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Cartilage tissue engineering affords great promise for cartilage tissue regeneration in clinical practice. 
Unfortunately, in vitro engineered cartilage falls short of mechanical properties compared to natural 
cartilage, which has not yet become the mainstream of cartilage defect repair. Notably, the collagen 
fiber structure in the extracellular matrix (ECM) of chondrocytes accounts for the mechanical properties 
of engineered cartilage. Specifically, massive collagen fibers in ECM are covalently cross-linked by lysyl 
oxidase (LOX) to form a rigid cross-linked structure, contributing to certain mechanical properties. 
Accordingly, LOX may be a key enzyme for improving the mechanical properties of tissue-engineered 
cartilage in vitro. As reported, transforming growth factor-β1 (TGF-β1) can activate LOX via the 
SMAD-independent MAPK pathway, and β-aminopropionitrile (BAPN), an irreversible inhibitor of 
LOX, directly represses the cross-linking between macromolecules in the ECM of chondrocytes. In the 
present study, we intervened in cartilage regeneration in vitro using the aforementioned activator 
and inhibitor of LOX, thereby evaluating the quality and mechanical properties of tissue-engineered 
cartilage and further investigating the role of LOX in cartilage regeneration in vitro. Our results 
demonstrated that TGF-β1 improved the mechanical properties of cartilage in vitro at both two-
dimensional and three-dimensional constructs by activating LOX. Therefore, further experimental 
studies are warranted to probe the activators of LOX and their mechanisms in cartilage regeneration in 
vitro.
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Articular cartilage is an avascular tissue with limited capacities for self-regeneration1. Available surgical or 
conservative techniques fail to generate tissues that adequately repair damaged cartilage2. Accordingly, cartilage 
defect repair remains a salient clinical challenge. In recent years, cartilage tissue engineering has emerged as a 
perspective technique for cartilage tissue regeneration. Although in vitro cartilage-like constructs are critical 
for cartilage tissue engineering, significant hurdles remain in achieving the same mechanical strength as natural 
cartilage for in vitro engineered cartilage. Cartilage tissues are composed of chondrocytes, chondrocyte-derived 
extracellular matrix (ECM), and collagen fibers3. According to our previous research, the insufficient mechanical 
properties of cultured cartilage in vitro are attributed to the deficiency of collagen cross-linking, which is closely 
linked to pyridinoline (PYR). Specifically, PYR is positively correlated with collagen cross-linking levels, but 
not with ECM contents4. Another study also unveiled that the mechanical strength of cartilage was governed by 
the arrangement and spatial structure of collagen fibers in ECM4. Moreover, the existing cartilage engineering 
system alone is inadequate for enhancing the mechanical strength of in vitro constructed cartilage. Hence, the 
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addition of some exogenous factors into the culture system may be a novel approach to improve the spatial 
structure and arrangement of collagen in ECM, thereby modifying the in vitro construction of cartilage.

High-density collagen fibers are cross-linked and relatively uniformly distributed in ECM, which increases 
the mechanical strength of cartilage under pressure loading5. Therefore, the cross-linking and 3-dimensional 
(3D) spatial distribution of collagen are considered the most key influencing factors for the mechanical strength 
of cartilage tissues6. Reportedly, PYR is the most crucial molecule in collagen cross-linking formed by covalent 
bonds between collagen molecules and assumes a key role in stabilizing collagen chains7. As an ECM synthetase, 
lysyl oxidase (LOX) can encourage PYR synthesis and is involved in balancing ECM synthesis and degradation 
when expressed at a low level in vitro8. Recent studies on LOX and PYR have focused mainly on tumors, 
cardiovascular diseases, and pelvic connective tissue diseases9–11, but rarely on cartilage regeneration in vitro. As 
a consequence, it is unestablished whether the regulation of LOX can affect the mechanical strength of in vitro 
regenerated cartilage. Transforming growth factor-β1 (TGF-β1) can up-regulate LOX in the kidneys of hereditary 
nephrotic mice with chronic renal fibrosis12 and human lung fibroblasts13. TGF-β1 also controls the expression 
and enzymatic activity of LOX in many pathological fibrotic situations14. A prior study reported that TGF-β1 
increased LOX expression in vascular smooth muscle cells through the SMAD-independent mitogen-activated 
protein kinase (MAPK) pathway15. Additionally, β-aminopropionitrile (BAPN), an irreversible inhibitor of 
LOX, has been revealed to directly suppress the cross-linking of macromolecules in ECM of chondrocytes16.

On this basis, we intervened in cartilage regeneration in vitro using TGF-β1 and BAPN to assess the quality 
and mechanical strength of in vitro regenerated cartilage and further clarify the molecular mechanism of LOX 
in cartilage regeneration in vitro. Firstly, the optimal concentrations of TGF-β1 and BAPN that do not affect the 
number and proliferation of chondrocytes and the regeneration of cartilage tissues in vitro were determined 
by respectively screening the minimum effective activation and inhibitory concentrations of TGF-β1 and 
BAPN in cells. Meanwhile, the effects of BAPN at different concentrations on LOX secretion and chondrocyte 
regeneration were measured to choose an appropriate concentration of BAPN that can inhibit LOX without 
affecting chondrocyte proliferation in vitro. Next, TGF-β1 at the optimal concentration was added into the in 
vitro cartilage construction system alone or in combination with BAPN for 12 weeks of culture. Finally, the study 
systematically analyzed the effects of the LOX activator or inhibitor on cartilage regeneration.

The hypothesis of the study is that enhancement of collagen crosslinking through activation of LOX can 
significantly improve the mechanical properties of tissue-engineered cartilage in vitro, while inhibition of LOX 
activity can destroy the collagen crosslinking network and weaken its mechanical function. TGF-β1 may promote 
collagen crosslinking by activating LOX, significantly improving the Young’s modulus and compressive strength 
of constructed cartilage in vitro, while maintaining the uniformity and stability of cartilage matrix. BAPN 
may reduce collagen crosslinking by inhibiting LOX activity, resulting in decreased mechanical properties and 
matrix relaxation of constructed cartilage in vitro, and this effect is independent of cell proliferation and matrix 
secretion. The combination of TGF-β1 and BAPN partially counteracts the effect of LOX activation, suggesting 
that LOX is a key target for TGF-β1 to improve the mechanical properties of cartilage.

Based on the above hypothesis, the core research aim of this study is to solve the question: “Does lysyl oxidase 
(LOX) influence the mechanical properties of tissue-engineered cartilage in vitro by regulating the degree of 
cross-linking and spatial distribution of collagen fibers?”

Materials and methods
Isolation and culture of articular chondrocytes
Articular chondrocytes were isolated from the joint surface of newborn swine (Shanghai Jia Gan Experimental 
Animal Raising Farm; Shanghai, China). All animal experiments were reviewed and ratified by the Animal Care 
and Use Committee of Shanghai Jiao Tong University School of Medicine. Chondrocytes were isolated and 
harvested with the method in our laboratory17 and then seeded into 10 cm culture dishes (the final concentration 
of 1.5 × 106 cells/cm2) containing Dulbecco’s Modified Eagle Medium (DMEM; Hyclone, Logan, UT, USA) 
supplemented with 10% fetal bovine serum (FBS; Hyclone) and 1% penicillin-streptomycin (regular medium). 
Chondrocytes of the second passage (P2) were utilized for in vitro cartilage construction.

Cell viability assay
P2 chondrocytes were seeded into 96-well plates (2 × 103 cells/well). After 24 h of culture at 37℃, chondrocytes 
were maintained in 10% FBS-containing DMEM supplemented with different concentrations of BAPN (Tokyo 
Chemical Industry, Tokyo, Japan; 0, 0.05, 0.1, 0.2, and 0.5 mM) or TGF-β1 (R&D Systems, Minneapolis, MN, 
USA; 0, 5, 10, and 20 ng/mL). Cell viability was examined with the cell counting kit-8 (CCK-8) assay (Dojindo 
Laboratories, Kumamoto, Japan) on days 1, 3, 5, 7, 9, and 11 as previously described18.

Enzyme-linked immunosorbent assay (ELISA)
When chondrocyte confluence reached 70%, DMEM was replaced with serum- and phenol red-free DMEM 
containing 0.1% bovine serum albumin, 50 mg/mL vitamin C phosphate, and BAPN or TGF-β1 at the above 
concentrations. Following 24-h culture, the medium was obtained for the quantification of LOX with the swine 
LOX ELISA kit (R&D Systems)19.

Cell morphology observation
P2 Chondrocytes were seeded into 6-well plates (1.5 × 106 cells/mL; 1 mL/well) and then cultured in a medium 
containing 0.1 mM BAPN or 10 ng/mL TGF-β1 at 37℃ for 24 h. The optimal concentrations of BAPN or TGF-
β1 that do not affect chondrocyte proliferation were determined according to the results of Sect. 2.2 and 2.3. 
Cells were observed under a light microscope on days 1, 3, and 7.
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Preparation and in vitro culture of cell-scaffold constructs
A silicone rubber mold was fabricated with a 9-mm-diameter cylindrical cavity measuring 2.5 mm in depth. 
Fifteen milligrams of polyglycolic acid (PGA) nonwoven fibers (Albany International Research, Albany, NY) 
were packed into the cavity, followed by the gradual addition of 0.5 mL of 0.3% polylactic acid (PLA, Sigma-
Aldrich, St. Louis, MO) dissolved in dichloromethane to stabilize the scaffold structure, until the PLA contents 
reached 10% in the PGA/PLA scaffolds20.

The scaffolds were disinfected with 75% ethanol solutions for 40 min, followed by two washes with phosphate-
buffered saline (PBS). P2 chondrocytes were seeded into PGA/PLA scaffolds at a concentration of 6.0 × 107 cells/
mL (80 µL in each scaffold), followed by 4-h culture in a regular medium as previously described20.

Grouping
The above chondrocyte-scaffold complexes were randomly assigned into four groups: control, BAPN, TGF-β1, 
and TGF-β1 + BAPN. Cells in the other three groups except for the control group were cultured in a regular 
medium containing TGF-β1 and/or BAPN at the optimal concentration determined in Sect. 2.4. All constructs 
were cultured randomly with DMEM, BAPN, TGF-β1, and TGF-β1 + BAPN in vitro for 12 weeks after grouping.

Scanning electron microscope (SEM)
After in vitro culture for 12 h and 7 days, the microstructure of PGA/PLA scaffolds and the ECM deposition 
of the scaffold surface were examined with an SEM (Philips XL-30; Philips, Amsterdam, Netherlands). After 
being fixed overnight in 2.5% glutaraldehyde at 4℃, all samples were dehydrated with gradient ethanol and then 
observed under the SEM.

Histology and immunohistochemistry
Subsequent to 12 weeks of in vitro culture, the samples were fixed in 4% paraformaldehyde, embedded in 
paraffin, and sectioned at 5  μm. The sections were subjected to hematoxylin-eosin staining and Safranin-O 
staining to observe the tissue structure and ECM deposition of cartilage. For immunohistochemistry, type II 
collagen expression was detected with the use of mouse anti-human type II collagen monoclonal antibodies 
(1:100 in PBS; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and horseradish peroxidase-conjugated anti-
mouse secondary antibodies (1:200 in PBS, Santa Cruz Biotechnology). Thereafter, the sections were developed 
with diaminobenzidine tetrahydrochloride (Santa Cruz Biotechnology) as described previously20.

Wet weight
All samples were quantitatively transferred to tared vessels and measured using a precision electronic autobalance 
under ambient laboratory conditions (25 ± 1 °C, 50 ± 5% RH). Differences in wet weight among groups were 
analyzed with one-way analysis of variance (ANOVA).

Biomechanical test
Young’s modulus was measured with a biomechanical analyzer (Instron-5542; Instron, Canton, MA, USA) for 
the biomechanical test21. For samples in each group (n = 6 in each group), a constant compressive strain rate of 
0.5 mm/min was used up to 80% of maximal deformation. The Young’s modulus of the samples was calculated 
according to the slope of the stress-strain curve.

Glycosaminoglycan (GAG) quantification
The GAG contents of in vitro engineered cartilage (vitro-EC) in each group (n = 6 in each group) were quantified 
with dimethyl methylene blue chloride (Sigma). Total GAG was precipitated by guanidinium chloride solution 
(0.98 mol/L). After the GAG precipitate was dissolved, the optical density (OD) was determined at 595 nm. A 
standard curve was established according to the OD values of chondroitin-4-sulfate with different concentrations. 
The total GAG amounts were determined on the basis of the OD value and the standard curve22.

Total collagen quantification
Total collagen contents in each group (n = 6 in each group) were quantified with the hydroxyproline assay. 
The samples were prepared through alkaline hydrolysis, and free hydroxyproline hydrolysates were assayed as 
previously described23. Hydroxyproline contents were finally converted to total collagen contents according to 
the collagen-to-hydroxyproline mass ratio of 7.25.

ECM content quantification
Samples in each group (n = 6 in each group) were completely homogenized to release ECM proteins, and the 
supernatant was attained for ELISA20. LOX and PYR contents were quantified with swine LOX and PYR ELISA 
kits (R&D), respectively.

Scanning electron microscope (SEM) and transmission electron microscope (TEM)
Three days after cell seeding, PGA scaffolds and cell-scaffold complexes of the 3D control group were rinsed with 
PBS and fixed overnight with 0.05% glutaraldehyde at 4℃. After dehydration with gradient ethanol, the samples 
were subjected to critical-point drying, and the adhesion and distribution of chondrocytes on the scaffolds were 
directly observed under the SEM (JEOL-6380LV; JEOL, Kyoto, Japan).

As previously reported24, the samples in different 3D culture groups were cut into 1.0 mm3 and rinsed with 
PBS. Then all samples were fixed by immersion in a fixative consisting of 2.5% glutaraldehyde in 0.1 M phosphate 
buffer (pH7.4) at 4℃ for 24 h, rinsed overnight in the phosphate buffer. Following a postfixation for 1 h with 1% 
osmium tetroxide in phosphate buffer. After that they were dehydrated and embedded in 618# resin. Ultrathin 
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sections were prepared using a Leica EM UC7 ultramicrotome, contrasted with uranyl acetate and lead citrate, 
examined under a Philips CM80 transmission electron microscope at 60kv.

Statistical analysis
Normality was assessed using the Shapiro-Wilk test, and all datasets met the normality assumption. One-way 
ANOVA was applied to compare group differences. Homogeneity of variances was verified by Bartlett’s test; for 
equal variances, Tukey’s post hoc test was used for pairwise comparisons. If variances were unequal (Bartlett’s 
p < 0.05), Welch’s ANOVA with Games-Howell post hoc test was performed.

Ethics statement
All experimental protocols were approved by the Experimental Animal Ethics Committee of Shanghai Ninth 
People’s Hospital, Shanghai Jiao Tong University School of Medicine (approval number: SH9H-2023-A683-SB). 
All procedures were conducted in accordance with relevant guidelines and regulations, including the ARRIVE 
Guidelines (https://arriveguidelines.org).

Results
Effects of the inhibitor or activator of LOX on cell viability and LOX expression
Chondrocyte viability was increased after culture with different BAPN concentrations, except for 1.0 mM 
BAPN, which exerted a mild inhibitory effect on cell viability (Fig. 1A). Different TGF-β1 concentrations all 
significantly decreased chondrocyte viability (Fig. 1B). LOX expression was not changed significantly in 0.05 

Fig. 1. Cell viability and LOX activation in two-dimensional chondrocytes cultured with different 
concentrations of BAPN or TGF-β1. (A-D) According to CCK-8 assay results, there were no significant 
differences in cell viability after culture with different concentrations of BAPN except for 1 mM BAPN (p < 
0.05); different concentrations of TGF-β1 all decreased cell viability (p < 0.05); BAPN at a concentration of 
above 0.1 mM decreased LOX expression (p < 0.05); 5ng/mL TGF-β1 shows higher LOX activity (p < 0.01), 
LOX expression peaked at 10 ng/mL TGF-β1 (p < 0.001). (n.s means no significant difference compared to 
control, * means p < 0.05 compared to control, ** means p < 0.01 compared to control, *** means p < 0.001 
compared to control).
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mM BAPN group compared with control, but significantly declined in groups with BAPN at 0.1 mM or higher. 
(Fig. 1C). Additionally, LOX expression was substantially reduced when the TGF-β1 concentration reached 20 
ng/mL (Fig. 1D), TGF-β1 at low concentration (0-10ng/ml) can promote the generation of functional cartilage25, 
and with the gradual increase of concentration, it will increase the proportion of hypertrophic chondrocytes, 
cause calcification and ossification, destroy the mechanical properties of cartilage, and induce some in vitro 
chondropathic changes. Therefore, this may also be the reason why the expression of LOX decreased when 
TGF-β1 concentration exceeded 20ng/ml or higher. According to the above results, we determined 0.1 mM as 
the optimal concentration of BAPN for subsequent experiments and 10 ng/mL as the optimal concentrations of 
LOX activators for engineered cartilage regeneration in vitro.

Effects of the inhibitor and activator of LOX on cellular morphology in two-dimensional (2D) 
cell culture
According to the aforementioned results, 0.1 mM BAPN and 10 ng/mL TGF-β1 were used for 2D culture. Under 
the light microscope, the morphology and distribution of chondrocytes showed no significant differences among 
the control, 0.1 mM BAPN, and 10 ng/mL TGF-β1 on day 1 after seeding on 2D culture dishes. However, on day 
3, chondrocytes in the 10 ng/mL TGF-β1 group tended to cluster, while the other two groups presented with no 
prominent differences in cell morphology and distribution. On day 7, chondrocyte clustering was more obvious 
in the 10 ng/mL TGF-β1 group, accompanied by decreases in the total number of chondrocytes. Conversely, no 
obvious differences were found in cell morphology and number among the other two groups (Fig. 2). Overall, 
10ng/ml TGF-β1 group represented the largest biocompatible survival signal of chondrocytes but accompanied 

Fig. 2. Morphology of P2 chondrocytes cultured with a regular medium, 0.1 mM BAPN, or 10 ng/mL TGF-β1 
on days 1, 3, and 7. On days 1 and 3, there was no significant difference in cell morphology and number among 
the three groups under the light microscope. On day 7, chondrocytes in the TGF-β1 group clustered, with a 
reduction in the number of cells under the visual field.
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by decreases in the total number of chondrocytes in 2D culture, consistent with CCK-8 assay results, whereas 
BAPN failed to intervene in cell proliferation.

Tissue-engineered cartilage regeneration in vitro with LOX inhibitor or activator culture
Macroscopic and histological evaluation of in vitro cartilage regeneration
After PLA coating, nonwoven PGA fibers (Fig. 3A) could be readily prepared into cylindrical scaffolds with a 
diameter of 9 mm and a thickness of 2.5 mm (Fig. 3B). Under the SEM, the ultrastructure of the interlaced PGA 
fibers and PLA coating was observed (Fig. 3C). P2 chondrocytes could easily adhere to PGA fibers, forming a 
cell-scaffold construct (Fig. 3D). After 3 days of culture in vitro, observation under the light microscope and 
SEM demonstrated that chondrocytes could secret sufficient ECM to cover PGA fibers (Fig. 3E-F).

After 12 weeks of in vitro culture with TGF-β1 and/or BAPN, all samples formed cartilage-like tissues with 
basic retention of their original shape, and scaffold materials on the surface were fully degraded and replaced 
with new cartilage-like tissues. However, the color and texture of the samples were different in different groups. 
Samples in the control and TGF-β1 groups were relatively smooth on the surface and faint yellow, whilst samples 
in the BAPN and TGF-β1 + BAPN groups were lighter yellow with a looser tissue texture. These results indicated 
that LOX inhibition might influence the secretion and deposition of ECM in cartilage.

Histological examinations further supported the results of macroscopic examinations. Generally, all samples 
presented with cartilage-specific ECM deposition. Relatively thick cartilage was formed in the TGF-β1 and 
TGF-β1 + BAPN groups. The tissue structure was the most homogeneous in the TGF-β1 group, accompanied 
by abundant lacuna and strong cartilage-specific ECM staining. In the TGF-β1 + BAPN group, the samples 
exhibited relatively strong cartilage-specific ECM staining but non-homogeneous tissue structures with looser 
and haphazardly arranged cartilaginous lacunae. For the other three groups, only a thin layer of cartilage-
like tissues with weak cartilage-specific ECM staining was observed in the outer region of samples (Fig. 4). In 
conclusion, TGF-β1 activated engineered cartilage formation in vitro, and BAPN as a LOX inhibitor disturbed 
cartilage formation.

Effect of the inhibitor and activator of LOX on the mechanical properties and collagen cross-linking of engineered 
cartilage in vitro
It is the most concerned issue in our study whether LOX activators can improve the mechanical properties 
of engineered cartilage in vitro. As depicted in Fig. 5, wet weight was the highest in the BAPN and TGF-β1 
+ BAPN groups (p < 0.001) (Fig. 5A), indicating that the addition of LOX inhibitors provoked ECM fluffiness 
and disorganization in cartilage, thus increasing the water content of the matrix. The TGF-β1 group displayed 
the highest Young’s modulus with marked differences (p < 0.001) (Fig. 5B). The TGF-β1 group and the TGF-β1 

Fig. 3. Preparation of the in vitro cell-scaffold construct with front and side views. (A-B) Macroscopic 
observation. (C) Macroscopic view of the cell-scaffold construct after cell seeding. (D) ECM deposition at the 
edge of the cell-scaffold construct. (E) SEM image of the scaffold. (F) SEM image of the cell-scaffold construct 
in regular culture systems on day 7.
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+ BAPN group also demonstrated higher total collagen and GAG than other groups(Fig. 5C-D). Meanwhile, 
Young’s modulus in the TGF-β1 + BAPN group was higher than that in other groups, although slightly lower 
than that in the TGF-β1 group (Fig. 5B). These results were highly concordant with collagen cross-linking levels. 
Specifically, the highest PYR and LOX contents were observed in the TGF-β1 group (Fig. 5E-F), illustrating that 
TGF-β1 as a LOX activator might foster collagen cross-linking and thus enhance the mechanical properties of 
engineered cartilage in vitro. Under TEM, high-density collagen fibers with relatively uniform distribution were 
found only in TGF-β1 groups. The density of collagen fibers and the number of long collagen fibers, particularly 
collagen fibers of above 1000 nm in length, were higher in TGF-β1 groups than those in the other three groups, 
which further supported mechanical analysis results (Fig. 6).

Effect of the inhibitor and activator of LOX on ECM contents in vitro-EC
The quantitative analysis of ECM contents revealed a regular change in the wet weight of samples, further 
validating the results of the above macroscopic and histological examination results. The contents of total GAG 
and total collagen were the highest in the TGF-β1 and TGF-β1 + BAPN groups with remarkable differences (P < 
0.001). Altogether, TGF-β1 might stimulate ECM secretion of tissue-engineered cartilage in vitro via multiple 
pathways, whereas BAPN might only partially block the role of TGF-β1 in activating LOX to facilitate collagen 
cross-linking.

Fig. 4. Macroscopic view and histology of in vitro regenerated cartilage cultured with TGF-β1 and/or BAPN. 
Hematoxylin and eosin staining (HE), Safranin O staining and Type II Collagen staining of in vitro engineered 
cartilage. All samples presented with a cartilage-like appearance and cartilage-specific ECM deposition. 
Relatively thick cartilage was formed in the TGF-β1 and TGF-β1 + BAPN groups. The tissue structure was the 
most homogeneous in the TGF-β1 group, accompanied by abundant lacuna and strong cartilage-specific ECM 
staining. In the TGF-β1 + BAPN group, the samples exhibited relatively strong cartilage-specific ECM staining 
but non-homogeneous tissue structures with looser and haphazardly arranged cartilaginous lacunae. For the 
other two groups, there was a thinner layer of cartilage-like tissues with weak cartilage-specific ECM staining.

 

Scientific Reports |        (2025) 15:16697 7| https://doi.org/10.1038/s41598-025-01573-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Discussion
Tissue engineering has emerged as a promising approach for the repair of articular cartilage defects. However, 
engineered cartilage constructed in vitro is being confronted with challenges in clinical transformation due 
to its insufficient mechanical properties. As reported, the ordered spatial arrangement of macromolecules and 
the cross-linking between collagen in ECM provide reliable mechanical properties for in vitro regenerated 
cartilage26. LOX and PYD are key enzymes implicated in the cross-linking between collagen and elastin lysine 
residues in ECM, which contribute to the transformation of collagen and elastin from soluble monomers to 
insoluble fibers27. Therefore, facilitating collagen cross-linking through the addition of exogenous factors may 
be a worthwhile method to be explored for improving the mechanical properties of tissue-engineered cartilage 
in vitro. In the present study, TGF-β1 or BAPN, an activator or inhibitor of LOX, was used to intervene in 2D 
chondrocyte culture, and then regenerated 3D cartilage was cultured with TGF-β1 or BAPN at appropriate 
concentrations. The results demonstrated that TGF-β1 stimulated ECM secretion and improved the mechanical 
properties of cartilage in vitro, which might be partially achieved by activating LOX and increasing collagen 
cross-linking. On the contrary, the addition of BAPN disrupted the lacunae structure of ECM in cartilage in 
vitro and resulted in relatively fluffy and loose regenerated cartilage, implicating the impact of collagen cross-
linking suppression on the mechanical properties of in vitro engineered cartilage.

Collagen cross-linking is dictated by the activity of LOX. There are no reports as to whether the mechanical 
properties of engineered cartilage can be improved by adjusting the activity of LOX. LOX activity inhibition 
is associated with reduced collagen cross-linking in ECM of regenerated cartilage and damaged mechanical 
properties of engineered cartilage, underscoring the critical role of LOX activities in in vitro cartilage 
regeneration. Therefore, it is imperative to observe the effect of LOX inhibitors on cartilage regeneration by 

Fig. 5. Quantitative evaluation and LOX expression of in vitro regenerated cartilage cultured with TGF-β1 
and/or BAPN. Wet weight was higher in the BAPN and TGF-β1 groups (P < 0.001), while the contents of 
total GAG and total collagen were the highest in the TGF-β1 and TGF-β1 + BAPN groups with significant 
differences (P < 0.001). Young’s modulus reached the peak value in the TGF-β1 and TGF-β1 + BAPN groups 
(P < 0.001). LOX and PYR contents were reduced to the lowest value under BAPN treatment (P < 0.01) but 
were the highest in the TGF-β1 group (P < 0.001). (n.s means no significance, * means P < 0.05 compared to 
control, ** means P < 0.01 compared to control, *** means P < 0.001 compared to control).
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using an appropriate LOX inhibitor to intervene in cartilage regeneration at 2D and 3D levels. Reportedly, BAPN 
as an irreversible inhibitor of LOX can directly repress collagen cross-linking in ECM of in vitro engineered 
cartilage. In the present study, BAPN was therefore utilized as an exogenous factor to inhibit the LOX activity 
during cartilage regeneration in vitro28. Meanwhile, a suitable concentration of BAPN was selected to inhibit 
collagen cross-linking in cartilage without affecting the regeneration of tissue-engineered cartilage in vitro. Our 
experimental results unraveled that the addition of 0.1 mM BAPN failed to obviously alter the macroscopic view 
and content of ECM but reduced the mechanical properties of cartilage in vitro, implicating the pivotal role of 
LOX inhibition in cartilage regeneration in vitro.

After testifying the efficiency of LOX inhibitor, our study shifted to verify the effect of LOX activation to 
enhance collagen cross-linking in ECM and then improve the mechanical properties of tissue-engineered 
cartilage in vitro. Accordingly, the activator TGF-β1 was selected to intervene in the regeneration of tissue-
engineered cartilage in vitro in 2D and 3D culture. It was observed that TGF-β1 increased the activity of LOX 
in 2D chondrocyte culture. Next, the optimal concentration of TGF-β1 (10 ng/mL) was identified to maximize 
LOX activation without influencing the proliferation and regeneration of chondrocytes. In 3D culture, TGF-β1 
facilitated cartilage regeneration and ECM secretion, ultimately enhancing the mechanical strength of cartilage 
in vitro.

TGF-β1, an essential member of the growth factor family29, can drive cartilage formation in vitro through 
the MAPK pathway30 and promote ECM deposition of chondrocytes31. Additionally, TGF-β1 can diminish the 
activity of ECM degradation-related proteins such as matrix metalloproteinases32. Combined with our results 
of cartilage regeneration in 3D culture, it can be confirmed that TGF-β1 induces cartilage regeneration through 
multiple pathways, including the activation of LOX and the promotion of collagen cross-linking in ECM. 
Consequently, additional experiments are warranted to screen the optimal concentration of LOX activators to 

Fig. 6. TEM examination of in vitro engineered cartilage. Collagen was relatively uniformly distributed in the 
control and TGF-β1 groups, with the highest collagen deposition in the TGF-β1 group. Collagen fibers were 
arranged sparsely and disordered in the BAPN and TGF-β1 + BAPN groups.
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promote 3D cartilage construction. Overall, TGF-β1 activates LOX via diverse mechanisms, illustrating that 
LOX activation partially contributes to collagen cross-linking of ECM in cartilage. In the future, it is necessary 
to further explore the activator of LOX and its mechanism in cartilage regeneration.

Conclusion
In summary, the current study unravels that LOX activation can enhance the collagen cross-linking of ECM 
in cartilage at 2D and 3D levels. Through the intervention of cartilage culture with the inhibitor and activator 
of LOX, it can be concluded that LOX activation elevates the mechanical strength of 3D cartilage in vitro. The 
underlying mechanisms of LOX are also analyzed at tissue, cellular, and molecular levels. Nevertheless, further 
research is required to identify the optimal concentration of LOX activators, seek more effective LOX activators, 
and explore the exact mechanisms of LOX. The current study sheds new light on the optimization of culture 
conditions for tissue-engineered cartilage in vitro.

Data availability
The original contributions presented in this study are included in the article material. Further inquiries can be 
directed to the corresponding authors.
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