100 and 400 times. A3-
D3, A4-D4: The images of Safranin O staining of the normal group (A3,A4), control group (B3,B4),
hydrogel group (C3,C4), and hydrogel+BMSCs group (D3,D4), magni�ed 100 and 400 times. A5-D5, A6-
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D6: The images of Collagen type II immunohistochemical staining of the normal group (A5,A6), control
group (B5,B6), hydrogel group (C5,C6), and hydrogel+BMSCs group (D5,D6), magni�ed 100 and 400
times. Scale bar=100 μm.


