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A B S T R A C T   

Background: Cartilage tissue engineering faces challenges related to the use of scaffolds and limited seed cells. 
This study aims to propose a cost-effective and straightforward approach using costal chondrocytes (CCs) as an 
alternative cell source to overcome these challenges, eliminating the need for special culture equipment or 
scaffolds. 
Methods: CCs were cultured at a high cell density with and without ascorbic acid treatment, serving as the 
experimental and control groups, respectively. Viability and tissue-engineered constructs (TEC) formation were 
evaluated until day 14. Slices of TEC samples were used for histological staining to evaluate the secretion of 
glycosaminoglycans and different types of collagen proteins within the extracellular matrix. mRNA sequencing 
and qPCR were performed to examine gene expression related to cartilage matrix secretion in the chondrocytes. 
In vivo experiments were conducted by implanting TECs from different groups into the defect site, followed by 
sample collection after 12 weeks for histological staining and scoring to evaluate the extent of cartilage regen-
eration. Hematoxylin-eosin (HE), Safranin-O-Fast Green, and Masson’s trichrome stainings were used to examine 
the content of cartilage-related matrix components in the in vivo repair tissue. Immunohistochemical staining for 
type I and type II collagen, as well as aggrecan, was performed to assess the presence and distribution of these 
specific markers. Additionally, immunohistochemical staining for type X collagen was used to observe any hy-
pertrophic changes in the repaired tissue. 
Results: Viability of the chondrocytes remained high throughout the culture period, and the TECs displayed an 
enriched extracellular matrix suitable for surgical procedures. In vitro study revealed glycosaminoglycan and 
type II collagen production in both groups of TEC, while the TEC matrix treated with ascorbic acid displayed 
greater abundance. The results of mRNA sequencing and qPCR showed that genes related to cartilage matrix 
secretion such as Sox9, Col2, and Acan were upregulated by ascorbic acid in costal chondrocytes. Although the 
addition of Asc-2P led to an increase in COL10 expression according to qPCR and RNA-seq results, the immu-
nofluorescence staining results of the two groups of TECs exhibited similar distribution and fluorescence in-
tensity. In vivo experiments showed that both groups of TEC could adhere to the defect sites and kept hyaline 
cartilage morphology until 12 weeks. TEC treated with ascorbic acid showed superior cartilage regeneration as 
evidenced by significantly higher ICRS and O’Driscoll scores and stronger Safranin-O and collagen staining 
mimicking native cartilage when compared to other groups. In addition, the immunohistochemical staining 
results of Collgan X indicated that, after 12 weeks, the ascorbic acid-treated TEC did not exhibit further hy-
pertrophy upon transplantation into the defect site, but maintained an expression profile similar to untreated 
TECs, while slightly higher than the sham-operated group. 

Abbreviations: TEC, scaffold-free tissue-engineered construct; MSC, mesenchymal stem/stromal cell; ECM, extracellular matrix; Asc-2P, ascorbate 2-phosphate; 
CC, Costal chondrocytes; DMEM, Dulbecco’s modified Eagle’s medium; EDTA, ethylenediamine tetraacetic acid; RT-qPCR, Real-time polymerase chain reaction; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GAGs, glycosaminoglycans; DMMB, dimethyl methylene blue; PBS, phosphate-buffered saline; ICRS, Inter-
national Cartilage Repair Society; ICRS-VHAS, ICRS Visual Histological Assessment Scale; H-E, Hematoxylin-Eosin; ANOVA, One-way analysis of variance; DEGs, 
differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, gene set enrichment analysis. 
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Conclusion: These results suggest that CC-derived scaffold-free TEC presents a promising method for articular 
cartilage regeneration. Ascorbic acid treatment enhances outcomes by promoting cartilage matrix production. 
This study provides valuable insights and potential advancements in the field of cartilage tissue engineering. 
The translational potential of this article: Cartilage tissue engineering is an area of research with immense clinical 
potential. The approach presented in this article offers a cost-effective and straightforward solution, which can 
minimize the complexity of cell culture and scaffold fabrication. This simplification could offer several trans-
lational advantages, such as ease of use, rapid scalability, lower costs, and the potential for patient-specific 
clinical translation. The use of costal chondrocytes, which are easily obtainable, and the scaffold-free 
approach, which does not require specialized equipment or membranes, could be particularly advantageous in 
clinical settings, allowing for in situ regeneration of cartilage.   

1. Introduction 

Articular cartilage, a vital tissue that lines the ends of bones in joints, 
plays a pivotal role in facilitating painless and efficient movement. 
Trauma and chronic degeneration are key factors in articular cartilage 
deterioration, leading to joint pain and degenerative arthritis [1,2]. 
Given the limited capacity of articular cartilage for self-repair and 
regeneration, timely and appropriate intervention is crucial to prevent 
cartilage defects from progressing into the subchondral bone, which can 
lead to chronic joint pain, functional impairment, and reduced quality of 
life for affected individuals. Ultimately, joint replacement surgery may 
be required [3]. Autologous chondrocyte implantation and osteochon-
dral transplantation offer treatment options but have limitations like 
limited graft sources and immunogenicity [3]. To tackle these chal-
lenges, tissue engineering has emerged as a promising field, providing 
innovative approaches for articular cartilage repair. 

With the traditional tissue engineering paradigm of cells, signals, and 
scaffolds, the field of biomedical engineering has made great strides 
toward addressing clinical needs [4]. However, scaffold-based strategies 
raise concerns regarding the biocompatibility and degradation rate of 
the scaffolds, and potential immune responses [5]. In contrast, 
scaffold-free tissue engineering approaches have emerged as a prom-
ising alternative in the quest for solutions. In addition to avoiding the 
aforementioned potential issues associated with scaffolds, scaffold-free 
methods offer several advantages, including simplifying the 
manufacturing process, reducing costs, and the ability to generate high 
cell density structures. The underlying principle lies in that chon-
drocytes possess an innate ability to generate extracellular matrix, 
adhere to each other, and construct three-dimensional frameworks 
autonomously, without the intervention of external substances [4]. This 
process fosters cell–cell interactions and signaling and facilitates seam-
less integration with the host tissue upon implantation [6]. 

Previously, Ando et al. [7,8] developed a scaffold-free tissue-engi-
neered construct (TEC) that was composed of mesenchymal stem/stro-
mal cells (MSC) derived from synovium and an extracellular matrix 
(ECM) synthesized by the cells and confirmed its chondrogenic potential 
in vitro and in vivo. The fabrication of TEC simply depends on high cell 
density (4.0 × 105/cm2) and the presence of ascorbate 2-phosphate 
(Asc-2P) without any additional growth factors or special culture ma-
terials. The TECs can be gently detached from the culture dish after 14 
days of culture while remaining intact. A further in-human pilot study 
using synovial-derived MSC-based TEC for cartilage repair in knee joints 
has shown that self-assessed clinical scores for pain, symptoms, activ-
ities, and quality of life were significantly improved at 24 months after 
surgery [9]. However, synovial-derived MSC-based TEC didn’t show 
collagen type II production during fabrication in vitro unless a chon-
drogenic medium was added [7,8]. It brings uncertainty to the repair 
effect, as unfavorable differentiation may occur as a consequence of 
uncontrollable endogenous stimuli [10]. 

A critical impediment to articular cartilage repair lies in the limited 
cellularity and donor source constraints of articular cartilage. The pro-
liferative limitations and dedifferentiation observed during monolayer 
expansion further hinder the therapeutic potential of articular 

chondrocytes [11]. Costal chondrocytes (CC), derived from the costal 
cartilage, are considered as an alternative cell source due to their su-
perior proliferative capacity and the ability to maintain chondrogenic 
properties during in vitro expansion [12–15]. Crucially, CCs have an 
inherent capability to produce a hyaline cartilage-related matrix similar 
to articular chondrocytes [16–18]. This represents a significant advan-
tage over MSCs that require in vitro induction, which can be inefficient 
and difficult to control accurately [19]. Additionally, CCs possess other 
distinct advantages such as abundant availability and low donor site 
morbidity [20,21]. The feasibility of using CC-derived pellets for artic-
ular cartilage repair was preliminarily validated in our previous exper-
imental studies [22,23]. Due to limitations in oxygen and nutrient 
diffusion during the pellet culture, there are constraints on the size of the 
pellets to ensure the viability of central cells and the uniform distribu-
tion of extracellular matrix, which also limits its prospects for clinical 
application [4,24,25]. 

In this study, we propose a method for scaffold-free tissue engi-
neering of cartilage using CC as seeding cells, under the condition of 
high cell density culture with the addition of only ascorbic acid. 
Comprehensive in vitro and in vivo investigations were conducted to 
evaluate the efficacy and translational potential of CC-TEC(Fig. 1). In 
vitro, CC-TEC constructs were fabricated to assess their structural 
characteristics, extracellular matrix secretion, and gene expression 
profiles. Using clinically relevant animal models, we evaluated the 
structural integrity, maintenance of functional cartilage properties, and 
seamless integration of the engineered tissue with surrounding native 
cartilage. These comprehensive evaluations provide valuable insights 
into the potential of CC-TEC as a clinically translatable solution with 
high promise for articular cartilage regeneration. 

2. Methods 

2.1. Isolation and characterization of costal chondrocytes 

Rat costal chondrocytes were obtained from 10 to 12-week-old 
Sprague–Dawley rats following previously established protocols, as 
described in the supplementary file (Fig. S2) [26,27]. Briefly, the fresh 
rib cages were isolated using sterile scissors. Carefully removing the 
unwanted surrounding tissues, such as muscle and periosteum, from the 
costal cartilage using sterile surgical instruments. The costal cartilage 
samples were minced to 1 mm3 and rinsed with sterile saline to remove 
any remaining debris or blood. To quantify the cell yield per unit weight, 
the harvested costal cartilage tissue was measured and documented. 
Transfer the cartilage pieces into a sterile dish. Add 1.5 mg/mL type II 
collagenase (Lot No.17101015, Gibco, US) in Dulbecco’s modified Ea-
gle’s medium (DMEM, Lot No. SH30243.FS, HyClone, US) to the dish, 
ensuring that the cartilage samples are adequately submerged. The first 
step of digestion was carried out for 2 h at 37 ◦C and the second step of 
digestion was with 0.75 mg/mL type II collagenase in DMEM overnight. 
After the incubation period, the digested cartilage mixture was filtered 
with a 70 μm cell strainer and then transferred. Centrifuge the tube at 
400 g for 5 min to collect the cell suspension. Carefully aspirate the 
supernatant, leaving only the cell pellet. Resuspend the cell pellet in a 
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growth medium (DMEM supplemented with 10% fetal bovine serum and 
1% penicillin/streptomycin). The calculation method for determining 
the quantity of isolated cells is described in our previous study [15]. The 
quantification of chondrocytes obtained after digestion of a unit weight 
of cartilage was determined by comparing the measured number of 
chondrocytes with the previously obtained weight of the cartilage. The 
medium was changed every 2 days. Chondrocytes at 80–90% confluence 
were enzymatically detached using 0.25% trypsin/ethylenediamine 
tetraacetic acid (EDTA, Lot No.G4010-100 ML, Servicebio, China) and 
subsequently seeded onto fresh dishes at a consistent density. The cells 
were then cultured at 37 ◦C with 5% CO2. To determine the proliferation 
rate of cells across various passages (P0 to P5), we have calculated the 
population doubling time of cells at these different passages. The 
chondrocytes were seeded into 24-well plates, with 1 × 104 cells per 
well, and the experiment was conducted in triplicate. After 96 h, a cell 
counter (Cellometer Mini, Nexcelom, US) was used to count the cells, 
with trypan blue exclusion staining. The population doubling time 
(PDT) was calculated using the formula: PDT = t * lg2/(lgNt - lgN0), 
where N0 and Nt represent the cell counts after inoculation and t hours 
after culture, respectively. For the subsequent study, chondrocytes at 
passage 3 (P3) were selected. 

2.2. Development of tissue engineering cartilage (TEC) 

The development of TEC follows the previously established protocol 
[7,8]. Costal chondrocytes were firstly digested, counted, and seeded on 
24-well plates at a density of 4.0 × 105 cells/cm2. Within a day, the cells 
became confluent. Cells were cultured either in basic growth medium 
(named as ctrl group) or growth medium supplemented 0.2 mM 
L-Ascorbic acid 2-phosphate trisodium (Lot No. 49752, Sigma–Aldrich 
Inc., US, named as Asc-2P + group) and incubated at 37 ◦C in a 5% CO2 

incubator. The medium was changed every 2 days. On day 14, the 
cultured cells together with the ECM synthesized by the cells were de-
tached from the plate by gentle pipetting. After being suspended in a 
growth medium for another 1 day, the detached complex was termed as 
a TEC. 

2.3. Characterization of TEC 

Cell morphology of TEC at 3, 7, and 14 days after seeding was 
captured by phase contrast microscope. Live/dead double staining was 
performed with a Calcein/PI Live/Dead Viability Assay Kit (Lot No. 
C2015S, Beyotime Biotechnology, China) following the manufacturer’s 
instructions. Briefly, after the culture medium was removed, TEC was 
rinsed with sterile PBS and incubated with staining working solution at 
37 ◦C for 30 min prevented from light. After incubation, the staining 
results were captured under a fluorescence microscope (Calcein AM 
emits green fluorescence, Ex/Em = 494/517 nm; PI emits red fluores-
cence, Ex/Em 535/617 nm). For the scanning electron microscopy 
(SEM) test, samples of TEC were firstly fixed in 2.5% glutaraldehyde in 
phosphate buffer. Following washing with PBS, the samples underwent 
dehydration through a series of ethanol solutions with increasing con-
centrations. The dehydrated TECs were frozen overnight at − 60 ◦C and 
subsequently transferred to a vacuum drying oven (Alpha 2–4 LSCplus, 
Martin Christ Gefriertrocknungsanlagen, Germany) under a pressure of 
0.105 Pa and at a temperature of − 40 ◦C for a continuous duration of 24 
h of freeze-drying process. The dried TEC samples were mounted on SEM 
stubs and subsequently coated with a thin layer of gold using a sputter 
coater. The SEM imaging was performed using a high-resolution SEM 
(Hitachi SU8010, Japan). 

Figure 1. Schematic graph of this study. Costal chondrocytes were isolated to form a high cell-density tissue engineering construct with ascorbic acid treatment and 
were further investigated both in vitro and in vivo. Asc-2P: L-Ascorbic acid 2-phosphate trisodium. 

K. Zheng et al.                                                                                                                                                                                                                                   



Journal of Orthopaedic Translation 45 (2024) 140–154

143

2.4. RNA-sequencing and bioinformatics analysis 

Total RNA was extracted from the experimental samples using the 
TRIzol reagent (Lot No. 12183555, Thermo Fisher Scientific Inc, USA) 
according to the manufacturer’s instructions. The RNA amount and 
purity of each sample were quantified using NanoDrop ND-1000 
(NanoDrop, Wilmington, DE, USA). The quality and integrity of the 
RNA were evaluated using the Agilent 2100 Bioanalyzer (Agilent 
Technologies, USA). High-quality RNA samples with RNA integrity 
numbers (RIN) above 7.0 were selected for subsequent library prepa-
ration. The cDNA library construction and RNA sequencing were oper-
ated by LC Bio-Technology CO., Ltd (Hangzhou, China) on the Illumina 
Novaseq™ 6000 platform. The obtained raw sequencing data were 
subjected to quality control using FastQC (http://www.bioinformatics. 
babraham.ac.uk/projects/fastqc/, 0.11.9) to assess the sequencing 
quality. Adapters and low-quality bases were filtered by Cutadapt (htt 
ps://cutadapt.readthedocs.io/en/stable/, version:cutadapt-1.9). The 
clean reads were then aligned to the reference genome using HISAT2 
(https://daehwankimlab.github.io/hisat2/, version:hisat2-2.2.1) pack-
age. Genes differential expression analysis was performed by DESeq2 
software between two different groups. The genes with the parameter of 
false discovery rate (FDR) below 0.05 and absolute fold change ≥2 were 
considered differentially expressed genes. Differentially expressed genes 
were then subjected to enrichment analysis of GO functions and KEGG 
pathways. Bioinformatic analysis and visualization of data were per-
formed using the OmicStudio tools at https://www.omicstudio.cn/tool. 

2.5. Real-time polymerase chain reaction (RT-qPCR) 

Individual qRT-PCR from additional replicate TEC samples harvested 
at day 7 and day 14 in each group validated the RNA-Seq results. The 
total RNA of TECs was extracted with an RNA Purification Kit (Lot No. 
B0004D, EZBioscience, US), and complementary DNA was prepared by 
using 4 × EZscript Reverse Transcription Mix II (Lot No.EZB-RT2GQ, 
EZBioscience, US) according to the manufacturer’s instructions. RT- 
qPCR was performed in a volume of 10 μl. Complementary DNA was 
amplified using specific primers and SYBR Green Master Mix with 
QuantStudio™ 7 Flex real-time PCR System (Thermo Fisher Scientific, 
US). The amplification was performed under certain conditions: 5 min at 
95 ◦C to activate, followed by 40 cycles, 15 s at 95 ◦C, and 60 s at 60 ◦C. 
RT-qPCR was performed under standard conditions and all experiments 
were performed in triplicate. The expression level of each gene was 
calculated using the 2− (ΔΔCT) method with glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) as the reference gene. Primers were synthe-
sized by Tsingke Biotechnology Co., China, and sequences are shown in 
the supplementary file (Table S1). 

2.6. Biochemical analysis 

The secretion of glycosaminoglycans (GAGs) by the two groups of 
TECs was firstly assessed by alcian blue staining and semi-quantitatively 
compared by ImageJ software as previously described [28]. To further 
quantify the synthesis of GAGs, total GAGs were measured by the 
dimethyl methylene blue (DMMB) assay according to a previous pro-
tocol [23]. TECs from both control and Asc-2P + groups were digested in 
papain buffer containing5 mM L-cysteine(Lot No.168149, Sigma-
–Aldrich Inc., US), 200 μg/ml papain(Lot No.G8430, Solarbio, China), 
0.1 M sodium acetate(Lot No.S5330, Solarbio, China) at 65 ◦C for 18 h 
and centrifuged for 5 min at 6000 rpm. Transfer an appropriate volume 
of the digested sample into a 96-well microplate. Add the DMMB reagent 
(Lot No.341088, Sigma–Aldrich Inc., US) to the sample and mix gently 
to ensure uniform distribution. Using a spectrophotometer (Varioskan 
LUX, thermofisher, US), measure the absorbance of the reaction mixture 
at a wavelength of 525 nm. Determine the GAG concentration in the 
samples by comparing the absorbance values with the pre-prepared 
standard curve of chondroitin sulfate (Lot No.T2980, Targetmol 

Chemicals Inc., US). DNA concentrations of TECs were assessed using a 
Helixyte™ Green Fluorimetric dsDNA Quantitation Kit (Lot No.17645, 
AAT Bioquest Inc, US) in accordance with the manufacturer’s in-
structions. A standard curve was prepared by diluting the dsDNA stan-
dard provided in the kit using Tris–EDTA buffer. Each standard and 
sample was then added to separate wells of a 96-well plate. Subse-
quently, Helixyte™ Green working solution was added to each well and 
thoroughly mixed. The plate was incubated at room temperature for 2 
min to allow for proper fluorescence development. DNA concentration 
was determined using the aforementioned spectrophotometer by 
measuring the fluorescence intensity at excitation/emission wave-
lengths of 490/525 nm and normalizing it to the dsDNA standard. 

2.7. Animal experiments 

Male Sprague–Dawley rats weighing between 250 and 300 g were 
used for this study after obtaining approval from the Animal Care and 
Use Committee of Shanghai Sixth People’s Hospital (No. DWSY2022- 
0173). The rats were acclimated to the laboratory conditions for one 
week before the experiment. A total of 18 twelve-week-old male SD rats 
were randomly divided into three groups, with an additional 3 rats only 
receiving sham surgery as positive control. Each group consisted of 3 
rats at each time point (6 weeks and 12 weeks), and bilateral knee 
surgeries were performed on them. Therefore, the sample size was n = 6 
as it accounted for both left and right knees of the 3 rats in each group. 
After Anesthesia and sterilization, a longitudinal midline incision 
exposed the knee joint, allowing for careful dissection. Rats in the intact 
group referring to the sham surgery group which received no damage to 
the cartilage and had their wounds sutured. For rats in other groups, a 
microdrill was used to create a 1.5 mm diameter and 1 mm deep 
osteochondral defect in the tracheal groove. Saline irrigation was 
employed during drilling to prevent heat generation and maintain tissue 
hydration. In the blank group, rats remained untreated after the in-
duction of osteochondral defects. Rats in the CC-TEC-Asc(− ) group un-
derwent TEC implantation which had been prepared devoid of ascorbic 
acid supplementation in advance and delicately positioned onto the 
defect sites within the knee joints of the rats. Conversely, rats assigned to 
the CC-TEC-Asc(+) group received implantation of TEC constructs that 
had been treated with ascorbic acid, a crucial component in the prepa-
ration. The joint capsule and skin were then closed. The rats were 
allowed to move freely in the cage after the operation. Rats were sub-
jected to appropriate euthanasia before the dissection and harvest of 
distal parts of rat femur samples at 6 and 12 weeks after surgery for 
further analysis. 

2.8. Nanoindentation tests 

To examine the mechanical properties of the implanted tissue, 
nanoindentation tests were conducted according to a previously estab-
lished protocol [29,30]. The distal parts of rat femur samples were 
harvested at 6 and 12 weeks after surgery and kept frozen at − 20 ◦C 
until testing. To prevent sample dehydration, phosphate-buffered saline 
(PBS) was added to the testing area to maintain hydration throughout 
the entire duration of the tests. This ensured that the samples remained 
adequately moist during the nanoindentation experiments. For this 
experiment, we employed the BRUKER Hysitron TI 950 TriboIndenter, 
which was equipped with a Berkovich diamond probe. The instrument 
parameters were set to a maximum load of Vmax = 100 μN, a maximum 
indentation time of t = 2.5 s, and a holding time of 2 s. The elastic 
modulus (E), hardness (H), and stiffness (S) of samples were determined 
using the Oliver-Pharr method, employing the TriboIndenter software 
provided with the equipment [30]. A total of 5 points on each sample 
were tested with an even distribution, and the average value of these 
measurements was considered as the representative result for each 
sample (n = 6). 
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2.9. Histological and immunohistochemical evaluation 

TEC samples were fixed in 4% paraformaldehyde, dehydrated in a 
series of gradient sucrose-based solutions, and embedded in an Optimal 
Cutting Temperature compound (Lot No.4583, Sakura Finetek, USA). 
The embedded TEC blocks were sectioned into 10 μm slices using a 
cryostat. The rat femur samples were harvested and imaged by Leica S8 
APO stereoscope and further quantitatively evaluated by the Interna-
tional Cartilage Repair Society (ICRS) macroscopic score (Table S2) 
[31]. Femur samples from each group were processed similarly to TEC 
samples, except that they were decalcified in 10% EDTA before 
embedding in paraffin and sectioning into 6 μm slices. 
Hematoxylin-Eosin (H-E), Safranin-O/Fast green, and Masson’s tri-
chrome staining were performed. Femur sections were further evaluated 
with ICRS Visual Histological Assessment Scale (ICRS-VHAS) and 
O’Driscoll score (Tables S3 and S4) [32,33]. To evaluate the production 
of collagen histologically, immunohistochemical staining was per-
formed. Briefly, after deparaffinization, rehydration, and antigen 
retrieval using Tris–EDTA, sections were blocked with 0.1% Triton-X 
100 and 3% BSA in PBS and then incubated with rabbit antibodies 
against collagen type I, II, and X (1:100, 1:100, and 1:50 respectively, 
Lot No.AF7001, AF0135, DF13214, Affinity Biosciences, China). Sub-
sequently, TEC sections were incubated with Alexa Fluor® 488-conju-
gated Goat Anti-Rabbit IgG (H + L) (1:200, Lot No. GB25303, 
Servicebio, China) and IF555-phalloidin (Lot No.G1249-100T, Service-
bio, China). At last, mount the coverslips on the section with an antifade 
mounting medium with DAPI. For femur sections, they were incubated 
with goat anti-rabbit secondary antibody conjugated with HRP (1:200, 
Lot No. S0001, Affinity Biosciences, China). The area of the 

immunocomplex was visualized by chromogen 3,3′-diaminobenzidine 
(DAB, Lot No.P0203, Beyotime, China). Fluorescent and bright field 
images were captured by a Leica DM6 digital microscope (Leica, 
Germany). 

2.10. Statistical analysis 

All histological scores were evaluated independently by three blin-
ded observers. The data are presented as the mean ± standard deviation. 
Student’s t-test was used for comparison between the two groups. One- 
way analysis of variance (ANOVA) coupled with Tukey’s post hoc test 
was used to determine the significant differences in mechanical evalu-
ation and histological scores among the groups. Bioinformatic analysis 
was performed using the OmicStudio tools at https://www.omicstudio. 
cn/tool. Other analysis results were visualized using Prism 8.0 software 
(GraphPad). A value of p < 0.05 was considered to indicate a significant 
difference. 

3. Results 

3.1. Morphological characterization and histological analysis of TEC 

The cell yield of isolated chondrocytes was determined to be 2.31 ±
0.55 × 103 cells per milligram of cartilage tissue. There was no statis-
tically significant difference in population doubling time of costal 
chondrocytes from P0 to P3, with average values of 34.8 ± 3.26, 29.18 
± 2.71, 30.73 ± 2.29, and 36.48 ± 2.77 h, respectively. However, a 
significant increase in population doubling time was observed for P4 to 
P5 costal chondrocytes, with values of 44.42 ± 4.15 and 59.67 ± 5.31 h, 

Figure 2. Characterization of TECs. A. Cell morphology at day 3, 7, 14. Black scale bar: 200 μm, white scale bar: 100 μm. B. Live/dead double staining of TECs. 
green: calcein AM, indicating live cells; red: propidium iodide, indicating dead cells. Scale bar: 100 μm. C. Gross view of TEC in the culture plate and when lifted. D. 
Gross view of TECs from the top and lateral sides. Scale bar = 1 mm. E. SEM images of TEC surfaces. Scale bar = 50 μm. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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respectively, indicating a statistically significant difference compared to 
the cells from P0 to P3 (Fig. S1). The isolated costal chondrocytes 
exhibited a typical irregular polygonal morphology of chondrocytes and 
specifically expressed type II collagen (Fig. S2). Within 24 h after 
seeding, the costal chondrocyte was attached and showed high cell 
density. The morphology of cells changed differently under different 
culture conditions (Fig. 2 A). In the control group, the chondrocytes 
were closely arranged and maintained a polygonal shape until the 14th 
day. In the ascorbic acid-treated group, chondrocytes exhibited a 
gradual morphological change from irregular polygons to elongated 
fusiform. The cell viability did not decrease significantly within 14 days. 

It can be seen from the live-dead staining that despite the high cell 
density, most of the chondrocytes still maintained viability, and only a 
very small number of scattered chondrocytes died (Fig. 2 B). After 
detachment, TEC experienced a spontaneous process of contraction. The 
contracted tissue could withstand external forces such as surgical pro-
cedures and maintain its integrity (Fig. 2 C). After removing excess 
water on the surface, TEC presents a dense, opaque, smooth disk-like 
morphology with a certain thickness. It can be observed that the 
thickness of ascorbic acid-treated TECs was thicker than that of the 
control group, indicating that they contained more matrix components 
(Fig. 2 D). It can be seen that the fibers on the surface of the ascorbic 

Figure 3. Histological analysis of TECs in two groups. A. H-E, Safranin-O, and Masson trichrome staining. B. Collagen type I, C. Collagen type II, and D. Collagen type 
X immunofluorescence staining. Scale bar = 100 μm. 
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acid-treated TEC were more abundant and intertwined intricately 
through the image of the TEC surface collected by the SEM (Fig. 2 E). 

To explore the impact of ascorbic acid on the formation of TEC, TEC 
sections were stained after 14 days. Both groups of TECs displayed a 
high cell density. However, the control group exhibited thinner TECs 
with less pronounced matrix staining compared to the ascorbic acid- 
treated group (Fig. 3 A). Immunofluorescence staining revealed the 
presence of collagen types in both TEC groups. While both groups 
showed some positivity for collagen type I and type X, the signal for 
collagen type X was relatively weak, with no significant difference be-
tween the groups (Fig. 3 B, D). Remarkably, the ascorbic acid-treated 
TECs displayed a more homogeneous and widespread positivity for 
collagen type II (Fig. 3 C). 

3.2. Gene expression analysis of TEC by RNA-seq and RT-qPCR 

The results of the correlation coefficient analysis between samples 
indicate that there is a significant difference between the two groups of 
TEC, while there is high consistency within each group (Fig. S3). To 
identify differentially expressed genes (DEGs) between the two treat-
ment groups, we applied a stringent statistical cutoff of p < 0.05 and | 
log2 fold change| > 1. A total of 1240 DEGs were identified, with 605 
upregulated and 635 downregulated in ascorbic acid-treated TECs 
compared to the control (Fig. 4 C). The volcano plots and hierarchical 
cluster analysis showed the variation of mRNA expression between the 
control and ascorbic acid-treated TEC samples (Fig. 4 A). To explore the 
biological functions and pathways associated with the DEGs, we per-
formed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) enrichment analysis using clusterProfiler. GO 
enrichment analysis demonstrated DEGs were enriched in gene sets 

Figure 4. RNA sequencing analysis. A. A volcano plot illustrating differentially regulated gene expression from RNA-seq analysis between two groups. B. GO 
enrichment scatter plot. C. Pie chart of genes sequenced. D. GO functional clustering of DEGs. E. KEGG pathway classification. Asc-2p+: TECs treated with Asc-2P. 
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realated to extracellular matrix production, collagen-related matrix 
production, and cell adhesion (Fig. 4 B). GO classification results show 
that the terms “biological process”; “membrane” and “integral compo-
nent of membrane”; “protein binding” were the most enriched cate-
gories of biological process, cellular component, and molecular 
function, respectively (Fig. 4 D). The KEGG database is used to deter-
mine the significant pathway of DEG. Several pathways were revealed 
including “Focal adhesion”, “PI3K-Akt signaling pathway” and “Regu-
lation of actin cytoskeleton” (Fig. 4 E). We also performed gene set 
enrichment analysis (GSEA) to identify the pathways and functions that 
were significantly enriched among the DEGs. The enriched gene sets 
included those related to fat metabolism, cell cycle, immune response, 
and chondrocyte differentiation. The top 30 enriched gene sets for GO 
and KEGG are shown in the supplementary file (Figs. S4 and S5). 

The expression of selected genes related to cartilage matrix synthesis 
was represented by heat maps (Fig. 5 A, B). Validation of the RNA 
sequencing results was carried out using qPCR on selected DEGs related 

to cartilage matrix production. The qPCR results exhibited a high cor-
relation with the RNA sequencing data, confirming the reliability of our 
transcriptomic analysis (Fig. 5 C). We evaluated the gene expression 
profile of TEC at both the 7-day and 14-day time points in our analysis. 
Selected cartilage production-related genes (Sox9, Col2a1, Acan) were 
all significantly elevated (all P < 0.001) in ascorbic acid-treated TECs 
compared to control TECs at both the 7-day and 14-day time points. 
However, regarding genes representing osteogenesis, the expression of 
Runx2 did not show significant differences at day 7 (P = 0.09), yet 
exhibited an increase at day 14 (P = 0.04). Additionally, the expression 
levels of Col1a1 were not statistically different at either time point (P =
0.79 and 0.13, respectively), whereas hypertrophic marker Col10a1 was 
upregulated significantly (P < 0.001). 

3.3. GAG content analysis of TECs 

To examine the effect of ascorbic acid on extracellular matrix 

Figure 5. Gene expression analysis and biochemical analysis of TECs. A. Heat map of selected collagen-related gene expressions. B. Heat map of expressions of 
selected cartilage matrix-related genes (Acan, Sox9, Vcan, Comp, Frzb, Gdf5, Gdf10, Wnt5a), hypertrophy related genes (Mmp3, Mmp9, Mmp13, Alpl) and osteo-
genesis related genes (Bmp2, Runx2, Ogn, Bglap) between two groups. C. RT-qPCR validation results of selected genes within TECs at day 7 and 14(n = 5). D. GAG 
content, DNA content, and GAG/DNA ratio comparison between two groups(n = 3). E. Alcian blue staining of TECs in two groups and F. Semi-quantitative analysis of 
Alcian staining(n = 3). Asc-2P+: TECs treated with ascorbic acid; crtl: control TECs without ascorbic acid treatment. Significant letter: *, P < 0.05; **. P < 0.01; ***, 
P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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synthesis, GAG contents were quantified. Ascorbic acid treatment 
significantly increased GAG production by TECs compared with un-
treated controls (P = 0.013), whereas DNA levels were similar between 
groups (P = 0.386) (Fig. 5 D). This suggested a substantial improvement 
in the matrix-forming capacity of chondrocytes, as reflected by the 
GAG/DNA ratio (P = 0.013). Alcian blue staining demonstrated 
enhanced GAG deposition in ascorbic acid-treated TECs than in control 
TECs at both 7 and 14 days, which was corroborated by semi- 
quantitative analysis of Alcian blue intensity (Fig. 5 E, F). 

3.4. Macroscopic analysis of osteochondral defect regeneration in femur 
trochlear 

During the surgery, the TECs were implanted into the defect site 
without additional fixation (Fig. 6 A). No animals developed infection or 
died until the end of the observation period, and no detachment of TECs 
from the implantation site was observed in the harvested specimens. 
Samples of the distal part of the femurs were collected and then imaged 
for macroscopic analysis (Fig. 6 C). It was observed that the articular 
cartilage defects in the blank group showed obvious indentations, which 
remained unfilled until 12 weeks. In contrast, the cartilage defects in 
both TEC-implanted groups were filled with white, shiny, opaque tissue, 
which was almost level with the surrounding cartilage. The fillers 
formed tight integration with the adjacent native cartilage, but the 
boundaries between them were still clear until 12 weeks post-surgery. 
No significant difference in gross appearance was noted between the 
two TEC-grafted groups. The macroscopic scores analysis conducted 
according to the ICRS guidelines consistently demonstrated results that 
are graphically represented in Fig. 6 B. The scores obtained for the TEC- 
implanted groups were significantly higher compared to the blank 
groups at both 6- and 12 weeks post-surgery. However, these scores 
remained significantly lower than those observed in the positive control 
groups. Notably, no statistically significant differences were detected 
between the two groups at both time point (P = 0.20 at 6 weeks and P =
0.73 at 12 weeks). Under stereomicroscopy, it was observed that the 
surface of the blank group samples collected at both time points 
exhibited irregular and rough features at the site of the cartilage defect 
(Fig. 6 C). In contrast, the surfaces of the grafts in both TEC-implanted 
groups appeared relatively smooth and even, resembling the 
morphology of the positive control group. Furthermore, this 
morphology was maintained for up to 12 weeks. 

3.5. Nanoindentation tests of defect sites in femur trochlear 

To evaluate the mechanical properties of the graft after trans-
plantation, the nanoindentation experiment was performed (Fig. 6 D). 
The mechanical properties of samples in each group were quite different 
(Fig. 6 E). At week 6, the blank group showed the weakest hardness, 
elastic modulus, and stiffness properties, while the positive control 
group showed the significantly highest values. Samples from TEC- 
implanted groups showed mechanical properties between these two 
groups (Fig. 6 F). Ascorbic acid-treated TEC showed higher hardness and 
elastic modulus than control TEC after implantation (P < 0.001 and P =
0.003 respectively), although the stiffness reported no significant dif-
ference between them (P = 0.18). 

3.6. Histological evaluation of femur trochlear 

Samples were sectioned and stained for histological evaluation. Six 
weeks after surgery, the defect in the blank group was filled with 
irregular tissue, exhibiting a fibrous arrangement and lacking positive 
staining for Safranin-O and toluidine blue (Fig. 7 A). Immunohisto-
chemical staining further revealed that the tissue was rich in type I and 
type X collagen but not type II collagen, suggesting that the repaired 
tissue forms fibrous tissue instead of cartilage tissue (Fig. 7 B). Both TEC 
implanted groups showed hyaline cartilage-like filling, in which it could 

be observed that the clustered chondrocytes were distributed in clearly 
defined lacunae embedded in the extracellular matrix (Fig. 7 A). Addi-
tionally, the staining for hyaline cartilage markers was visibly apparent 
and similar to the intact group. Immunohistochemical staining further 
confirmed the abundance of type II collagen and aggrecan in the matrix 
(Fig. 7 B). However, TECs that were not treated with ascorbic acid dis-
played a shallower staining for Safranin-O and type II collagen after 
transplantation compared to the ascorbic acid-treated TECs. These un-
treated TECs exhibited partial specificity in the staining for type I 
collagen, which was more intense than ascorbic acid-treated TECs. 
Positive staining for aggrecan was detected in the deep zones of the 
cartilage tissue, demonstrating its concentration in the territorial matrix 
and pericellular regions. Both groups showed similar secretion of type X 
collagen, displaying scattered specific staining. The positive staining 
was observed to be more widespread compared to the intact group, 
predominantly distributed in the pericellular matrix. Both ICRS and 
O’Driscoll histological scores came to the same conclusion, with the 
ascorbic acid-treated TEC transplant group being significantly better 
than the other two groups, but not as good as the intact group(Fig. 7 C). 

At 12 weeks post-surgery, the defect sites in the blank group dis-
played subchondral bone remodeling; however, the surface was merely 
coated with a thin layer of fibrous tissue. Section staining results 
revealed negative staining for Safranin-O, type II collagen, and aggrecan 
within this tissue layer, while immunohistochemical staining indicated 
an abundance of type I collagen staining. These findings suggest that 
even after 12 weeks, the spontaneously repaired tissue failed to develop 
sufficient hyaline cartilage and instead was replaced solely by fibrous 
tissue (Fig. 8 A, B). TECs that were not treated with ascorbic acid 
maintained the content levels of GAG, type II collagen, and aggrecan in 
the matrix at 12 weeks post-implantation, as evidenced by safranin-O 
and immunohistochemical staining results. Ascorbic acid-treated TECs 
maintained a smooth and regular morphology on the joint surface at 12 
weeks post-implantation, with abundant levels of GAG, type II collagen, 
and aggrecan in the matrix, as indicated by deeper staining. In contrast 
to the intact group, which displayed relatively shallow and localized 
distribution of both type I collagen and type X collagen, the staining 
intensity of these collagens in both the treated TEC group and the un-
treated TEC group was stronger(Fig. 8 A, B). However, upon comparing 
the staining patterns between the treated and untreated TEC groups, no 
discernible variations in the distribution patterns of type I collagen and 
type X collagen were observed. Both groups displayed similar IHC 
staining intensities and localization of these two collagen types within 
the cartilage tissue. This indicates that the ascorbic acid treatment did 
not induce any notable changes in the deposition or localization of these 
collagens in the study group compared to the control group. The histo-
logical scores at 12 weeks post-surgery were consistent with the results 
at 6 weeks, with the ascorbic acid-treated TEC transplantation group 
exhibiting significantly higher scores (Fig. 8 C). 

4. Discussion 

The emergence of tissue engineering techniques has shed light on 
articular cartilage regeneration. Classical tissue engineering techniques 
rely on the combination of cells, signals, and scaffolds [4]. However, the 
introduction of a scaffold into a tissue-engineered construct brings 
relevant concerns. Firstly, the long-term cytotoxicity and exposure of 
cells to the harsh processing requirements of scaffold-based constructs 
(e.g., spinner shear, elevated temperatures, toxic polymerizing chem-
icals), which leads to decreased cell viability must be considered [5,6]. 
Moreover, the biodegradability of incorporated biomaterials and the 
possibility of eliciting an immunological response also cannot be 
ignored [6,34]. Other scaffold-related concerns include complicated 
fabrication methods, issues with heterogeneous cell distribution or cell 
migration, stress shielding from mechano-transduction, and insufficient 
retention and integration with surrounding tissue [6,35–37]. To avoid 
the concerns mentioned above, scaffold-free tissue engineering seems to 
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Figure 6. Macroscopic evaluation and nanoindentation tests for femur samples from four groups. A. TEC implantation during the surgery. B. ICRS macroscopic score 
analysis of four groups (n = 6). C. Macroscopic views of samples harvested from four groups. D. Nanoindentation tests for each sample with a special fixation device. 
E. Representative curves of nanoindentation tests. F-G. Analysis of experimental results of nanoindentation at 6- and 12-weeks post-surgery(n = 6). Scale bar = 50 
μm; Significant letter: *, P < 0.05; **. P < 0.01; ***, P < 0.001. 
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be a viable alternative. 
The formation of aggregate culture through centrifugation is a 

widely utilized technique in cartilage tissue engineering. In this 
approach, cell aggregates or pellets undergo chondrogenic differentia-
tion within a three-dimensional structure. However, the presence of 
aggregates exceeding 500 μm in diameter poses challenges related to 
diffusion limitations and hypoxia within their cores [6,24,38,39]. 
Furthermore, even if micro-pellets are successfully formed and 
re-integrated, the nonuniformity at the boundaries and uneven distri-
bution of the matrix within the integrated aggregates may impede their 

regenerative efficacy following implantation [40,41]. In this study, we 
utilized an approach depending on high cell density (4.0 × 105/cm2) 
and the presence of Asc-2P to fabricate a scaffold-free TEC as previously 
described [7,8]. Under this cell density, CC maintained high viability 
and cartilage-associated matrix production (Figs. 2B–Fig. 3 A). It could 
be easily detached by applying gentle shear stress using the pipette, and 
subsequently undergoing spontaneous contraction, which is consistent 
with previous reports [42]. The transformation of TECs from a mono-
layer complex to a three-dimensional structure is related to contractile 
forces generated within the actin-cytoskeleton [8,43]. The development 

Figure 7. Histological and immunochemical staining of femur samples at 6 weeks post-surgery. A. H-E, Masson trichrome, and Safranin-O/Fast green staining. B. 
Immunochemical staining of collagen type I, II, X, and aggrecan. Black scale bar = 200 μm, white scale bar = 50 μm. C. Histological analysis using ICRS II and 
O’Driscoll score systems. CC-TEC-Asc(+) means groups in which rats received ascorbic acid-treated TEC implantation while CC-TEC-Asc(− ) only received control 
TEC implantation. Significant letter: ***, P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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of TECs does not encounter size limitations, as their dimensions are 
determined by the container and can be formed in a single step, thereby 
avoiding the nonuniformity associated with secondary integration. Such 
characteristics significantly enhance the translational potential of TECs 
in clinical applications. An in-human pilot study has adopted large 
culture dishes up to 150 cm2 to produce TECs whose size and thickness 
met the requirements of clinical translation (about 1.5 cm in diameter) 
and found significantly improved scores after surgery [9]. In addition, 
the presented approach does not require any special equipment or 
growth factor, thus simplifying the manufacturing process and reducing 

costs. This is particularly noteworthy as autologous chondrocyte im-
plantation, which is known to have high costs, predominantly stems 
from the expenses associated with in vitro cultivation [10]. In contrast, 
techniques such as cell sheet formation usually require special cell cul-
ture equipment such as thermo-responsive systems [6,44,45]. Moreover, 
TECs are relatively stronger compared to chondrocyte sheets, which are 
generally fragile and thin, making construct handling difficult. Our 
study showed CC-derived TECs endured surgical procedures including 
trimming before transplantation without tearing down (Figs. 2C–Fig. 6 
A). 

Figure 8. Histological and immunochemical staining of femur samples at 12 weeks post-surgery. A. H-E, Masson trichrome, and Safranin-O/Fast green staining. B. 
Immunochemical staining of collagen type I, II, X, and aggrecan. Black scale bar = 200 μm, white scale bar = 50 μm. C. Histological analysis using ICRS II and 
O’Driscoll score systems. CC-TEC-Asc(+) means groups in which rats received ascorbic acid-treated TEC implantation while CC-TEC-Asc(− ) only received control 
TEC implantation. Significant letters: *, P < 0.05; ***, P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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Another advantage of TECs is their adhesion and integration to 
surrounding native cartilage. Integration is critical in cartilage regen-
eration as it provides stable biological fixation, load distribution, and the 
proper mechano-transduction necessary for homeostasis [46]. However, 
cartilage-to-cartilage integration is difficult to achieve because of its 
anti-adhesive characteristics and limited cell migration within it [41,47, 
48]. Studies have found the adhesive property of TECs to host tissue 
without any additional intervention [7,34]. In this study, we evaluated 
the adhesion and integration of CC-derived TECs by implanting them in 
an osteochondral defect model. All grafts stayed in situ with a smooth 
surface until week 12(Fig. 6 C). Histological results have shown that 
CC-derived TECs were integrated into the host cartilage without any 
apparent discontinuities from the superficial layer through to the deep 
layer (Figs. 7 and 8). Previous experiments have also reported the 
consistent characteristic of TECs adhering to knee joint cartilage defects 
without the need for sutures or auxiliary fixation agents [9,49]. These 
results are superior to those of CC-derived pellets studied in our previous 
experiment [23]. 

The effect of ascorbic acid on CC-derived TECs has also been studied. 
It is revealed that TECs, which were not treated with ascorbic acid, 
exhibited poor collagen secretion and thinner tissue structure in vitro. 
Upon implantation into the defect sites, these TECs failed to fully restore 
the height of articular cartilage and maintained a slightly weaker 
cartilage matrix staining, potentially compromising their durability and 
reparative effects post-implantation. This suggests that TECs without 
ascorbic acid treatment do not meet the requirements for direct appli-
cation and therefore, it is necessary to appropriately induce and promote 
CC-derived TECs in vitro. Ascorbic acid is widely used in scaffold-free 
cartilage tissue engineering due to its promoting effect on chondro-
genic differentiation and extracellular matrix secretion of cartilage cells 
[50]. The results showed that ascorbic acid upregulated genes related to 
extracellular matrix production, collagen-related matrix production, 
and cell adhesion in CC and promoted the secretion of GAG and collagen 
(Figs. 3 and 4 B, D, E, Fig. 5), which is similar to the results previously 
reported [51–53]. Apart from its direct role in increasing gene expres-
sion, ascorbic acid can also function as a cofactor for prolyl and lysyl 
hydrolase. The hydroxylation of specific proline and lysine residues 
within the collagen molecule is essential for collagen cross-linking, a 
critical process in collagen maturation that plays a significant role in 
bone and cartilage formation [54,55]. Through RNA-seq analysis of 
differentially expressed genes, we conducted GO enrichment analysis 
and discovered that ascorbic acid not only promotes ECM production, 
binding, and organization in costal chondrocytes, but also enhances cell 
adhesion (Fig. 4B). Furthermore, ascorbic acid was found to stimulate 
cellular antioxidant response and inhibit apoptosis in these cells 
(Fig. 4D). Additionally, we observed that ascorbic acid modulates genes 
related to fatty acid metabolism in costal chondrocytes (Fig. 4E). 
Through KEGG pathway enrichment analysis, it was determined that 
ascorbic acid may exert its regulatory effects through upregulation of 
the PI3K-Akt and MAPK signaling pathways (Fig. 4E). However, 
research has found that ascorbic acid also promotes chondrocyte hy-
pertrophy and osteogenic differentiation by upregulating the expression 
of Runx2, manifested as increased secretion of type I and type X collagen 
[56–58]. Through mRNA sequencing and qPCR results, it was observed 
that the expression of the col10 gene in CC did indeed increase. How-
ever, based on the results of immunofluorescence staining, both 
CC-derived TECs with and without ascorbic acid treatment exhibited 
minimal expression of COLX, with no significant differences observed. 
This may be attributed to the inherent tendency of CC towards sponta-
neous hypertrophy, where the effects of ascorbic acid stimulation may 
be difficult to discern [23]. 

In this study, CCs were used as the seeding cells for several reasons. 
Firstly, scaffold-free cartilage tissue engineering needs a great quantity 
of target cells. Different from articular chondrocytes which are limited in 
source, CCs can be isolated from costal cartilage, an abundant source of 
hyaline cartilage storage in the human body [20,23]. Other advantages 

of CCs over articular chondrocytes include low donor site morbidity, 
higher initial cell yield and proliferation rate, and better 
re-differentiation ability [12,13,23]. After two passages of expansion, a 
biopsy weighing a few milligrams would yield tens of millions of cells, 
thereby providing a substantial quantity suitable for generating autol-
ogous grafts to meet clinical demands [59]. Prior experiments have 
demonstrated the in vitro capacity of costal chondrocytes to undergo 
differentiation and acquire an articular chondrocyte phenotype, as evi-
denced by the secretion of GAGs and type II collagen [13,59,60]. 
Therefore, CCs have been regarded as a promising alternative for 
articular chondrocytes. In this study, in the absence of chondrogenic 
induction conditions, CC-derived TECs still demonstrated the ability of 
hyaline cartilaginous matrix secretion, as depicted by the histological 
staining results. The uninduced MSC-derived TEC only exhibited the 
secretion capability of fibrous cartilage matrix and requires secondary 
differentiation in vivo, which introduces uncertainty in both differen-
tiation and reparative effects [7,8,61]. Previous experiments have re-
ported that undifferentiated MSCs have inferior regenerative effects 
after transplantation, thus demonstrating the advantages of CC[62,63]. 
The results of in vivo repair also demonstrate that CC-derived TECs 
treated with ascorbic acid exhibited tissue characteristics of mature 
hyaline cartilage, with staining intensity similar to that of surrounding 
native cartilage (Figs. 7 and 8). 

However, there are still some limitations in this study. Firstly, CCs 
had a slight tendency to hypertrophy as observed. At least in our 
experimental results, this trend did not become stronger over time and 
did not affect the reparative effects of TEC derived from CC on the 
morphology and structure of articular cartilage. Although the long-term 
effect of this phenomenon on cartilage repair is unclear, future studies 
can modify and improve the fabrication procedure to overcome this 
feature. Additionally, in vivo evaluation in big animal models is needed 
before CC-derived TECs are ready for clinical translation. 

5. Conclusion 

In summary, we developed a CC-derived scaffold-free TEC for 
articular cartilage repair without requiring special culture equipment. 
The fabricated TECs were first characterized and analyzed for chon-
drogenesis in vitro. Further in vivo outcomes showed proper cartilage 
regeneration, subchondral remodeling, and integration into the sur-
rounding native tissue. Therefore, the CC-derived TEC be considered as a 
promising scaffold-free articular cartilage repair strategy. 
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