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Abstract 

Repair of the damaged meniscus is a scientific challenge owing to the poor self-healing potential of the white area 
of the meniscus. Tissue engineering provides a new method for the repair of meniscus injuries. In this study, we 
explored the superiority of 2% hyaluronic acid chitin hydrogel in temperature sensitivity, in vitro degradation, biocom-
patibility, cell adhesion, and other biological characteristics, and investigated the advantages of hyaluronic acid (HA) 
and Transforming Growth Factor β1 (TGF-β1) in promoting cell proliferation and a matrix formation phenotype. The 
hydrogel loaded with HA and TGF-β1 promoted cell proliferation. The HA + TGF-β1 mixed group showed the highest 
glycosaminoglycan (GAG) content and promoted cell migration. Hydroxypropyl chitin (HPCH), HA, and TGF-β1 were 
combined to form a composite hydrogel with a concentration of 2% after physical cross-linking, and this was injected 
into a rabbit model of a meniscus full-thickness tear. After 12 weeks of implantation, the TGF-β1 + HA/HPCH com-
posite hydrogel was significantly better than HPCH, HA/HPCH, TGF-β1 + HPCH, and the control group in promoting 
meniscus repair. In addition, the new meniscus tissue of the TGF-β1 + HA/HPCH composite hydrogel had a tissue 
structure and biochemical content similar to that of the normal meniscus tissue.
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Introduction
The meniscus is a significant basic structure in the 
human knee joint. In the past, the meniscus was con-
sidered useless, but it is now recognized as an essen-
tial element in the stability, load, shock absorption, 
and lubrication of the knee joint. Meniscus repair can 
prevent the joint from increasing the load and can 
slow the progression of osteoarthritis [1, 2]. Research 
on the function of the meniscus and the development 
of arthroscopic technology has led to arthroscopic 
meniscus suture or molding becoming the standard 
treatment for meniscus injury repair [3]. However, it 
is difficult to repair the white area after the meniscus 
is sutured. Strengthening the activity and regeneration 
ability of the meniscus after repair and retaining the 
meniscus to the maximum are major challenges facing 
researchers [4].

Tissue engineering is attracting extensive attention as 
a promising method for meniscus repair. Appropriate 
tissue engineering materials can simulate the compo-
nents of the meniscus, load growth factors or seed cells, 
induce the migration of meniscus regeneration-related 
cells, stimulate the growth and differentiation of cells in 
the meniscus injury, and promote regeneration of the 
damaged meniscus [5, 6]. Suitable tissue engineering 
materials should imitate the meniscus matrix in terms 
of structure and function and provide an environmen-
tal basis for the growth and differentiation of meniscus 
regeneration-related cells.

The ideal biological scaffold material should have 
excellent biological safety and cell adhesion, a suitable 
microstructure, and certain mechanical strength. The 
material should also be suitable for various injuries and 
arthroscopic minimally invasive environments [7, 8]. 
Considerable efforts have been made to identify suitable 
scaffolds and cell sources to simulate the natural menis-
cus. Mesenchymal stem cells are widely acknowledged as 
the preferred type of stem cell reported in various seed 
cells, especially bone marrow and synovium [5]. Chon-
drocytes and meniscal fibrochondrocytes (MFCs) might 
be reasonable candidates for meniscus tissue engineering 
because they can produce the major extracellular matrix 
(ECM) components of the meniscus [9, 10].

Biomaterials for meniscus tissue engineering can be 
divided into natural or synthetic components; examples 
include polyurethane [11], poly (ε-caprolactone) [12], 
alginate [13], HA [14], collagen [15], silk fibroin [16], 
chitosan [17], and ECM [18]. These biomaterials aim to 
provide 3D support and scaffolding. However, compos-
ite materials usually exhibit better physicochemical and 
biological properties compared with single materials [19], 
and several composite scaffolds have been trialed for 
meniscus tissue regeneration [20–22].

Heat-sensitive, injectable, in-situ cross-linked hydrogel 
has attracted the attention of researchers. This hydrogel 
is a flowable liquid in a low temperature environment 
and gradually solidifies when injected into the body 
owing to the effect of body temperature. The advantages 
of injectable hydrogels are that they are administered in 
liquid form and can be loaded with biologically active 
substances. Meniscus repair requires a hydrogel system 
that can encourage the growth and proliferation of MFCs 
and strengthen the repair ability of meniscus damage. We 
selected 1, 2-propylene oxide to etherify chitin, and then 
added a propyl group after introducing a hydroxyl group. 
The modified hydroxypropyl chitin (HPCH) has good 
solubility, temperature sensitivity, and pH responsiveness 
[23]. HPCH can also be cross-linked by simply mixing 
after adding HA, which is abundant in the human body 
and is the main component of synovial fluid. HA can 
effectively protect the knee joint, delay the development 
of osteoarthritis, and regulate cell growth, proliferation, 
and differentiation [24, 25]. Various growth factors, such 
as transforming growth factor-β1 (TGF-β1), bone mor-
phogenetic protein 2(BMP-2), and Insulin-like growth 
factor 1(IGF-1), can induce cell migration, promote cell 
proliferation, and secrete ECM [26–28]. Among these 
growth factors, TGF-β1 can effectively promote the 
growth of MFCs and the secretion of glycosaminogly-
cans, collagen fibers, and other major components that 
constitute the meniscus. Simultaneously, TGF-β1 also 
enhances the structural strength of the ECM, thereby 
promoting contact between the new meniscus tissue and 
normal tissues [29, 30].

In this study, we evaluated the biosafety, degradabil-
ity, and adhesion of hydrogels, and investigated whether 
hydrogels loaded with HA and TGF-β1 could promote 
the migration and proliferation of MFCs and secrete 
ECM to enhance the healing potential of meniscus inju-
ries. The study aimed to determine whether TGF-β1-
incorporated HA/HPCH hydrogel is a good biological 
scaffold for meniscus tissue engineering.

Materials and methods
Preparation of composite hydrogel
HA/HPCH hydrogel was prepared with the mass ratio of 
12:1 (HPCH:HA). Twenty milliliters of deionized water 
was added to 120  mg HPCH powder (pre-sterilized by 
ethylene oxide), magnetic stirred for 15 min until it was 
completely dissolved, and then placed at 4  °C. Next, 
10  mg HA powder (2–4 million Da; Solarbio, Beijing, 
China) was added to the mixture, which was then placed 
in an ultrasonic cleaning machine and mixed for 15 min. 
This generated the HPCH/HA solution with a mass ratio 
of 12:1. The solution was stored at − 20 °C overnight, and 
then freeze-dried for 24 h to obtain HPCH/HA powder. 
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TGF-β1was supplied by MedChemExpress (NJ, USA). 
HPCH powder was supplied by Key Laboratory of Bio-
medical Polymers of Ministry of Education and Depart-
ment of Chemistry, Wuhan University, Wuhan.

Characterization of composite hydrogel
Scanning electron microscope (SEM)
HPCH hydrogel and HA/HPCH hydrogel were freeze-
dried for 12  h. The resulting powder was carefully 
removed with a blade and applied to conductive glue 
on the objective table. The samples were then subjected 
to gold spraying treatment, and were examined by SEM 
(HITACHI Regulus 8100, 0.1–30 kV) and photographed.

Characterization of temperature sensitivity
The sol–gel transition temperature of the three groups 
of hydrogels (HPCH, HA/HPCH, and TGF-β1 + HA/
HPCH.) was measured by the bottle inversion method. 
The hydrogel is enclosed in a glass bottle, which is then 
immersed in a water bath for heating; 15 °C was used as 
the initial temperature and this was increased in 0.3  °C 
intervals [31]. Each group of glass bottles was removed 
after equilibrating for 5 min and the bottles were inverted 
180° to observe the state of hydrogel. The temperature 
at which each group of hydrogels cannot fall back was 
recorded, and this is the sol–gel transition temperature of 
the sample.

Degradability of hydrogel
The weighing method was used to study the degradability 
of the three groups of hydrogels. Three groups of 2 wt% 
PBS-buffered hydrogel (GIBCO, USA) dispersions were 
prepared. Briefly, 2 mL of prepared hydrogel was placed 
in a mesh bag, which was wholly submerged into a cen-
trifuge tube, and lysozyme (Sigma Aldrich, St Louis, MO
, USA) solution was added to the centrifuge tube at a con-
centration of 500  µg/ml. The centrifuge tube was incu-
bated on a shaker (37  °C). The mesh bag was observed 
daily and the lysozyme solution was replaced daily. To 
weigh the hydrogel, the mesh bag was removed from the 
centrifuge tube and filter paper was used to absorb the 
water from the surface of the hydrogel. The dry weight 
of the hydrogel was recorded on day 0, 2, 4, 7, 14, 21, and 
28, and the degradation rate on day t (%) = (m0 − mt)/
m0 × 100%, where the initial weight of each group of 
hydrogels is m0, the weight of each group of hydrogels on 
day t is mt, and each group has five parallel groups.

Isolation and cultivation of meniscus fibrochondrocytes 
(MFCs)
New Zealand white rabbits, age 3  months, were eutha-
nized with pentobarbital (200  mg/kg). The meniscus of 
both knees of each rabbit were removed, the ligaments 

and synovium attached to the meniscus were cleaned up, 
and the meniscus were dissected into 1  mm3 pieces. The 
meniscus pieces were incubated with 0.25% trypsin in a 
shaking 37  °C water bath for 30 min. Next, 0.2% type II 
collagenase (GIBCO, USA) was added, and the samples 
were incubated in the 37 °C water bath with shaking for 
4–6  h. The digestion was terminated when the tissue 
pieces were basically digested. The digestion solution 
was filtered through a 200-mesh screen and centrifuged 
at 1500 rpm for 10 min. The supernatant was discarded 
and then the precipitate was resuspended in complete 
DMEM (Sigma  Aldrich,  St  Louis,  MO,  USA). The cells 
were resuspended in growth medium (10% fetal bovine 
serum (GIBCO, USA) in DMEM with 1% of penicillin 
and streptomycin) and incubated at 37 °C with an atmos-
phere of 5%  CO2 and 95% air.

Characterization of rabbit MFCs
The well-grown rabbit MFCs were subjected to cell-
climbing, rinsed three times with PBS, fixed with 75% 
alcohol for 10  min, then rinsed twice with PBS, and 
stained with 1% toluidine blue solution for 10  min. The 
staining solution was aspirated, and the MFCs were 
rinsed three times with PBS and observed under an 
inverted phase-contrast microscope.

Biocompatibility of hydrogel
A cell counting kit 8 (CCK-8 kit; Solarbio, Beijing, China) 
was used to quantitatively evaluate the number of cells 
in the hydrogel with different mass volume fractions 
(0.1%, 0.5%, 2%, 4%), 100 µl cell suspension (1 ×  105/ml) 
was added to a 96-well plate (n = 5). After incubation for 
6 h, the culture medium was removed and different con-
centrations of HPCH, HA/HPCH, and TGF-β1 + HA/
HPCH complete medium hydrogel dispersions were 
added to the wells. The volume of each group was 100 µl. 
The plates were incubated for 24 and 48 h, and cell-free 
hydrogel was added as a blank. PBS buffer solution has 
been used to wash the hydrogel on the ice before adding 
CCK-8. A microplate reader (Thermo Scientific (China) 
Co. Ltd.) was used to read the absorbance of the test 
solution (n = 5 per group) at 450 nm.

Cell adhesion of hydrogel
The Live-Dead Live Dead Cell Kit (Solarbio, Beijing, 
China) was used to detect five groups of hydrogels 
(HPCH, TGF-β1 + HPCH, HA/HPCH, TGF-β1 + HA/
HPCH, control group) (n = 5). The materials of each 
group were prepared in 2% PBS-buffered hydrogel, and 
300 µL of hydrogel was added to a 48-well plate and 
incubated at 37 °C for 30 min. Next, 300 µL rabbit MFCs 
(2 ×  105/ml) was added to each well and the plates were 
incubated in a  CO2 incubator at 37 °C for 4 h, then were 
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incubated in a PBS solution containing 2 mM calcein AM 
and 4  mM ethidium homodimer1 at 37  °C for 40  min. 
The number and morphology of the cells was observed 
under an inverted fluorescence microscope (Primovert, 
Carl Zeiss, Germany), taking pictures and calculating the 
number of cells in each group. The images were analyzed 
by ImageJ software, and the cell adhesion rate was calcu-
lated as:

Cell adhesion rate (%) =  Qt/Qc × 100%. Where  Qt is the 
experimental group, and  Qc is the control group.

Characterization of three‑dimensional cell culture
Cell proliferation assay
CCK-8 was used to quantitatively determine the prolif-
eration of three groups of hydrogels (HPCH, HA/HPCH, 
and TGF-β1 + HA/HPCH) (n = 5) at 0, 24, and 48  h. 
Briefly, 100 µl hydrogel-cell mixture with a mass volume 
fraction of 2% was added to a 96-well plate, and incu-
bated for 24 or 48 h at 37 °C with and atmosphere of 5% 
CO2 and 95% air. A microplate reader (Thermo Scientific 
(China) Co. Ltd. China) was used to read the absorbance 
of the test solution (n = 5 for each group) at 450 nm.

SEM
The HPCH, HA/HPCH, and TGF-β1 + HA/HPCH 
hydrogel-cell mixtures were cultured for 48  h, quick-
frozen with liquid nitrogen, and placed in a pre-cooled 
vacuum freeze dryer for 24 h. After sample preparation 
and gold spray treatment, SEM was used to observe the 
morphological characteristics of the cells in the hydrogel.

Biochemical assays for glycosaminoglycan (GAG)
A rabbit GAG ELISA kit (Keshun Science and Technol-
ogy Co. Shanghai, China) was used to quantitatively 
detect the amount of GAG secreted by cells. 0.5 mg/ml 
HA, 1 mg/ml HA, 1 ng/ml TGF-β1 and 10 ng/ml TGF-
β1 were added to the cell culture medium, respectively. 
0.5 mg/ml HA and 1 ng/ml TGF-β1 were added in group 
five, and 1 mg/ml HA and 1 ng/ml TGF-β1 were added 
in group six. A total of 0.5 ml of cell suspension (5 ×  105/
ml) was added to each well of a 6-well plate. The culture 
medium was changed and collected every 3  days. The 
manufacturer’s instructions were followed to add rea-
gents of the rabbit GAG ELISA kit and detect GAG.

Cell migration experiment
The scratch test was used to determine the effects of HA 
and TGF-β1 on cell migration. A 0.5 mm × 0.5 mm criss-
cross grid was drawn on a white paper, and the cell cul-
ture dish full of cells was placed on it. Cells in the culture 
dish were scratched along horizontal and vertical lines 
with a 200 ul sterile pipette tip, changing the medium to 
remove the exfoliated cells. To ensure the consistency of 

the degree of cell damage, the scratching operation was 
performed by a dedicated person, and each dish had the 
same number of horizontal and vertical lines.

In vivo implantation
Surgical procedure
A total of 45 New Zealand white rabbits were randomly 
divided into 5 groups (n = 9) to create a meniscus full-
thickness injury model as follows: control group, HPCH 
group, HA/HPCH group, TGF-β1 + HA/HPCH group, 
and TGF-β1 + HPCH group (the final concentration 
of TGF-β1 is 100  ng/mL). After anesthetizing the rab-
bits, a sharp blade was used to make a longitudinal full-
thickness tear of approximately 5  mm along the white 
area of the medial meniscus to the anterior corner, and 
then the meniscus was carefully reset. The experimen-
tal group was injected with approximately 0.3  ml low-
temperature liquid hydrogel, which was heated to turn it 
into a gel state, and the incision was fixed by the tension 
of the hydrogel. The joint capsule, subcutaneous tissue, 
and skin were sutured layer by layer, and penicillin was 
injected intramuscularly after the operation at 10,000 U/
kg. The inner side of the knee joint was fixed with a self-
made small splint. Penicillin was injected intramuscularly 
at 30,000 U/kg every day for 3 days after the operation. At 
4, 8, and 12 weeks after the operation, three rabbits were 
randomly selected from each group for assessment after 
being euthanized.

Morphological observations
The injured menisci were observed and photographed, 
observing the activity of the rabbit, joint cavity effusion, 
adhesion, synovial hyperplasia, meniscus repair, whether 
the meniscus is flat, whether the incision is healed, the 
texture and luster of the meniscus and the femur, whether 
the condyle cartilage is damaged or degenerated, whether 
the material remains, and whether there is adhesion in 
the joint cavity.

Histological analysis
Menisci were fixed in 4% paraformaldehyde for 48  h, 
embedded in paraffin, cut into 7-μm sections, and stained 
with hematoxylin and eosin (H&E), toluidine blue, and 
safranin-O-fast green.

Statistical analysis
SPSS 24.0 software was used for statistics and analysis 
of all data, and paired sample t-tests were used; P ≤ 0.05 
indicates that the difference is statistically significant. 
GraphPad Prism 8 software was used to draw graphs, and 
all experiments were repeated three times.
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Results
Characterization of HPCH‑based hydrogels
The SEM images of the hydrogels (Fig. 1) show that each 
group of hydrogels has a loose and porous structure, and 
the pores are connected to each other, which is condu-
cive to the circulation of various substances between the 
materials. The pore walls of the hydrogel can load HA 
and growth factors. Compared with HPCH with HA, 
pure HPCH has a more orderly structure and smooth 
pore walls. The addition of HA leads to more branches 
in the pore-wall structure, which may increase the hydro-
philicity of the material and reduce structural strength of 
the material. The proportion of HA added in this experi-
ment is relatively low, which has a weak effect on the 
structure of the material and maintains the structural 
strength of pure HPCH. Therefore, both the pure HPCH 
and the HPCH material with HA could meet the struc-
tural requirements of the scaffold material, and subse-
quent cell and animal experiments could be performed.

Analysis of temperature sensitivity of hydrogel
The transition temperature of HPCH PBS buffer hydro-
gel (2 wt%) is 21.18 °C, that of the HA/HPCH PBS buffer 
hydrogel sol–gel is 21.48  °C, and that of HA + TGF-β1/
HPCH PBS buffer hydrogel sol–gel is 21.48  °C (Fig.  2). 
With the increase of temperature, the gel undergoes 
multiple coil-to-globule transitions. This hydrophilic-
ity–hydrophobicity transformation was due to the forma-
tion of multiple interchain/intrachain hydrogen bonds 
[32]. The sol–gel transition temperature of the hydrogel 
increased slightly after adding HA, which may be due to 
the hydrophilicity of HA and the formation of hydrogen 
bonds between chitin [33]. The hydrogel network after 
adding HA has more hydrogen bonds. High temperature 

breaks the hydrogen bonds and completes the transfor-
mation of hydrogelation. However, because the content 
of HA in the material is low, the temperature rise is not 
obvious. The sol–gel transition temperature of the hydro-
gel after adding TGF-β1 did not change compared with 
the hydrogel without TGF-β1.

Degradability analysis of hydrogel
Figure  3 shows that when the lysozyme concentration 
was 500 µg/l and the temperature was 37 °C, the hydro-
gels of each group were degraded within 4  weeks and 
only approximately 8% remained. Moreover, the deg-
radation rate of each group of hydrogels was essentially 
the same. The degradation rate of the general polymer is 
lower when the molecular weight is larger, but HA was 
not hydrolyzed by lysozyme [34]. HA in the mixture 
did not affect the degradation rate. Furthermore, as the 
amount of growth factor TGF-β1 added to the mixture is 

Fig. 1 Electron microscopic ultrastructure of hydrogel. a HA/HPCH; b HPCH. Scale bar, 100 µm

Fig. 2 Sol–gel transition temperature of HPCH, HA/HPCH, 
and TGF-β1 + HA/HPCH PBS buffer solutions with a mass volume 
fraction of 2 wt%. (*P < 0.05, ns P > 0.05)
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very small and will not affect the degradation rate of the 
hydrogel, the degradation rate of each group of hydrogels 
is almost identical, indicating that the material has good 
degradability in  vitro. Human synovial fluid is rich in 
lysozyme [35], so the hydrogel will be degradable in the 
human body.

Characterization of rabbit MFCs
The primary MFCs extracted by the initial digestion 
were transparent and small spherical-shaped. After 
12–24  h, the cells began to adhere to the wall, and 
gradually deformed and stretched into a polygonal and 
spindle shape. After approximately 10  days of culture, 
the cells cover the bottom of the bottle, showing a typi-
cal paving stone-like appearance (Fig. 4). The bottom of 
the bottle can be covered in cells after 7 days of culture. 
The cytoplasm of the cultured MFCs and the surround-
ing secretionswere blue following toluidine blue staining 
(Fig. 4c). This is because the cytoplasm and the secretions 
around the cells contain GAG, and this produces a blue 
reaction with toluidine blue, which is characteristic of 
fibrochondrocytes.

Cell survival rate analysis
HPCH, HA/HPCH, and TGF-β1 + HA/HPCH hydro-
gels with different mass and volume fractions were 
incubated with MFCs for 24  h and cell survival was 
determined. The average survival rate of MFCs was 
greater than 95% for each group of hydrogels (HPCH, 
HA/HPCH, and TGF-β1 + HA/HPCH) with mass vol-
ume fractions of 0.1%, 0.5%, 2%, and 4% (Fig.  5a). The 
high survival rate of the cells in each group of hydrogels 
after 24 h of culture indicates that the biological safety 
of the materials is good.

After 48 h of co-incubation, the average survival rate 
of HPCH hydrogel MFCs in each group with a mass 
volume fraction of 0.1%, 0.5%, and 2% was greater than 
95%, and that for the MFCs in HPCH hydrogel with a 
mass volume fraction of 4% was 88% (Fig. 5b). The aver-
age survival rate of the HA/HPCH group with a mass 
volume fraction of 0.1%, 0.5%, and 2% is also greater 
than 100%, and the average survival rate of MFCs in the 
HA/HPCH hydrogel with a mass volume fraction of 4% 
is less than that of the first three groups. The average 
survival rate of the TGF-β1 + HA/HPCH group with a 
mass volume fraction of 0.1%, 0.5%, and 2% was also 
greater than 100%, while that of the TGF-β1 + HA/
HPCH hydrogel with a mass volume fraction of 4% was 
lower compared with the first three groups.

Four kinds of composite hydrogels with different 
mass and volume fractions have no obvious cytotoxicity 
to MFCs, and the material has good biological safety. 
When the mass volume fraction reached 4%, the aver-
age survival rate was unchanged after 24  h of culture, 
but began to decrease after 48  h of culture. This may 
be because the pore structure becomes smaller, which 
affects the exchange of substances between the cells 
and the outside medium and air. When the number of 
cells is low in the early stage, cell growth is unaffected, 
but as the culture time increases, the number of cells 
will increase and cell growth is affected.

Fig. 3 Degradation of HPCH, HA/HPCH, TGF-β1 + HA/HPCH 
with a mass volume fraction of 2 wt% at 37 °C and a lysozyme 
concentration of 500 µg/ml

Fig. 4 MFCs under the microscope. a MFCs began to deform; b MFCs covered the bottom of the bottle, forming a paving stone-like appearance; c 
MFCs toluidine blue staining. Scale bar, 100 µm
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Cell adhesion analysis
Figure  6 shows each group of a–e is full of green fluo-
rescence and almost no red fluorescence, indicating that 
there are no dead cells and no obvious biological toxic-
ity of each group of hydrogels. This is consistent with 
the result obtained in 2.4.2. Compared with group a, the 
number of cells in group b was significantly reduced, 
indicating that the adhesion of pure HPCH hydrogel cells 
was poor; the number of cells in group c was more than 
that in group b, but still less than that in group a, indi-
cating that the addition of HA increased the adhesion of 
the material to the MFCs. The number of cells in group 
d is higher than that in group b, but still less than that in 

group a, indicating that the addition of TGF-β1 increases 
the adhesion of the material to MFCs. Compared with 
group c, the number of cells in group d was not signifi-
cantly different, implying that the adhesion of TGF-β1 to 
MFCs was not significantly different to that of HA. The 
number of cells in group e was greater than that in group 
b and was very similar to the number of cells in group 
a, indicating that the addition of HA and TGF-β1 signifi-
cantly increased the adhesion of the material to MFCs. 
Calculating the cell adhesion of each group (Fig. 7) shows 
that the adhesion rate of HPCH to MFCs is 7.6%, and 
there is almost no adhesion. Both HA and TGF-β1 can 
increase the adhesion of materials to MFCs, The adhesion 

Fig. 5 a Cell survival rates of HPCH, HA/HPCH, and TGF-β1 + HA/HPCH hydrogels with different mass and volume fractions and MFCs incubated 
for 24 h; b Cell survival rates of HPCH, HA/HPCH, and TGF-β1 + HA/HPCH hydrogels with different mass and volume fractions and MFCs incubated 
for 48 h. (*P < 0.05)

Fig. 6 Cell adhesion following incubation for 4 h with: a untreated cells; b HPCH; c HA/HPCH; d TGF-β1/HPCH; e TGF-β1 + HA/HPCH. Live (green) 
and dead (red) cells were stained in each group. Scale bar, 100 µm
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rate in the HA/HPCH group was 38.3%, and the adhesion 
rate in the TGF-β1/HPCH group was 35.1%. However, 
there was no statistical difference in the increase in adhe-
sion to MFCs between the two. The adhesion rate of the 
composite TGF-β1 + HA/HPCH hydrogel to MFCs was 
66.9%.

Cell proliferation in three‑dimensional culture
After 24  h in three-dimensional culture, the cell pro-
liferation rate of the three groups (HPCH, HA/HPCH, 
and TGF-β1 + HA/HPCH) was approximately 43%, and 

there was no significant difference in cell proliferation 
among the groups (Fig.  8). After 48  h of incubation, 
the average cell growth of the HPCH group exceeded 
110%, while that of the HA/HPCH group and the TGF-
β1 + HA/HPCH group exceeded 120%. This indicated 
that the three groups of cells increased significantly, 
The growth rate of cells in the HA/HPCH group and 
the TGF-β1 + HA/HPCH group were relatively similar 
and greater than the HPCH group and the difference 
was statistically significant (P < 0.05), while there was 
no significant difference in the cell proliferation rate 
between the HA/HPCH group and the TGF-β1 + HA/
HPCH group. This shows that the cells can not adapted 
to the culture environment at the initial stage of the co-
incubation, and their growth retarded. As the culture 
time increases, after the cell culture conditions are sta-
bilized, the growth rate increases. After adding HA, the 
cell proliferation rate gradually increased, indicating 
that HA can promote the proliferation of MFCs. The 
three groups of cells all proliferate significantly, indicat-
ing that the hydrogel material will not cause damage to 
MFCs and the cells can proliferate normally.

Characterization of three‑dimensional cell culture
Figure  9 is a SEM image of each group of hydrogels 
with freeze-dried powder of MFCs after 48 h of culture. 
Compared with the hydrogels that were not co-cul-
tured with cells, there are more spherical cell structures 
on the pore walls and more spherical cell structures 
around the cells. The many silk-foot-like structures, 
which are a polygonal structure of deformed MFCs, 
indicates that MFCs can grow on the pore walls of the 
hydrogel. The loose and porous structure also facilitates 
the exchange of substances between cells and the out-
side world. Simultaneously, there is enough space in the 
pores for cell growth and proliferation.

Fig. 7 Cell adhesion rate of each group of hydrogels. (***P < 0.001, 
****P < 0.0001)

Fig. 8 Cell proliferation rate of each group of hydrogels at 24 
and 48 h. (*P < 0.05)

Fig. 9 SEM image of MFCs and the hydrogels HPCH (a), HA/HPCH (b), and TGF-β1 + HA/HPCH (c) after 48 h lyophilized three-dimensional culture. 
Scale bar, 100 µm
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Biochemical assays for GAG 
The added components in the composite material 
are crucial to the biological effects of cells. Figure  10 
shows the results of GAG secretion by MFCs. Low 
concentrations of HA have no significant effect on 
the secretion of GAG by MFCs, while high concentra-
tions of HA can significantly promote GAG secretion. 
Compared with the high concentration of HA, the low 
concentration of TGF-β1 has a slightly stronger effect 
on promoting the secretion of GAG, and the high con-
centration of TGF-β1 further enhances the secretion 
of GAG. Moreover, application of HA and TGF-β1 
together promotes more GAG secretion than the sin-
gle components. The largest amount of GAG secretion 
was obtained after treatment with high concentrations 
of HA and TGF-β1, indicating that HA and TGF-β1 in 
the composite material can promote the secretion of 
GAG from MFCs. GAG is the main component of the 
extracellular matrix of the meniscus, the HA and TGF-
β1 in the composite material can enhance the secretion 
of the ECM of MFCs and enhance its repair potential.

Scratch test analysis
After the cells were cultured for 24  h following the 
scratch experiment, the scratches in the control group 
were 428  µm (Fig.  11). After adding HA and TGF-β1 
separately, the scratch size was smaller. The effect of 
high-concentration HA was more obvious than that 
of low-concentration HA. The scratch size is minimal 
when HA and TGF-β1 were added, and the promo-
tion effect of HA and TGF-β1 can be superimposed on 
each other. Therefore, HA and TGF-β1 in the compos-
ite material can promote the migration of MFCs and 
strengthen their repair potential.

In vivo animal study
Macroscopic evaluation
All rabbits moved freely, and the rabbits in the experi-
mental group had no complications such as joint infec-
tion, joint cavity effusion, or joint stiffness. The hydrogel 
material has been completely decomposed, and there 
was no residue or obvious inflammation (Fig.  12). The 
TGF-β1 + HA/HPCH group has the strongest repair 
effect on the meniscus; the HA/HPCH group and the 
TGF-β1 + HPCH group have a slightly weaker repair 
effect; and the HPCH group has no repair effect but can 
slightly protect the knee joint, possibly by the injection 
of hydrogel reducing the friction of the meniscus injury 
on the joint cavity. After the hydrogel is degraded, the 
joint degeneration begins; the meniscus injury in the 
control group is not repaired at all, and as time goes on, 
the acute meniscus injury develops into chronic menis-
cus injury and the joint degeneration gradually wors-
ens. At 4 weeks post-operation, the meniscus new tissue 
in each group could not completely repair the defect. 
However, 8 weeks after the operation, the meniscus was 
almost completely repaired in the TGF-β1 + HA/HPCH 
group with more new tissue. The meniscus surfaces of 
the HA/HPCH group and the TGF-β1 + HPCH group 
also still have rough depressions. While that of the TGF-
β1 + HA/HPCH group is smooth and has been com-
pletely repaired in general observation at 12 weeks. The 
meniscus surfaces of the HA/HPCH group and the TGF-
β1 + HPCH group also still have rough depressions. This 
shows that TGF-β1 + HA/HPCH hydrogel has a good 
meniscus repair effect.

Histological observations
In the TGF-β1 + HA/HPCH group, a large number of 
elongated fibroblast-like cells or round chondrocyte-like 
cells were observed following H&E staining, and the col-
lagen fibers in the repaired tissue gradually became reg-
ular (Fig.  13). With toluidine blue and safranin-O-fast 

Fig. 10 GAG content secreted by cells in each group. (*P < 0.05, and **P < 0.01)
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green staining, numerous aggregated glycosaminoglycans 
were visible. In the HA/HPCH group,  TGF-β1 + HPCH 
group, and TGF-β1 + HA/HPCH group, there were 
fibroblast-like cells or round chondrocyte-like cells in 
the repair area in the H&E staining. Glycosaminoglycan 
aggregation can be seen in toluidine blue and safranin-O-
fast green staining (Figs. 14 and 15).

TGF-β1 + HA/HPCH hydrogel effectively repaired 
the damaged meniscus; the meniscus was completely 
repaired after 12  weeks, and there was no obvious dif-
ference between new tissue and normal tissue. TGF-
β1 + HPCH and HA/HPCH hydrogels demonstrated 
obvious repairing effects on the meniscus, which was 
almost completely repaired after 12 weeks; the meniscus 
surface is slightly sunken and the internal collagen fibers 

Fig. 11 Scratch test image. a Control group; b 0.5 mg/mL HA; c 1 mg/ml HA; d 10 ng/ml TGF-β1; e low concentration HA + TGF-β1; f high 
concentration HA + TGF-β1. Magnification, Scale bar, 100 µm

Fig. 12 Representative images of menisci at 4, 8, and 12 weeks post-operation. Scale bar, 1 cm
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are slightly disordered. In contrast, the menisci of the 
control group and the HPCH group did not heal at all. 
This indicated that the HPCH hydrogel has no repairing 
effect on the meniscus and only provides a stent effect.

Discussion
Meniscus injury is a common disease in the clinic. 
According to the anatomy and internal blood supply, 
the meniscus is divided into red zone, red and white 
zone, and white zone. The red area is rich in blood 
vessels and has repair potential after injury, while the 
white area lacks a blood supply. Nutrition predomi-
nantly comes from the synovial fluid and the meniscus 
cannot repaired by itself after injury [1]. In this study, 
the menisci of the rabbits in the control group did not 
heal during the whole experiment, which is consistent 
with the phenomenon that the white area cannot be 
repaired after injury. In recent years, tissue engineer-
ing materials have attracted considerable attention for 
meniscus injury repair, and research on scaffold materi-
als, seed cells, and growth factors is gradually increas-
ing [36]. The purpose of this study was to explore the 

effect of HA/HPCH scaffold material loaded with TGF-
β1 to treat rabbit meniscus injury. In the rabbit menis-
cus longitudinal tear model, it was verified that TGF-β1 
combined with HA/HPCH scaffold material can effec-
tively promote the repair of meniscus injury. This pro-
vides a new idea for the treatment of meniscus injuries 
in the clinic.

We selected growth factors and concentrations based 
on previous literature on meniscus cells [37]. When 10 
or 100 ng/ml TGF-β1 was added, proliferation increased, 
but no differences were observed between 10 and 100 ng 
[38]. TGF‐β1 significantly increased the formation of 
GAGs [39]. Considering that the presence of synovial 
fluid in the articular cavity will lead to a decrease in the 
concentration of growth factor, we selected the concen-
tration of 100 ng/ml.

At low temperatures, thermosensitive hydrogel remains 
liquid, which can be better mixed with other materials. 
There is no need for a complicated cross-linking process, 
it only needs to be stirred and mixed. Chitin contains a 
large number of amino groups, and HA contains numer-
ous carboxyl groups, which may be bound by hydrogen 

Fig. 13 H&E staining of menisci. Group A, HA/HPCH; group B, TGF-β1 + HPCH; group C, TGF-β1 + HA/HPCH. Scale bar, 1 mm
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bonds [33].When the hydrogel material is in a liquid state, 
it can be directly injected into the area to be repaired, and 
there is no need for a large surgical area [40]. The hydro-
gel itself has a loose and porous structure, which is con-
ducive to the attachment of cells. It can also be used as a 
load material for growth factors or drugs to prolong the 
action time of growth factors or drugs in the body [41]. 
A recent study found that HA enhances meniscus cell 
migration, promotes cell migration, and inhibits apop-
tosis [42]. Chitin plays an important role in tissue engi-
neering. The product of chitin deacetylation is chitosan. 
HA and chitosan blends are increasingly studied [33]. 
Nano-scale delivery systems based on HA and chitosan 
are promising therapeutic tools in the local treatment of 
chronic wounds [43]. Tan synthesized N-succinyl-chi-
tosan and aldehyde HA for preparation of the composite 
hydrogels, and this supported chondrocyte adhesion and 
encapsulation [44].

Before then, several investigators have attempted to use 
scaffolds to repair menscus. 3D porous PU scaffolds by 
hMSCs highlights its efficacy in cartilage tissue regenera-
tion, there is not a fully functional meniscus construct 
[11]. Li et  al. developed a meticulously tailored PCL/SF 
scaffold augmented by SMSC affinity peptide L7 using 

3DP technology, which has excellent structural, biome-
chanical, and functional properties for meniscus regen-
eration [22]. Our thermosensitive hydrogel comes from 
a wide range of sources and can be cross-linked in-situ, 
which can overcome the limitations of the traditional 
crosslinking method.

The thermosensitive hydrogel converts to a gel state 
after heating up, which can provide a certain strength of 
compressive capacity and a partial cushioning effect to 
protect the defective part. TGF-β1 + HA/HPCH hydro-
gel exhibited good healing effects of meniscal defects at 
4–12 weeks. Cartilage lacuna and GAG were present in 
the repaired tissue, indicating that the repaired tissue is 
not only fiber healing, but is manifested as fibrocarti-
lage-like healing, and MFCs were present and ECM was 
secreted. The gross and histological results demonstrated 
that there was no obvious inflammatory reaction in the 
rabbit knee joint after surgery. These findings indicate 
that the injection of TGF-β1 + HA/HPCH hydrogel sig-
nificantly enhances the repair of the rabbit meniscus 
after full-thickness injury, and there are no obvious side 
effects.

In addition, there was no meniscus repair response in 
the control group and HPCH group, and an inflammatory 

Fig. 14 Toluidine blue staining of menisci. Group A, HA/HPCH; group B, TGF-β1 + HPCH; group C, TGF-β1 + HA/HPCH. Scale bar, 1 mm
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response was seen in the knee joint at 12  weeks; while 
TGF-β1 + HPCH and HA/HPCH hydrogels could pro-
mote the repair of meniscus injury, but the effect was 
slightly poorer than that of TGF-β1 + HA/HPCH hydro-
gel. The menisci of nine rabbits in the control group and 
HPCH group did not heal; however, those of six, six, and 
seven rabbits in the TGF-β1 + HPCH, HA/HPCH, and 
TGFβ1 + HA/HPCH groups, respectively, did exhibit 
healing. We speculate that MFCs are not simply an inert 
cell in the body. TGF-β1 and HA can strengthen the 
migration and adhesion of MFCs and stimulate the secre-
tion of GAG, sugar and other ECM components, while 
the inside of the gel can provide a good three-dimensional 
microenvironment to promote cell growth and prolifera-
tion. With the growth of cells, the scaffold material slowly 
degrades and is gradually replaced by ECM secreted by 
cells. With the increase of ECM, the damaged area of the 
meniscus is gradually and completely repaired.

In this process, it is not possible to determine whether 
the cells in the hydrogel migrated from normal meniscus 
or synovial tissue, or whether both are involved in the 
repair process. To prove these speculations, strict in vivo 
cell tracking methods should be conducted in future 
studies. In animal models, there are no clear pain and 

functional evaluation standards. Thus, we cannot deter-
mine whether the rabbit knee joint is painful, whether 
its function is good, and whether there is dysfunction 
compared with the normal knee joint. In this study, the 
follow-up period was limited due to time constraints. The 
future studies should include a longer follow-up duration 
to fully assess the long-term outcomes of this treatment 
approach, such as 6 months or 1 year. At present, the spe-
cific mechanism by which HA promotes meniscus injury 
repair remains unclear. In subsequent studies, the specific 
cellular pathways involved in HA promotion of meniscus 
cell migration, growth, and proliferation should be fur-
ther explored, along with the specific cellular pathways 
that promote the secretion of ECM by MFCs. We hope 
that the next step is to apply these findings in a clinical 
setting and conduct on clinical trials of human patients 
to confirm the safety and effectiveness of this treatment 
in real-world clinical practice.

We believe that, for meniscus injury, providing an 
appropriate scaffold material and adding growth factors 
or seed cells or even more factors to participate together 
can promote the differentiation, growth, and proliferation 
of cells derived from MFCs or synovial tissue to secrete 
and synthesize ECM, and ultimately achieve repair of 

Fig. 15 Safranin-O-fast green staining of menisci. Group A, HA/HPCH; group B, TGF-β1 + HPCH; group C, TGF-β1 + HA/HPCH; Scale bar, 1 mm
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meniscus white area damage. In this study, we added HA 
and TGF-β1, both of which have an effect on the repair 
of meniscus damage. Considering the price and storage 
conditions, HA may have a broader application prospect 
in the repair of meniscus damage.

Conclusions
In this study, we proved that the HPCH hydrogel loaded 
with HA and TGF-β1 provides a suitable environment 
to enhance the repair potential of meniscus injury. The 
hybrid scaffold with HA and TGF-β1 shows excellent 
meniscus injury repairing ability. The addition of HA 
alone also has the potential to strengthen the repair of 
meniscus damage. Although this experiment does have 
some limitations, loading may be a promising strategy 
for the repair of meniscus damage in the future. In clini-
cal applications, we can fill the gap after meniscus suture 
with TGF-β1 + HA/HPCH hydrogel to enhance the 
regeneration ability of the damaged meniscus, meaning 
the repaired tissue and the physical function and biologi-
cal characteristics of the normal meniscus are consistent.
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