#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Investigation of decellularized live hyaline cartilage
graft material for efficient treatment of knee
cartilage defectsy
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We first studied the structural morphology and thermal stability properties of decellularized live hyaline
cartilage grafts (DLHCG) material, and further explored its short-term clinical efficacy in treating knee

cartilage effects. The DLHCG material show good porous gel properties, excellent human compatibility,
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Introduction

Sports related injuries and knee joint degeneration can both
lead to knee cartilage damage, which not only causes knee joint
pain and dysfunction, but also leads to the occurrence and
development of knee osteoarthritis.'> With the promotion of
national fitness and the intensification of population aging, the
number of patients with knee cartilage injuries is increasing.®
Due to the lack of blood vessels and cells in articular cartilage,
its self-repair ability is limited, the treatment cycle is long, and it
has a significant impact on patients' daily lives. For elderly
patients, it increases the risk of developing osteoarthritis, which
in turn increases the burden of social medical security.””

For knee cartilage injuries, the main surgical treatment
methods currently used in clinical practice include micro-
fracture technique, cartilage or osteochondral transplantation
technique, autologous chondrocyte implantation (ACI), matrix-
induced autologous chondrocyte implantation (MACI), etc.'>"*
Although these techniques can repair cartilage to a certain
extent, there are problems such as secondary surgery, donor site
pain, limited graft source, and unsatisfactory long-term repair
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knee joint without adverse reactions in patients, and has good clinical application value.

effects. Now, with the development of tissue engineering tech-
nology, it is reported in the literature that tissue engineering
scaffolds are used to regenerate articular cartilage. The made
bionic scaffolds imitate the natural gradient of articular carti-
lage to regenerate articular cartilage in situ, complete the repair
of articular cartilage,”*™** reduce the hand trauma of patients,
and also achieve structural repair similar to natural hyaline
cartilage,' to reduce the incidence rate of knee osteoarthritis.
The decellularized live hyaline cartilage grafts (DLHCG)
material used in this study combines the advantages of cartilage
tissue engineering and decellularization technology. It is
a decellularized transparent cartilage graft, with the main
components being similar to articular cartilage. It can induce in
situ regeneration of high-purity transparent cartilage phenotype
articular cartilage. This cartilage repair material using extra-
cellular matrix can better allow cells in the tissue to adhere,
proliferate, and differentiate.”” In the preliminary animal
experiments, the repair effect of cartilage repair materials was
good."™ The results of this study indicate that arthroscopic
DLHCG can effectively repair knee cartilage injuries without
adverse reactions, and the preliminary results are good.

Experimental

The DLHCG material is provided by Yantai Dinghao Biotech-
nology Co., Ltd and used as-received. The DLHCG material is
composed of type II collagen, a small amount of fibronectin and
laminin, and sulfated glucosamine polysaccharides, with
a diameter of approximately 24 millimeters. The specific prep-
aration process is shown in Fig. 1. Specifically, we dispersed
chondrocytes in sodium alginate solution and mixed them with
gelatin microspheres for co-culture. After the microspheres
were dissociated, microcavities were formed. After 3 days,
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Fig. 1 Preparation process diagram of DLHCG material.

sodium alginate is removed first in one step, and then the cells
are removed to eliminate immunogenicity. This process takes
about 35 to 40 days, and finally the DLHCG material we need is
formed.'® We first characterized the structural morphology and
thermal stability of DLHCG material. Specifically, scanning
electron microscopy (SEM, SU-70, Hitachi), Fourier transform
infrared spectroscopy (FT-IR, Nicolet IS 10, Thermo Scientific)
and thermogravimetry differential scanning calorimetry (TG-
DSC, STA499F3, Netzsch) revealed the good porous gel struc-
ture, human compatibility and thermal stability of DLHCG
material. We further utilized magnetic resonance imaging
(MRI) technology to provide clear imaging characterization of
soft tissues near and around the human bones.

Results and discussion

If knee cartilage injury is not intervened, it may eventually
develop into knee osteoarthritis and other diseases, requiring
unicompartmental or total knee arthroplasty. Therefore, early
intervention in cartilage injury treatment can not only repair the
damaged cartilage, but also avoid joint replacement surgery.*”**
The advantages of using DLHCG material to treat knee cartilage
defects mainly include: expand the sources of tissue trans-
plants,” promote seamless connection and integration of
transplants,® and avoiding secondary surgery results in good
recovery of knee cartilage and function. Fig. 2a-h shows the
SEM microstructure of material DLHCG, revealing its porous
structure at different scales. Fig. 2a, c, e, and g are SEM images
of one position with different magnification, and Fig. 2b, d, f,
and h are SEM images of the other position. This porous
structure spans the nanometer-micrometer scale, which will be
beneficial for the drug efficacy of DLHCG material after
implantation in the human body and improve its deformability.
The material presents an irregular loose structure bonded
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together in the microscopic. As shown in Fig. 2i, through the
characterization of FR-IR, it can be seen that it has a large
number of chemical bonds, which will be beneficial for the
chemical stability of DLHCG material. Specifically, the absorp-
tion peak in the 3000-2800 cm ™' region corresponds to the C-H
stretching vibration, indicating the presence of saturated
hydrocarbon chains (such as aliphatic side chains or lipid
components) in the material. In the region of 1700-1500 cm ™',
corresponding to C=0 and C=C vibrations, the material may
contain an aromatic ring structure and carbonyl functional
groups. In the region of 1200-1000 cm ™, corresponding to the
stretching vibrations of C-O and C-N, it indicates that there are
ester groups, ether bonds or C-O-C bridging structures in the
material.

To further evaluate the stability of DLHCG material in
natural environments, we characterized its thermal properties
in air heated from room temperature to 800 degrees celsius
using TG-DSC, as shown in the Fig. 2j. At temperatures below
250 °C, DLHCG material has experienced a continuous and slow
process of weight loss, which is mainly caused by the evapora-
tion of water. As the heating temperature further increases,
DLHCG material begins to undergo significant endothermic
reactions, reaching a peak at 330 °C, mainly due to the partial
decomposition of chemical bonds in the material. Further
increasing the temperature will lead to the disintegration of
more chemical bonds in the DLHCG material, reaching a peak
at approximately 556 °C. Specifically, the cross-linked structure
of DLHCG material endows the material with certain strength
and stability. However, the breakage of these bonds at high
temperatures will destroy the network structure of the material,
and the originally interconnected network will gradually disin-
tegrate. As the cross-linked structure is disrupted, the material
will further decompose to produce volatile products, resulting
in weight loss. Meanwhile, the breaking process of the bond
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Fig. 2 SEM images (a—h), FT-IR spectra (i), and TG-DSC curves (j) of DLHCG material. The execution condition of TG-DSC is heating in air at

a heating rate of 10 °C min~1.

absorbs heat and shows endothermic characteristics on the
DSC curve.

By characterizing the material properties of DLHCG, we have
confirmed its safety, stability, and compatibility for implanta-
tion in the human body. Next, we will implant DLHCG material
into the knee joint of the patient through surgery, and the
specific surgical procedures will be presented in the ESL.{ The
Fig. 3a presents the macroscopic photos of DLHCG material.
The Fig. 3b and c show the processed cartilage defect area and
the filling of cartilage material during surgery, respectively. The
Fig. 3d and g shows the preoperative MRI image of the patient's
knee joint, which clearly shows damage to the knee cartilage.
The sequence used for the MRI pictures was 7,. It mainly
reflects the differences in T, relaxation time of tissues and can
display water-containing tissues (such as edema, cerebrospinal
fluid, and tumors) through high signals, thereby assisting in the
diagnosis of lesions. After 6 months of using DLHCG material
for repair, the cartilage damage at the knee joint of the patient
significantly improved, as shown in the Fig. 3e and h. According
to the relevant rehabilitation procedures, the patient's injury
has been basically repaired 12 months after surgery, as shown
in the Fig. 3f and i. Although DLHCG material has shown
significant advantages and effects in repairing knee cartilage
injuries, there are still some shortcomings that need to be
overcome.”* For example, the thickness of the cartilage defect
area needs to be measured, otherwise the graft is too thin,
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which can easily cause damage and wrinkles during implanta-
tion. If the graft is too thick, it will be higher than the normal
joint surface after implantation, and it is prone to wear and tear
after surgery, affecting the effectiveness of cartilage repair.>> The
transplant is fixed with protein adhesive, which is not as precise
as suture fixation, and the postoperative joint movement and
weight-bearing time are relatively long. In summary, we use
DLHCG material as the repair material for knee cartilage injury,
which is different from osteochondral transplantation tech-
nology and autologous chondrocyte transplantation technology,
providing a new injury repair strategy. Through techniques such
as SEM, FT-IR, and TG-DSC, we systematically characterized the
structural morphology and thermal stability of DLHCG mate-
rial, providing a research basis for its practical application in
surgery. The MRI images further demonstrate the patient's
cartilage repair after surgery. This work provides a research
foundation and guidance for the clinical application of DLHCG
material.

Summary

By performing SEM, FT-IR, and TG-DSC characterizations, we
reveal the good porous gel properties, excellent human
compatibility, and chemical stability of DLHCG material. The
good physical properties of DLHCG material are the basis for its
clinical application, especially its rich chemical bonds and
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Fig. 3 Macroscopic morphology photos of DLHCG material (a). The processed cartilage defect area (b) and the filling of cartilage material during
surgery (c). The MRI images before surgery (d and g), after surgery 6 months (e and h) and 12 months (f and i).

porous gel structure of trans micron-nano scale, which makes it
play a huge advantage in the repair of knee cartilage injury.
Furthermore, we used MRI technology to characterize the
recovery of knee cartilage injuries in patients at 6 and 12
months after repair. This work proves that the DLHCG material
can repair cartilage defects in the knee joint without adverse
reactions in patients, and has good clinical application value.
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