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Editorial on the Research Topic 
Cells, biomaterials, and biophysical stimuli for bone, cartilage, and muscle regeneration, volume II


Over the last few years, a variety of Tissue Engineering strategies have been developed to improve the regeneration of bone, cartilage, and skeletal muscle. Numerous studies have proven that physical factors (e.g., external forces, electromagnetic waves, electric fields, ultrasounds, lasers, fluid flow shear stresses, mechanical vibrations, mechanical deformations, and biomaterials’ features), as well as biochemical factors, may induce cells to reprogram their functions and dynamically adapt to the microenvironment conditions. In this context, many efforts are dedicated to engineer the biomaterial scaffolds, the physical stimuli, and the biochemical cues to whom the mammalian cells respond in terms of proliferation, differentiation, and production of extracellular matrix.
Effective regeneration of bone, cartilage, and skeletal muscle defects often presents significant challenges, particularly in patients with decreased tissue regeneration ability due to extensive trauma, diseases, or aging. To this regard, in the present Research Topic, 90 Authors from all over the world decided to publish their outstanding and promising results.
In particular, Wu et al. showed that, during the mineralization period of distraction osteogenesis in a rat model, the injection of rat bone marrow mesenchymal stem cells, which were differentiated by recombinant rat platelet-derived growth factor BB (rrPDGF-BB), can successfully promote the bone regeneration inside the distraction space.
Ren et al. made a comprehensive review regarding the action performed by the mesenchymal stem cells through their exosomes (MSC-Exos), thus highlighting that MSC-Exos are effective in promoting the osteogenesis.
In addition, Liu et al. thoroughly reviewed a growing evidence indicating that the microRNAs delivered by small extracellular vesicles originating from mesenchymal stem cells can enhance the bone regeneration.
Jaber et al. developed a powerful in silico approach to evaluate, in pre-clinical studies, the design of scaffolds for the bone regeneration within long bone large defects; their approach could lead to optimized architectures of 3D printed implants for bone regeneration. In particular, they simulated in silico that PCL strut-like scaffolds appear superior to gyroid ones in terms of bone regeneration despite their large surface curvatures.
Moreover, Sanaei et al. showed that, in endoprosthetic reconstruction surgery, reducing the prosthesis modulus by inclusion of an open-space lattice has a positive effect on bone tissue particularly within the periprosthetic zones; the improved mechanics appears to also have a positive effect on the osteointegration.
Gao et al. systematically reviewed the physiological mechanisms underlying the mandibular flexure, discussing different concurrent deformation types, moreover, they explored the deep implications of mandibular flexure on clinical aspects such as bone absorption around dental implants.
Dabaghi et al. evaluated the regeneration capability of a human-derived demineralized scaffold for the meniscal regeneration; overall, the results suggest that the new scaffold could be used as a promising biocompatible graft material for the meniscal tissue regeneration.
Luo et al. synthesized biocompatible RGD conjugated-sonosensitizer-nanoparticles to regulate the chondrogenic differentiation of bone marrow mesenchymal stem cells; such nanoparticles have the ability to generate a moderate level of ROS via an ultrasound treatment: this leads to an enhanced chondrogenic differentiation and to the buildup of cartilage extracellular matrix.
In addition, Qiang et al. showed that the sequential release of Bevacizumab (an inhibitor of the vascular endothelial growth factor) followed by insulin-like growth factor-1 (a cartilage repair factor), both delivered from microspheres contained in a hydrogel, can effectively improve the cartilage regeneration in a rabbit model of proximal tibial growth plate injury. In particular, they proposed a novel approach, where the inhibition of osteogenic differentiation and bone bridge formation is prioritized before promoting the chondrogenic differentiation.
On the other hand, Gao et al. studied, in vitro, the creep deformation of articular cartilage under the physiological loads occurring in daily activities such as standing, single-leg lunge, and the stance phase of gait; their in vitro model together with a viscoelastic constitutive law was employed to predict the creep-recovery behavior of the cartilage. If not fully recovered in time, the creep deformation may induce some damage in the cartilage; as a consequence, these findings could provide new understandings of normal joint function and cartilage pathology.
Mahdavi-Jouibari et al. focused on stem cells from human exfoliated deciduous teeth, which have a clear chondrogenic differentiation potential together with minimal immunogenicity and can be an interesting option for cartilage regeneration.
Finally, Wang et al. reviewed the role of macrophage polarization in tendon healing, focusing on insights from animal models; in particular, the review explores the complex role of macrophages in tendon pathology, detailing how various macrophage phenotypes contribute to both healing and adhesions’ formation. The review also searches the potential of modulating the macrophage activity to enhance the tendon repair and to minimize the adhesions.
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The treatment of large bone defects represents a major clinical challenge. 3D printed scaffolds appear as a promising strategy to support bone defect regeneration. The 3D design of such scaffolds impacts the healing path and thus defect regeneration potential. Among others, scaffold architecture has been shown to influence the healing outcome. Gyroid architecture, characterized by a zero mean surface curvature, has been discussed as a promising scaffold design for bone regeneration. However, whether gyroid scaffolds are favourable for bone regeneration in large bone defects over traditional strut-like architecture scaffolds remains unknown. Therefore, the aim of this study was to investigate whether gyroid scaffolds present advantages over more traditional strut-like scaffolds in terms of their bone regeneration potential. Validated bone defect regeneration principles were applied in an in silico modeling approach that allows to predict bone formation in defect regeneration. Towards this aim, the mechano-biological bone regeneration principles were adapted to allow simulating bone regeneration within both gyroid and strut-like scaffolds. We found that the large surface curvatures of the gyroid scaffold led to a slower tissue formation dynamic and conclusively reduced bone regeneration. The initial claim, that an overall reduced zero mean surface curvature would enhance bone formation, could not be confirmed. The here presented approach illustrates the potential of in silico tools to evaluate in pre-clinical studies scaffold designs and eventually lead to optimized architectures of 3D printed implants for bone regeneration.
Keywords: mechano-biology, bone defect healing, 3D-printed scaffold design, bone tissue engineering, gyroid, TPMS
1 INTRODUCTION
The treatment of large bone defects represents a major clinical challenge. Current treatment strategies, such as autologous bone grafting, although clinically successful, have substantial drawbacks and limitations; e.g., the need for additional surgical access to the donor site, limited availability of adequate bone to fill a critical-sized defect and subsequent morbidity of the donor site (Roddy et al., 2018).
Porous scaffolds made from biomaterials and printed in 3D to match the patient-specific defect dimensions have a high potential to overcome the above mentioned limitations and solve the medical need in treating critical size large bone defects (Pobloth et al., 2018). Different scaffold designs have been experimentally tested, both in vitro and in pre-clinical studies (Cobos et al., 2000; Reichert et al., 2012; Lovati et al., 2016; Shah et al., 2016; Reznikov et al., 2019). It has been shown that, among others, scaffold material, pore size, porosity, permeability and overall stiffness influence the healing outcome (Schlichting et al., 2008; Mitsak et al., 2011; Pobloth et al., 2018; Wei et al., 2020).
Recently, triply periodic minimal surfaces (TPMS) scaffolds have gained high interest in tissue engineering. They are thought to resemble the bone microarchitecture due to their biomimetic geometry (Dong and Zhao, 2021). TPMS scaffolds are characterized by a mean surface curvature of zero (Jinnai et al., 2002), similar to what has been reported for trabecular bone (Abueidda et al., 2019). In addition, the surface area to volume ratio of TPMS scaffolds is relatively high compared to other scaffold designs (Lu et al., 2020; du Plessis et al., 2018). This higher surface area of TPMS scaffolds has been shown to contribute to enhanced cell adhesion, support migration on such surfaces, and enable proliferation (Yoo, 2014; Vijayavenkataraman et al., 2018).
TPMS can adopt different configurations. Among them, gyroid is the most popular for creating architectures with robust mechanical performance (Abueidda et al., 2019). Gyroid has no planes of reflection symmetry and no straight line segments lying on its surface (Karcher, 1989; Große-Brauckmann and Wohlgemuth, 1996). Interestingly, gyroid architectures are found in nature, e.g., in mitochondria’s inner membranes (Cui et al., 2020) and butterfly wings (Michielsen and Stavenga, 2008). Moreover, the continuous curvature of their struts has been suggested to be beneficial avoiding concentration of mechanical stresses (Yánez et al., 2020). Gyroid scaffolds were shown to exhibit high permeability when compared to other TPMS scaffolds (Castro et al., 2019a; Santos et al., 2020). In addition, compared to other TPMS scaffolds, gyroid scaffolds show high stiffness (Yang et al., 2019), crucial for maintaining a stable mechanical environment, which makes them especially interesting for bone regeneration applications (Glatt et al., 2017).
Although numerous experimental and numerical studies have been performed on scaffolds with gyroid architecture in recent years, most of these studies have been limited to analysing their mechanical properties (Melchels et al., 2010b; Dalaq et al., 2016; Yánez et al., 2018; Castro et al., 2019b; Alizadeh-Osgouei et al., 2021). For example, several studies have investigated the influence of the pore size of gyroid scaffolds on their overall mechanical properties (Ma et al., 2019; Alizadeh-Osgouei et al., 2021; Caiazzo et al., 2021). Only a few in vitro studies have investigated cellular behaviour within gyroid scaffolds. Melchels et al. (2010a) showed that their open architecture facilitates cell infiltration into the scaffold, which has been attributed to the zero-mean curvature (Rajagopalan and Robb, 2006). In addition, very few in vivo studies have investigated the bone regeneration potential of gyroid scaffolds. Kelly et al. (2021) investigated the potential of gyroid scaffolds in a rat femoral defect; however, they didn’t compare its healing outcome to a different scaffold design. Van hede et al. (2022) showed that gyroid scaffolds lead to slightly more bone formation when compared to traditional strut-like scaffolds within a skull bone defect. However, bone regeneration within a skull defect occurs under highly reduced mechanical conditions. So far, whether gyroid scaffolds present advantages over traditional scaffolds (e.g., strut-like scaffolds) in large long bone defects, remains unknown.
Ongoing research is moving towards the use of approaches that satisfy the 3Rs principle, i.e., reduction, replacement and refinement (Viceconti and Dall’Ara, 2019). In silico approaches offer the unique opportunity to investigate virtually, potential mechanisms behind biological processes and even to investigate interactions that are difficult or even impossible to measure experimentally. In addition, they allow testing of potential treatment strategies, reducing the need for pre-clinical experiments (Viceconti and Dall’Ara, 2019; Jean-Quartier et al., 2018). In the field of bone regeneration, numerous computer models have been developed and validated for their potential to predict regeneration in uneventful bone healing conditions (Byrne et al., 2011; Checa et al., 2011; Vetter et al., 2012; Repp et al., 2015; Borgiani et al., 2019). Recently, these models have been further developed and validated in their potential to predict bone regeneration within scaffolds (Perier-Metz et al., 2020; Perier-Metz et al., 2022). However, they have never investigated bone regeneration within gyroid scaffolds.
The aim of this study was to investigate whether gyroid scaffolds would be favourable for bone regeneration over more traditional scaffolds, i.e., a strut-like scaffold, applying principles of bone formation in an in silico modelling approach. The bone regeneration potential of a gyroid scaffold as well as the influence of mechanical cues and cellular dynamics throughout the regeneration was compared with that of a more traditional strut-like design to assess the suggested benefits of a gyroid architecture compared with more traditional designs. We hypothesized that a gyroid scaffold design would promote cellular activities involved in bone regeneration and therefore show enhanced bone regeneration compared to a strut-like configuration, as predicted by an in silico model.
2 MATERIALS AND METHODS
2.1 In silico bone regeneration model
A previously described bone regeneration computer model able to explain experimentally observed scaffold-supported bone regeneration in a large bone defect (Perier-Metz et al., 2020; Perier-Metz et al., 2022) was adapted to investigate bone regeneration within gyroid scaffolds. The computer model combined finite element (FE) analysis to determine the mechanical environment within the scaffold, and an agent-based model (ABM) describing the biological processes taking place during bone regeneration (Perier-Metz et al., 2020). Scaffolds were virtually inserted into a critical size large bone defect in the rat femur to mimic an in vivo experimental setup, so that the model could be used to inform a potential future pre-clinical study. This experimental setup has been previously used to investigate bone regeneration within large bone defects both in vivo (Schwarz et al., 2013) and in silico (Borgiani et al., 2021).
2.1.1 Finite element model
A 3D finite element model was created to assess the mechanical environment inside the large bone defect and scaffold pores. The FE model was developed in ABAQUS/Standard 2019 (Simulia, Dassault Systemes). The model simulated a large bone defect in the rat femur stabilized with an external fixator, following previous experimental studies (Schwarz et al., 2013). The computer model included the cortical bone, the marrow cavity, the external fixator and the scaffold fitted in the defect region surrounded by a callus. The geometry of the bone was modelled as a hollow cylinder representing the cortical bone and an internal marrow cavity. The large bone defect was replicated by opening a 5-mm-wide gap in the middle of the bone. The geometry of the model is based on a previous computer model (Borgiani et al., 2021) that approximated the callus dimensions based on histological data (Schwarz et al., 2013). To better assess the regeneration potential of the gyroid scaffold, scaffolds with two different architectures and with the same overall geometry (height 5 mm and radius 2 mm) and porosity (79%) were developed: one having a more traditional strut-like architecture and the other having a gyroid configuration (Figure 1). The strut-like scaffold (Figure 1B) was directly modelled using ABAQUS/Standard 2019 with a pore size of 0.54 mm, resulting in a surface area to volume ratio of 3.74. The gyroid scaffold (Figure 1C) was created in Rhinoceros 3D (Robert McNeel & Associates) with a pore size of 0.56 mm and a surface area to volume ratio of 2.35. The surface geometry was then imported into ABAQUS/Standard 2019 where it was converted from a shell (.stl) to a solid (.sat) using the “create a geometry from mesh” software plugin. The dimensions of all the parts of the model are reported in Supplementary Data.
[image: Figure 1]FIGURE 1 | (A) CAD model simulating a large bone defect in the rat femur stabilized with an external fixator. In the defect a strut-like (B) or a gyroid (C) scaffold was virtually inserted. The black arrows represent the compressive loads and the blue arrows represent the tangential loads inducing bending.
All biological tissues were modelled as poroelastic materials with properties given in Table 1. The fixator, the nails and the scaffolds were considered linear elastic isotropic and modelled identical in both scaffold designs. Scaffolds were assumed to be made of Polycaprolactone (PCL), a material highly investigated for scaffold applications (Dwivedi et al., 2020), while the fixator and the nails were assumed to be made of Polyether-ether-ketone (PEEK) and titanium, respectively, following a previous pre-clinical experimental study (Schwarz et al., 2013). Therefore, the material properties of Polyether-ether-ketone: PEEK (E = 3,800 MPa, v = 0.3), titanium: Ti (E = 111,000 MPa, v = 0.3), and Polycaprolactone: PCL (E = 350 MPa, v = 0.33) were assigned to the fixator, the nails and the scaffolds, respectively.
TABLE 1 | Tissue material properties [adapted from (Checa et al., 2011)].
[image: Table 1]Mechanical loading conditions aimed to simulate the peak load under normal walking conditions. An axial compressive load of 14.7 N [corresponding to 6 body weight (BW)] was applied at the proximal bone side (Wehner et al., 2010) (Figure 1). In addition, two tangential forces of 1.8 N were applied on the proximal bone surface in the antero/posterior and in the medial/lateral directions thereby inducing bending loads (corresponding to 10.7 BW mm of moment at the femoral mid-shaft) (Wehner et al., 2010) (Figure 1). The distal part was fully constrained. A pore pressure boundary condition was constrained to be zero on the external surface of the callus domain.
The model was meshed using three-dimensional quadratic tetrahedral elements (C3D10 MP) with an average mesh size of 0.50 mm for the whole model except for the scaffold and the callus region, which had an average mesh size of 0.20 mm.
Scaffolds were assumed to experience bulk degradation where scaffold’s volume is preserved, as reported for PCL (Pitt et al., 1981). To model this, the mechanical properties of the polymer were assumed to be linearly related to its molecular weight (Adachi et al., 2006). Scaffold degradation was then simulated using the following equation:
[image: image]
With E the updated Young’s modulus, [image: image] the initial Young’s modulus, k the degradation rate per day and t for time. A degradation rate of 0.003 day−1 was assumed as reported for PCL material in an in vivo setting (Pitt et al., 1981).
2.1.2 Agent-based computer model to investigate cellular activity within the scaffold pores
An agent-based computer model was implemented using C++, where the space occupied by the scaffold and the regenerating tissue region (scaffold pores) was discretized into a 3D grid (spacing 10 µm) in which each of the positions within the scaffold pores represents a potential space a cell could occupy. This means that the space occupied by each element in the FE model would contain a number of agents in the agent based model. Since each agent size is 10 × 10 × 10 um3, the FE callus dimensions (x = 6mm, y = 6 mm and z = 7.2 mm) were translated into the ABM to 600 agents in the x direction, 600 agents in the y direction and 720 agents in the z direction; resulting in a total of 259200000 agents in the 3D grid. The following cell phenotypes were included: mesenchymal cells (MSC), fibroblasts, chondrocytes, immature osteoblasts and mature osteoblasts. The model simulates cellular processes including migration, proliferation, differentiation and apoptosis. Cell differentiation, proliferation and apoptosis are regulated by a mechanical stimulus based on octahedral shear strain and fluid flow extracted from the FE model (Checa et al., 2011) (Table 2). Cell differentiation was modelled to occur only on top of existing surfaces (scaffold or newly formed tissues), simulating surface-guided bone regeneration within scaffolds (Perier-Metz et al., 2020). In addition, different cellular processes are modelled to occur at different rates (Table 3).
TABLE 2 | Mechano-regulation algorithms for progenitor cell differentiation [adapted from (Checa et al., 2011)].
[image: Table 2]TABLE 3 | Cell activity rates [adapted from (Checa et al., 2011)].
[image: Table 3]To simulate the invasion of MSCs from the marrow cavity and periosteum, 30% of the agent-based positions along the periosteum and marrow cavity were initially seeded with MSCs (Checa et al., 2011). In addition, following Perier-Metz et al. (2020), the scaffold pores were assumed to be filled with bone graft (Finkemeier, 2002). The bone grafting effect on the bone regeneration process was modelled by limiting progenitor cell migration and proliferation to the regions containing graft (scaffold pores) after a latency period (14 days) (Perier-Metz et al., 2020).
Cells were simulated to produce the corresponding extracellular matrix (osteoblasts: bone, chondrocytes: cartilage and fibroblasts: fibrous tissue), so that each cell position was assumed to account for corresponding extracellular matrix deposition. Extracellular matrix deposition is modelled as cell differentiation of MSCs into another cell type and a change in tissue material properties in the FE model; which were updated iteratively (1 iteration = 1 day). All differentiated cells inside each single element contributed to the element material properties, following a rule of mixtures (Lacroix and Prendergast, 2002). In addition, the contribution of each differentiated cell to the specific element material properties were averaged over the last ten iterations to account for the delay in actual ECM deposition (Lacroix and Prendergast, 2002). Therefore, the agent-based and the FE models interacted through the level of mechanical signals (from the FEM to the ABM) and the corresponding changes in tissue material properties (from the ABM to the FEM).
2.1.3 Scaffold design evaluations
The effect of each scaffold parameter was assessed following common experimental setups in which all variable factors (eg. material type, porosity, pore size…) in an experimental group (eg. gyroid scaffold) and a comparison control group (eg. strut-like scaffold) are kept the same except for one variable factor (eg. architecture) that differs between the two groups. Accordingly, several scaffold design effects were investigated (Table 4):
• Scaffold architecture effect: To examine the influence of the scaffold architecture on bone tissue regeneration, two scaffolds were modelled by assuming the same scaffold porosity and material parameters and varying the scaffold architecture. A model with a gyroid architecture was compared to a model with a strut-like architecture (Figure 1).
• Scaffold degradation effect: Since the degradation rate of PCL material is very slow, the effect of degradation on the bone regeneration process was expected to be minimal. Thereby, to investigate the effect of scaffold degradation on the regeneration process, the influence of a highly degradable scaffold (k = 0.03 per day) on bone regeneration was compared to the effect of a non-degradable scaffold, both with the same gyroid design.
• Porosity effect: To examine the influence of scaffold porosity on the bone regeneration process, both gyroid and strut-like scaffolds were modelled with a lower porosity of ∼69% and compared with the 79% porous scaffolds. The gyroid scaffold with 69% porosity had a pore size of 0.5 mm and a surface area to volume ratio of 2.43, while the strut-like scaffold had a pore size of 0.49 mm and a surface area to volume ratio of 4.3.
TABLE 4 | Summary of the bone healing simulations and scaffold characteristics.
[image: Table 4]2.2 Output data analysis
2.2.1 Overall scaffold stiffness computation
A virtual compression test was performed to compute the overall stiffness of the scaffolds and their changes over the healing process. The compression test was done by applying a vertical force (F = 15 N) at the top surface of the scaffolds and outputting the resultant average vertical displacement.
2.2.2 Tissue regeneration
Tissue distribution in a longitudinal section through the middle of the scaffold (Figure 1A) was evaluated and represented in a similar manner to histological sections. Tissue patterning was evaluated at 4 time points: 0-, 4-, 8-, and 12-weeks post-surgery. Moreover, the relative area occupied by the different tissue types within the mid-section in the callus and the total volume of the different tissue types within the scaffold pores were quantified daily until 12 weeks.
Cellular activities happening within the scaffold pores were quantified by measuring the total number of cells that migrated (regardless of distance travelled), proliferated, differentiated to other cell types and died daily until 12 weeks. All MSCs and fibroblasts are potential migrating cells but only those that manage to change position within one iteration are considered migrating cells. The cell were assigned a migrating speed of 30 microns/hr which is equivalent to 720 microns/day. Also, the average speed of the cells (MSCs and fibroblasts) was quantified by dividing the average distance travelled by the cells by the number of cells that travelled per day.
2.2.3 Mechanical stimulus
In order to investigate the changes in the mechanical conditions within the scaffold pores during tissue regeneration, the mechanical stimulus (based on octahedral shear strain and fluid flow) distribution was computed 0-, 4-, 8-, and 12-weeks post-surgery, for each of the scaffold designs investigated.
3 RESULTS
3.1 Predicted tissue formation over the course of healing
3.1.1 Gyroid vs. strut-like scaffolds
Initial mechanical stimuli distribution within the gyroid and strut-like scaffolds were different, despite being under the same external mechanical load (Figure 2A). Initially, in both scaffold designs, most of the tissue volume was under mechanical stimuli beneficial for bone formation; however, the distribution across the defect highly varied (Figure 2A). Higher mechanical signals beneficial for cartilage and fibrous tissue formation were detected at the contact region between the cortical bone and scaffold in both scaffold designs (Figure 2A).
[image: Figure 2]FIGURE 2 | Predicted bone, cartilage and fibrous tissue within the scaffold pores at 4, 8 and 12 weeks of healing for scaffolds with strut-like and gyroid architecture with 79% porosity. (A): Longitudinal cross sections of the callus from Figure 1A with quantified tissue regeneration in the 2D section, mechanical stimulus distribution over time using a strut-like scaffold, predicted tissue distribution over time using a strut-like scaffold, mechanical stimulus distribution over time using a gyroid scaffold and predicted tissue distribution over time using a gyroid scaffold. (B): Total tissue volume predicted within the scaffold pores at different stages of healing. (C): Mechanical stiffness of scaffolds computed from compression tests at different stages of healing.
These differences in the mechanical behavior of the scaffolds and the induced strains within the scaffold pores resulted in a divergence of the bone healing progression. In the strut-like scaffold, bone tissue started to form within the scaffold pores, simultaneously starting from the top and bottom surfaces and slowly progressing towards the core region by intramembranous ossification. Only small regions of fibrocartilage layers that would surround the scaffold walls were predicted. However, in the gyroid scaffolds, large fibrous tissue volumes were predicted to initially form surrounding the highly curved scaffold surfaces, with bone formation predicted to occur in regions far from those surfaces (Figure 2A). For the gyroid scaffolds, fibrous tissue was predicted to be slowly replaced by bone over the course of healing.
The healing outcome was also considerably different between the two scaffolds. After 12 weeks, bony bridging was observed in the strut-like scaffold, which had already entered the remodeling phase, whereas void regions were observed within the scaffold core of the gyroid scaffold. Overall, quantitatively more bone formation was predicted within the strut-like scaffold compared with the gyroid scaffold (Figures 2A.
The in silico longitudinal compression test of the scaffolds showed that during healing the strut-like scaffold provided a higher total stiffness compared the gyroid scaffold (Figure 2C).
3.1.2 Degradation effect
Initially, the mechanical stimuli within the fast degradable and non-degradable gyroid scaffolds were comparable (Figure 3A). With the loss of the mechanical stiffness of a fast degradable scaffold over time, a noticeable difference in the mechanical stimuli distribution between a fast degradable and a non-degradable scaffold was observed (Figure 3A). The non-degradable scaffold led to more regions beneficial for bone formation, whereas the fast degradable scaffold resulted in more regions beneficial for fibrous tissue formation (Figure 3A). Across the early healing stages, the amount of predicted regenerated tissue within both scaffold configurations differed slightly (Figures 3A. However, at late stages of healing, the total amount of tissue regenerated highly varied (Figures 3A. After 12 weeks, the highly degradable scaffold yielded only slightly more bone tissue compared to the non-degradable scaffold, however it resulted in considerably more fibrous tissue. While a layer of fibrous tissue was observed at the end of the regeneration process in the highly degradable scaffold, regions with remaining voids were found in a non-degradable scaffold (Figures 3A.
[image: Figure 3]FIGURE 3 | Predicted bone, cartilage and fibrous tissue within the scaffold pores at 4, 8 and 12 weeks of healing for scaffolds with non- and highly degradable scaffolds with 79% porosity. (A): Longitudinal cross sections of the callus from Figure 1A with quantified tissue regeneration in the 2D section, mechanical stimulus distribution over time using a non-degradable scaffold, predicted tissue distribution over time using a non-degradable scaffold, mechanical stimulus distribution over time using a highly degradable and predicted tissue distribution over time using a highly degradable. (B): Total tissue volume predicted within the scaffold pores at different stages of healing. (C): Mechanical stiffness of scaffolds computed from compression tests at different stages of healing.
In addition, even though the fast degradable scaffold was undergoing an exponential decay in its mechanical stiffness reaching 5 N/mm at the end of the regeneration process (initially 60N/mm) (Figure 3C), the formation of tissue at the early stages of healing maintained a stable mechanical environment beneficial for new bone formation within the defect region.
3.1.3 Porosity effect
In the gyroid design, a scaffold with 69% porosity resulted in initial mechanical stimuli similar to a scaffold with 79% porosity (Figures 2A, 4A). With both porosities, most of the predicted tissue forming during the regeneration process was predicted to be bone. With the higher porosity scaffold more bone was formed compared to the one with the lower porosity scaffold (Figures 2A, 4A) Although, the predicted mechanical stimulus within both scaffold porosities continued to be similar during the regeneration process (Figures 2A, 4A), the model with lower porosity yielded less bone and fibrocartilage tissue due to slower tissue formation penetrating the scaffold and resulting in overall less tissue formation (Figures 2A, 4A. The mechanical stimuli in both scaffolds predicted mostly bone formation with distinct certain regions in the resorption zone at the end of the regeneration process (Figures 2A, 4A).
[image: Figure 4]FIGURE 4 | Predicted bone, cartilage and fibrous tissue within the scaffold pores at 4, 8 and 12 weeks of healing for scaffolds with strut-like and gyroid architecture with 69% porosity. (A): Longitudinal cross sections of the callus from Figure 1A with quantified tissue regeneration in the 2D section, mechanical stimulus distribution over time using a strut-like scaffold, predicted tissue distribution over time using a strut-like scaffold, mechanical stimulus distribution over time using gyroid scaffold and predicted tissue distribution over time using a gyroid scaffold. (B): Total tissue volume predicted within the scaffold pores at different stages of healing. (C): Mechanical stiffness of scaffolds computed from compression tests at different stages of healing.
Similarly, in the strut-like designs, the mechanical stimuli were comparable for both scaffold porosities settings across the regeneration process (Figures 2A, 4A).While bone bridging was observed within the higher porosity scaffold at the end of the regeneration process, void regions at the center of the defect were observed within the lower porosity scaffold (Figures 2A, 4A).
In both scaffold design, a 10% reduction in scaffold porosity led to an increase of 40% in the overall scaffold stiffness (Figure 4C).
3.2 Analysis of cellular activity
The cellular activities including MSC migration, osteoblast proliferation and differentiation, and fibroblast differentiation were quantified per day in different scaffold designs.
3.2.1 Mesenchymal cells migration
Initially, the number of predicted MSCs migrating was similar in all scaffold configurations, however, higher MSC migration was predicted around the 3rd week in strut-like scaffolds. The cell migration continued to increase over the following weeks, with a higher increase within the strut-like compared with the gyroid scaffolds (Figure 5A). At the 8th–9th week, a decrease in the cell migration was predicted until the end of the regeneration process, for all scaffold designs. In addition to scaffold architecture, scaffold porosity showed a strong effect on MSC migration. Scaffolds with higher porosity showed increased migration, especially during the middle phase of the regeneration process (Figure 5).
[image: Figure 5]FIGURE 5 | The number of the total cells per day across time in several cellular activities. (A): Total number of MSCs that migrated per day in 12 weeks (B): Total number of osteoblasts that proliferated per day in 12 weeks. (C): Total number of MSCs that differentiated into osteoblasts per day in 12 weeks (D): Total number MSCs that differentiated into fibroblasts per day in 12 weeks.
3.2.2 Osteoblasts proliferation
Initially, the number of predicted osteoblasts proliferating was similar in all scaffold configurations. Whereas strut-like and gyroid scaffolds had comparable osteoblastic proliferation behaviour, over the course of the healing, higher osteoblastic proliferation was observed within the strut-like scaffold. In both scaffold architectures, the number of osteoblasts proliferating increased until the 9–10th week, from this time point, a decrease in the number of osteoblasts proliferation was observed until the end of the regeneration process. Similar to MSC migration, increase in the scaffold porosity lead to increase osteoblast proliferation in both scaffold architectures, however the effect was larger in the strut-like design (Figure 5B).
3.2.3 Osteoblasts differentiation
Initially, the number of MSCs differentiated into osteoblasts was similar in all scaffold configurations, however at the later stages of regeneration considerably more osteoblastic differentiation was predicted to occur within the strut-like scaffolds. In strut-like scaffolds, a considerable increase in osteoblast differentiation was predicted around the 8th–9th week, where a much lower peak was predicted around the 10th week within the gyroid scaffolds. Similar to MSC migration and osteoblast proliferation, increase scaffold porosity led to increase osteoblast differentiation in both scaffold architectures, however the effect was larger in the strut-like design (Figure 5C).
3.2.4 Fibroblasts differentiation
The number of MSCs differentiated into fibroblasts increased during the initial healing period in all scaffolds configurations (Figure 5D), however, higher fibroblast differentiation was predicted around the 4th week in gyroid scaffolds. From this time point, fibroblasts differentiation decreased until the end of the regeneration process. However, the strut-like scaffold showed a different trend, where at around the 6th–8th week had a second increase, followed by a decrease until the end of the regeneration process. Furthermore, lower fibroblast differentiation was predicted within the scaffolds with lower porosity, with higher difference within the strut-like design (Figure 5D).
Quantification of other cellular activities over the course of regeneration for the different scaffold designs is provided in Supplementary Data. The cellular activities include fibroblasts, chondrocytes and MSCs proliferation, fibroblasts, chondrocytes and osteoblasts apoptosis, fibroblasts and MSCs average speed during migration, MSCs differentiation into chondrocytes and number of migrated fibroblasts.
Cumulative number of proliferated, differentiated and dead cells is reported in Supplementary Data.
4 DISCUSSION
In the recent years, gyroid architectures have gained a lot of interest in tissue engineering for their high potential to be used as scaffolds in the treatment of large bone defects (Castro et al., 2019b; Yang et al., 2019; Jin et al., 2020). However, so far there has been no study to investigate whether they present advantages over traditional scaffolds for their bone regeneration potential. In this study, we use the power of computer modelling approaches to investigate whether a gyroid as a scaffold architecture presents an advantage, in terms of healing outcome, over a traditional scaffold with a strut-like architecture. Contrary to our initial hypothesis, our results showed reduced predicted healing outcome in gyroid compared to strut-like scaffolds.
In this study, we adapted a previously described bone regeneration computer model, which was able to explain experimentally observed scaffold-supported bone regeneration for two different scaffold designs in two independent pre-clinical studies of bone regeneration within large bone defects (Perier-Metz et al., 2020; Perier-Metz et al., 2022), to predict bone regeneration within a large bone defect supported with a gyroid scaffold. The model was previously able to explain bone regeneration within a titanium honeycomb scaffold and a PCL strut-like scaffold, where surface-scaffold guidance was identified as an important mechanism during scaffold supported regeneration (Pobloth et al., 2018; Perier-Metz et al., 2020; Perier-Metz et al., 2022; Pobloth et al., 2018). Other mechanoregulation theories have been previously proposed to explain the mechanobiological regulation of bone regeneration (Carter et al., 1998; Claes and Heigele, 1999; Prendergast et al., 1997). Mechanical stimuli based on hydrostatic stress and tensile strain, mechanical strains and hydrostatic pressure, and octahedral strain and fluid velocity have all been proposed as potential regulators. Computer modeling approaches have been used to test those theories and their potential to predict in vivo tissue regeneration, where it has been shown that most of those theories result in comparable tissue regeneration prediction, which in general agrees with experimental observations (Geris et al., 2003; Isaksson et al., 2006b; Postigo et al., 2014). In this study, we quantified regions under tension and compression strains and found that tensile strains were higher at the scaffold bone interface, while compressive strains were higher between the scaffold walls (Supplementary Data).
Unfortunately, experimental studies on scaffold-supported bone regeneration within gyroid scaffolds are very limited. To the authors knowledge, the only in vivo study that compared the bone healing potential of a gyroid scaffold to a strut-like scaffold is the one by Van hede et al. (2022), where a skull defect was used as defect model. Since skull bone has different developmental and regenerative mechanisms than long bones (Lim et al., 2013), those in vivo observations cannot be compared to the computer model predictions presented here. In vitro experiments of cellular function within gyroid scaffolds have been mainly performed to test different biomaterials or 3D printing techniques, where in general it has been reported that cells are able to penetrate and proliferate within gyroid scaffolds (Melchels et al., 2010a; Tsai et al., 2015; Ataee et al., 2019; Diez-Escudero et al., 2020; Spece et al., 2020; Chen et al., 2021; Noroozi et al., 2022). Spece et al. (2020) compared cellular activity within gyroid and strut-like scaffolds in terms of ALP activity, where they showed higher ALP activity in strut-like scaffolds. These findings agree with the higher osteoblast activity in strut-like scaffolds predicted in this study.
In this study, gyroid and strut-like scaffolds of the same porosity and almost the same pore size were compared in terms of predicted bone regeneration. In the gyroid scaffolds, the pore size does not describe the distance between surfaces, in fact in the scaffolds investigated here the distance between the surfaces for the gyroid scaffolds were approximately twice the pore size. This has a major impact not only in reducing the overall mechanical properties but also in the surface area to volume ratio and the cellular behaviour. Reduced surface area to volume ratio was determined in the gyroid compared with the strut-like scaffolds for a given porosity. In this study, we predicted reduced cell proliferation in gyroid compared to strut-like scaffolds, where strut-like scaffolds had a larger surface area to volume ratio. This is in agreement with experimental studies that reported faster cell growth for shorter distance between scaffold inner surfaces (Van Bael et al., 2012; Liu et al., 2020).
Since various polymeric materials used as scaffold materials experience degradation (Pitt and Zhong-wei, 1987), degradation due to hydrolysis undergoing exponential decay was implemented in the model (Adachi et al., 2006). Given that PCL degrades very slowly (degradation rate constant: 0.003 per day) (Pitt et al., 1981), the effect of its degradation on tissue formation was negligible. The effect of scaffold degradation on tissue regeneration was marked by comparing a highly degradable (0.03 per day) to a non-degradable scaffold. Although, this degradation rate is unrealistic for PCL, the scaffold material properties were kept constant to isolate the effect of degradation. The highly degradable scaffold resulted in more soft tissue and overall tissue formation compared with the non-degradable scaffold. Scaffold degradation was predicted to affect bone regeneration by decreasing the scaffold’s mechanical stiffness allowing for higher deformations promoting soft tissue formation within the defect region. Our results showed that a highly degradable scaffold led to more bone regeneration, which is in agreement with experiments done on polymeric scaffolds where they found that at 3 months, the maximum amount of bone was observed in the scaffold with the highest degradability (Huang et al., 2019).
In this study, scaffolds with two different porosities (69% and 79%), both for gyroid and strut-like designs, were investigated. We found that while there was a substantial difference in the overall mechanical properties of the scaffolds, in agreement with experimental studies (Baino and Fiume, 2019), the mechanical environment within the scaffold pores for different porosities was similar. However, due to larger pores sizes in the scaffolds with higher porosities, more penetration of the cells was predicted, leading to more bone regeneration. This is also in agreement with experimental findings (Lee et al., 2019). Pobloth et al. (2018) showed that scaffolds with lower porosity but with the same architecture yield less bone and slower healing dynamics. Furthermore, we found a lower influence of scaffold porosity on tissue regeneration in the gyroid compared to the strut-like scaffold which could be explained by the smaller changes in surface area to volume ratio with changes in porosity in those scaffolds.
In addition, our results show reduced mechanical stiffness in the gyroid compared with the strut-like scaffolds, in agreement with numerical studies (Ali and Sen, 2017). With the same porosity, the strut-like scaffold was stiffer than the gyroid scaffold; however, the former scaffold showed considerably more bone formation than the latter. Previous in vivo studies have shown that softer scaffolds can enhance bone regeneration (Pobloth et al., 2018). This study shows that the scaffold architecture can have a higher impact on bone formation than overall scaffold stiffness.
Our study presents some limitations. First, in contrast to studies suggesting higher surface area to volume ratio for the gyriod scaffold (Lu et al., 2020; du Plessis et al., 2018), in this study, the gyroid scaffold had lower surface area to volume ratio. This is because in our models, to keep the porosity and pore size similar in both the gyroid and strut-like scaffolds, the number of scaffold unit cells was different for each scaffold design which led to lower surface area to volume ratio in the gyroid scaffold as compared to the strut-like scaffold. Previous studies have shown that by fixing the porosity and varying the unit cells of the scaffold, the scaffold mechanical properties are altered (Jian et al., 2015) and consequently, the bone regeneration (Pobloth et al., 2018). We performed additional simulations to investigate the effect of the number of scaffold unit cells. For a given porosity, we found that increasing the number of unit cells increases the surface area to volume ratio and enhances bone regeneration, both in gyroid and strut-like configurations (Supplementary Data). However, although the gyroid scaffold presented higher surface to volume ratio (gyroid: 3.32 and strut-like: 2.58), the strut-like scaffold still resulted in more bone formation compared to the gyroid scaffold for comparable number of unit cells (Supplementary Data). A further limitation relates to the size of the parametric analysis performed. In this study, each scaffold design parameter was studied across two variations only (architecture: gyroid and strut-like; porosity: 79 % and 69%; degradation: degradable and non-degradable). Although, the number of models were sufficient to test this study’s main hypothesis on whether gyroid scaffold outperform strut-like scaffolds, further studies with higher ranges of scaffold design parameters could give a better understanding on the interplay between the scaffolds design parameters and identify which scaffold design parameter has the highest impact on the bone regeneration. Finally, among the limitations of the study is using the same degradation rate in all scaffold configurations. Wu and Ding (2005) showed that increasing the pore size or decreasing the porosity lead to an increase in the rate of degradation in PLGA materials. However, since the material used here is PCL, which has a very slow degrading rate, this effect does not influence the results.
In conclusion, here we used a computer model of scaffold-supported bone regeneration, that was previously able to explain bone regeneration within two different scaffold designs in two experimental setups, to predict, for the first time, the bone regeneration potential of PCL gyroid scaffolds in long bone large defects. Computer model predictions suggest slower healing dynamics and reduced bone tissue formation in gyroid compared with strut-like scaffolds. Future studies should focus on the experimental validation of these findings so that they can be used for the optimization of scaffold design to support bone regeneration in long bone large defects.
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Creep deformation in cartilage can be observed under physiological loads in daily activities such as standing, single-leg lunge, the stance phase of gait. If not fully recovered in time, it may induce irreversible damage in cartilage and further lead to early osteoarthritis. In this study, 36 cruciform-shape samples in total from 18 bulls were employed to conduct the uniaxial and biaxial creep-recovery tests by using a biaxial cyclic testing system. Effects of stress level (σ = .5, 1.0, 1.5 MPa) and biaxial stress ratio (B = 0, .3, .5, 1.0) on creep-recovery behaviors of cartilage were characterized. And then, a viscoelastic constitutive model was employed to predict its creep-recovery behaviors. The results showed that the creep strain and its three components, namely instantaneous elastic strain, delayed elastic strain and viscous flow strain, increase with the increasing stress level or with the decreasing biaxial stress ratio. Compared with uniaxial creep-recovery, biaxial creep-recovery exhibits a smaller creep strain, a faster recovery rate of creep strain and a smaller residual strain. Besides, the built viscoelastic model can be used to describe the uniaxial creep-recovery behaviors of cartilage as a good correlation between the fitted results and test results is achieved. The findings are expected to provide new insights into understanding normal joint function and cartilage pathology.
Keywords: articular cartilage, biaxial loading, stress ratio, creep-recovery, strain ratio
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• Creep-recovery behaviors are explored at different stress levels and biaxial stress ratios.
• Creep strain and its components increase with stress level.
• A biaxial stress ratio of 1 imposes the smallest creep strain.
• Increasing biaxial stress ratio accelerates the recovery of creep strain and decreases the residual strain.
• The higher the biaxial stress ratio, the smaller the viscous flow strain and the delayed elastic strain.
1 INTRODUCTION
Articular cartilage has the functions to absorb shocks, transmit loads and sustain complex mechanical loading histories, thus maintaining dynamic mechanical equilibrium of knee joint in daily activities. As a kind of fluid saturated porous material, articular cartilage exhibits viscoelastic responses under mechanical loads. And creep is observed in cartilage when the mechanical load is held constant during standing, single-leg lunge (Hosseini et al., 2010; Choi et al., 2016; Qiu et al., 2016), the stance phase of gait (Liu et al., 2010; Li et al., 2014) and so on. Creep deformation under physiological loads may serve as a functional indicator for cartilage healthy. The majority of creep deformation in cartilage can recover timely. However, long term overloading may cause irreversible deformation, further induce damage in cartilage and lead to early osteoarthritis (Roos et al., 1998; Felson, 2013; Martel-Pelletier et al., 2016; Georgiev and Angelov, 2019; Peters et al., 2022). Studying the creep and creep-recovery behaviors of articular cartilage are helpful for understanding the normal joint function and cartilage pathology.
In vivo creep tests were usually conducted by applying 50%–150% body weight on the joint for 300–900 s (Herberhold et al., 1998; Herberhold et al., 1999; Hosseini et al., 2010; Choi et al., 2016; Uzuner et al., 2020), and the creep deformations of cartilage were measured in vivo by using imaging techniques like computed tomography (CT), magnetic resonance (MR), dual fluoroscopic imaging (DF). Herberhold et al. found that the creep deformation had high inter-individual variability (Herberhold et al., 1998; 1999). Hosseini et al. found the cartilage deformation of human tibiofemoral increases sharply in the first 20 s and almost held constant beyond 50 s when a constant full body weight was quickly applied and maintained for 300 s (Hosseini et al., 2010). Choi et al. studied the time-dependent creep behavior of tibial cartilage by applying a load of 75% body weight on limb and they reported that the creep deformation increased rapidly over the first minute and kept stable after 5 min (Choi et al., 2016). Uzuner et al. reported a substantial increase in cartilage deformation when joint loading increased from nil to 75% body weight and a continued small increase over time when the joint loading was held constant (Uzuner et al., 2020). In vivo experimental data help to understand the deformation characters of cartilage under physiological loads. However, technical limitations impede the accurate measurement of creep recovery in the physiological range and it non-etheless has significant difficulty to quantitatively analyze the creep-recovery deformation law of cartilage.
To cover the shortage of in vivo tests, in vitro creep tests are widely used to investigate the creep and creep-recovery behaviors of cartilage. Athanasiou et al. and Stolberg et al. employed the indentation test system to characterize the creep-recovery behavior of cartilage and they found that the initial creep rate is larger than the initial recovery rate and more than 95% of the creep deformation could recovered within 90 min (Athanasiou et al., 1991; Stolberg-Stolberg et al., 2018). Boettcher et al. found that the cartilage deformation increased with the increasing stress. (Boettcher et al., 2016). Cutclife and DeFrate validated the use of the recovery response for mechanical characterization of cartilage in a controlled, ex vivo environment (Cutcliffe and DeFrate, 2020). Reuter and Hurschler used a biphasic 3D-FE-based method to determine the biomechanical properties of equine articular cartilage (Reuter and Hurschler., 2021). In our previous study, the depth-dependent creep strain of cartilage under uniaxial compressive load was investigated by an optimized digital image correlation (DIC) technique (Si et al., 2022). And the creep deformation could accelerate the fatigue damage of cartilage in knee joint (Gao et al., 2019). It should be mentioned that these studies on the creep-recovery behaviors of articular cartilage were probed under uniaxial loading.
The cartilage with freely squeezing and stretching in vivo is subjected to biaxial or even multiaxial loads, and however literature provides limited data on these. Thus, it is of great significance to study the biaxial or multiaxial creep-recovery behaviors of cartilage. The goal of this study is to investigate the creep-recovery behaviors of articular cartilage under biaxial tensile load. The hypothesize is that changing the stress state from uniaxial loading to biaxial loading has a significant effect on creep deformation of cartilage. To verify the hypothesize, both the uniaxial and biaxial creep-recovery experiments were conducted by using a biaxial cyclic testing system. Effects of stress level and biaxial stress ratio on cartilage creep-recovery were characterized. Creep strain components were analyzed and compared at different loading conditions. Additionally, the creep-recovery behaviors of cartilage were predicted by mathematical models. This study is original because it provides the first insight into the effect of biaxial constraint on tensile creep behavior of cartilage. The results could help to explore intrinsic mechanical properties of articular cartilage and to prevent cartilage damage.
2 MATERIALS AND METHODS
2.1 Sample preparation
In total, 36 cruciform-shape samples from 18 bulls (around 8 months) were prepared for mechanical tests. The cruciform-shape samples were selected as test samples since they were widely used in biaxial tests to measure in plane mechanical properties of anisotropic material (Leotoing et al., 2013; Lamkanfi et al., 2015; Chen et al., 2022) and the sample preparation process in this study is similar to literature (Kamalanathan and Broom, 1993). As shown in Figure 1A , firstly, the cartilage with subchondral bone was harvested from the medial and lateral femoral trochleae of each femur. Secondly, the cruciform shape was marked on the cartilage with subchondral bone. Thirdly, the cartilage with subchondral bone was cut into the cruciform shape by a band saw. Finally, the subchondral bone was removed from cartilage by cutting with the band saw and abrading with an electric eraser (Si et al., 2022). Thus, the cruciform-shape cartilage sample with the thickness of 2.00 mm ± .2 mm was obtained. Figure 1B shows the specific structural dimensions of the cruciform specimen. It should be mentioned that since the curvature structure of cartilage induced by the orientation of collagen fibrils may affect the results, all the samples were cut from the same position of the femur. The pre-prepared samples were wrapped in gauze moistened with phosphate buffered saline and placed in a refrigerator at −20°C to preserve the collagen fibers intact of cartilage samples. Prior to tests, the samples were defrosted by being immersed in phosphate Buffered Saline (PBS, pH 7.4) for 12 h at room temperature.
[image: Figure 1]FIGURE 1 | (A) Sample preparation process; (B) the structure of the cruciform specimen.
2.2 Experimental description
Three kinds of mechanical tests, namely the uniaxial tensile tests, the uniaxial creep recovery tests and the biaxial creep recovery tests were conducted on the biaxial dynamic mechanical testing system (IPBF-300, CARE Measurement & Control Co., Ltd., China). For uniaxial tensile and uniaxial creep-recovery tests, only one side of the specimen was loaded, leaving the other side of the specimen freely shrinking; for biaxial creep-recovery tests, both loading axes were loaded and recovered at the same time. The uniaxial tensile tests were performed at different strain rates of .01%/s, .1%/s and 1%/s considering the limit of physiological strain rate of articular cartilage (Huang et al., 2003; Li et al., 2003; Li and Herzog, 2004). As reported that the deformation of cartilage under physiological loads is no larger than 30% with the average deformation value lower than 20%. Thus, the rate-dependent tensile tests were stopped when the strain reached 20% (Liu et al., 2010; Wang et al., 2015).
The stress on the cartilage was .535 MPa in double leg stance and .953 MPa in single leg stance (Qiu et al., 2016). In order to approximate the in vivo stress state, both uniaxial and biaxial creep-recovery tests were carried out at different stress levels σ of .5, 1.0 and 1.5 MPa. In addition, for the biaxial creep-recovery tests, the different biaxial stress ratios (denoted as B, indicates the ratio of stress in one loading direction to that in the other direction) of .3, .5 and 1.0 were applied. It can be seen that the biaxial stress ratio B) of uniaxial creep tests is 0 and B = 1 means that the cartilage is in an equi-biaxial stress state. For all the creep-recovery test conditions mentioned above, the creep time was 2,400 s and followed by the strain recovery (at 0 MPa) time of 3,600 s to make sure that most creep deformation of cartilage has recovered (Eckstein et al., 1999; Erisken et al., 2010).
All the tests were conducted at room temperature with a preload of 0.1 N being applied before tests to keep the samples align with the axis of loading. Besides, to prevent cartilage samples from drying (Erisken et al., 2008), an air humidifier was placed near the sample and a sprayer was employed to spray the PBS solution on the surface of sample every 5 min during tests (Si et al., 2022).
2.3 Image and data analysis
During mechanical tests, the load and displacement of the central area (10 mm × 10 mm) were recorded by the mechanical sensor and the digital image correlation (DIC) system equipped by the biaxial dynamic mechanical testing machine. The tensile stress of cartilage is the load divided by the cross-sectional area. The measurement of strain is similar with that reported in literatures (Kamalanathan and Broom, 1993; Lin et al., 2017; Lin et al., 2018; Zhang et al., 2019). As shown in Figure 2C, two pairs of thin lines were drawn in the middle local mark section of cruciform sample. A optical camera was applied to measure the variation of distance between fine lines. The distances between two pairs of marked lines were recorded as length [image: image] and [image: image] (before loading) and [image: image]; [image: image] (after loading). Thus, the strain in x-axis and y-axis directions was calculated as:
[image: image]
[image: Figure 2]FIGURE 2 | (A) Samples; (B) stress-time curve; (C) creep strain calculation; (D) stress-time curve.
Only the strain in x-axis is recorded for uniaxial mechanical tests. For the creep-recovery tests, as shown in Figure 1D, the creep strain is divided into three components, namely instantaneous elastic strain [image: image], delayed elastic strain [image: image] and viscous flow strain [image: image].
2.4 Statistical analysis
Considering the random error of experiments, three samples were repeated by the same person under the same loading condition, and test data were used in data analysis. The figures were plotted in Origin 2018 and the statistical analyses were performed using SPSS 22.0. R-squared value was used to indicate the agreement between the test result and its prediction. A one-way analysis of variance (ANOVAs) was employed to detect significant differences between different testing conditions. The statistical results were significant if p < .05.
3 THEORETICAL MODEL
The viscoelastic constitutive model Eq. 2 introduced by Lou and Schapery is used to describe the unconfined mechanical behavior of cartilage (Lou and Schapery, 1971). The constitutive model under uniaxial loading can be expressed as
[image: image]
Where [image: image] is initial components of linear viscoelastic creep compliance, and [image: image] is transient components of linear viscoelastic creep compliance. t is the loading time. [image: image], [image: image] and [image: image] are three stress-dependent material parameters and their changes reflect the third and higher order stress-dependence of Gibbs free energy. The converted time [image: image] is expressed as
[image: image]
Here [image: image] is the time-scale factor, which reflects the relevance of free energy, stress and temperature. In this study we assume that [image: image] depends only on the applied stress.
When the step-stress input [image: image] (Figure 2B) is applied, Eq. 2 yields the creep strain
[image: image]
And the recovery strain can be expressed as
[image: image]
Where in Eq. (5)
[image: image]
The creep strain at t1 (just before unloading) can be described as follows in Eq. (7). At the moment after unloading the initial strain in recovery phase can be described as follows in Eq. (8).
[image: image]
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Therefore, the strain jump value at [image: image] can be expressed as
[image: image]
The transient component of linear viscoelastic creep compliance is expressed as
[image: image]
Where C is creep coefficient, n is creep index.
By substituting Eq. (10) into Eq. (4), we obtain the non-linear viscoelastic creep model.
[image: image]
By substituting Eq. (10) into Eq. (5), we obtain the expression of recovery strain:
[image: image]
Where in Eq. (12)
[image: image]
and
[image: image]
It is noted that the parameters in creep model Eq. 11 and recovery model (Eqs. 12–14 were obtained by fitting the test data with the non-linear least square method in the software origin 2018. Thus, the uniaxial creep-recovery strains of cartilage can be fitted by the built model.
4 RESULTS
4.1 Tensile properties of articular cartilage at different strain rates
Figure 3A shows the stress-strain curves of articular cartilage at different strain rates. The stress-strain curves are not coincident, indicating that the tensile behavior of articular cartilage is strain rate-dependent. According to literature (Korhonen et al., 2002), and considering the error in data at the very beginning of the experiments, the Young’s modulus of cartilage was determined by calculating the slope of linear range of stress-strain curve when the strain value is 1%–5%. Effect of strain rate on Young’s modulus is shown in Figure 3B. Young’s modulus increases obviously with the increase of strain rate.
[image: Figure 3]FIGURE 3 | (A) Tensile stress-strain curves of articular cartilage; (B) Young’s modulus of articular cartilage.
4.2 Uniaxial creep-recovery behaviors of articular cartilage at different stress levels
The uniaxial creep-recovery curves of cartilage at different stress levels are shown in Figure 4. In the phase of creep, the creep strain at each stress level increases rapidly at first, and followed by the decrease of growth rate with creep time. The creep strain increases with the increase of stress level (p < .05). In the phase of recovery (σ = 0 MPa), the strain decreases rapidly at the beginning, and then the declining rate decreases with recovery time. When the recovery time is 2,400 s, the strain decreases to 45.1%, 50.3% and 53.5% of initial recovery strain at stress level of .5, 1.0, 1.5 MPa. When the recovery time is 3,600 s, the recovery strain decreases to 39.5%, 46.4% and 50.5% of initial recovery strain. Enough unloading time is beneficial for creep recovery. And longer recovery time is required for creep recovery at higher stress level.
[image: Figure 4]FIGURE 4 | Uniaxial creep-recovery curves of cartilage at different stress levels.
Simultaneously, the creep strains and recovery strains at different stress levels have also been fitted by the theoretical creep-recovery model (Eq. (11) and Eq, 12. Figure 4 demonstrates the comparisons of test results and fitting results. There are good agreements between them (R > .8).
Based on the creep strain classification in Figure 2D, each component at different stress levels is compared in Figure 5. It is noted that the increase of stress level results in an increase in all strain components. As shown in Figure 5D, by comparing the percentage of each strain component, the contribution of each strain component at different stress levels was evaluated. Decrease in proportion of instantaneous elastic strain and increase in proportions of delayed elastic strain and viscous flow strain are observed with the increase of stress level.
[image: Figure 5]FIGURE 5 | (A–C) Instantaneous elastic strain, delayed elastic strain and viscous flow strain components of uniaxial creep strain, respectively; (D) percentage of each strain component at different stress.
4.3 Biaxial creep-recovery behaviors of articular cartilage at different stress levels
Biaxial creep-recovery tests with different stress levels were carried out at [image: image]. Only the creep-recovery behavior in x-axis (along the split line of cartilage) was chosen for discussion since the creep-recovery responses in two axes are similar. Figure 6 shows the biaxial creep-recovery strain curves at different stress levels. Similar to uniaxial creep response in Figure 4, both biaxial creep strain and the biaxial residual strain increase with the increase of stress level (p < .05). The biaxial creep strain is smaller than the uniaxial creep strain, indicating that the equi-biaxial loading enforces constraint on the accumulation of biaxial creep strain. Similarity, the biaxial recovered strain is less than the uniaxial recovered strain at the same stress level, which is illustrated by analyzing the percentages of creep strain components (Figure 7). The recovered strain mainly includes the intantaneous elastic strain and delayed elastic strain (Figure 2D). As shown in Figure 7D, the percentages of biaxial delayed elastic strain with .5, 1.0, 1.5 MPa are 10%, 12%, 13%, which are smaller than those of 17%, 20%, 24% under uniaxial loading. In addition, the percentages of instantaneous elastic strain under biaxial loading are almost as large as those under uniaxial loading. Differences in percentages of these creep strain components suggest that biaxial loading serves to suppress the delayed elastic strain, resulting in the smaller biaxial recovered strain and thus the larger residual strain in biaxial creep-recovery tests.
[image: Figure 6]FIGURE 6 | Biaxial creep-recovery curves of articular cartilage at different stress levels.
[image: Figure 7]FIGURE 7 | (A–C) Instantaneous elastic strain, delayed elastic strain and viscous flow strain components of biaxial creep strain, respectively; (D) percentage of each biaxial strain component at different stress levels.
To further quantify the effect of biaxial stress level on creep strain, the strain ratio R was proposed and it is defined as uniaxial creep strain component divided by corresponding biaxial creep strain component. Figure 8 compares the strain ratios of instantaneous elastic strain, delayed elastic strain and viscous flow strain at different stress levels. It is found that all strain ratios at different stress levels are larger than 1, which means that each uniaxial creep strain component is larger than the corresponding biaxial creep strain component. At the same stress level, the strain ratio of viscous flow strain is larger than that of the other two components. The strain ratio increases with the increase of stress level by focusing on certain creep strain component. Compared with .5 MPa and 1.0 MPa, 1.5 MPa exhibits the most remarkable increase in all three creep strain components. Besides, the strain ratios of viscous flow strain and delayed elastic strain experience greater increase than that of instantaneous, regardless the stress level. Consequently, biaxial loading reduces the creep strain by retarding viscous flow strain and delayed elastic strain, especially at high stress of 1.5 MPa.
[image: Figure 8]FIGURE 8 | The strain ratio as a function of stress level for instantaneous elastic strain, delayed elastic strain and viscous flow strain.
4.4 Effect of biaxial stress ratio on biaxial creep-recovery behavior
Figure 9 shows the creep-recovery responses of cartilage at different biaxial stress ratios. The biaxial creep strain decreases with increase of biaxial stress ratio (p < .05), indicating that the stronger the biaxial constraint, the smaller the creep strain. Besides, the larger biaxial creep strain shows the smaller residual strain. As shown in Figures 10A–C, increasing biaxial stress ratio B from .3 to 1.0 brings a large reduction of each creep component, leading to the decreasing of creep and recovered strain. In particular, the delayed elastic strain decreases from 4.74 to 1.81 with biaxial stress ratio from B = .5 to B = 1.0, corresponding to a 72% reduction.
[image: Figure 9]FIGURE 9 | Biaxial creep-recovery curves of articular cartilage at different stress ratio.
[image: Figure 10]FIGURE 10 | (A–C) Instantaneous elastic strain, delayed elastic strain and viscous flow strain components of biaxial creep strain, respectively.
In addition, the strain ratios of instantaneous elastic strain, delayed elastic strain and viscous flow strain at different stress ratios were compared in Figure 11. At the same stress level, the strain ratio of instantaneous elastic strain is smaller than that of the other two components. The strain ratio of instantaneous elastic strain rises slightly with the rise of biaxial stress ratio. By comparison, the strain ratios of delayed elastic strain and viscous flow strain show the more remarkable increase with the rise of biaxial stress ratio, especially when the biaxial stress ratio increase from B = .5 to B = 1.0. The results indicate that biaxial loading limits creep deformation of cartilage by inhibiting its delayed elastic strain and viscous flow strain, and the equi-biaxial stress state imposes the largest constriction.
[image: Figure 11]FIGURE 11 | The strain ratio as a function of biaxial stress ratio for instantaneous elastic strain, delayed elastic strain and viscous flow strain.
5 DISCUSSIONS
In daily activities, articular cartilage is subjected to long time biaxial loads or multiaxial loads. The creep deformation is induced in cartilage under mechanical loads due to the alternation of unequal fluid exudation and imbibition within its matrix. Once unloaded, most of the creep deformation will gradually recover with time. Uniaxial creep-recovery of cartilage have been well described in previous studies (Gao et al., 2019; Cutcliffe and DeFrate, 2020). However, seldom has any study focused on biaxial or multiaxial creep-recovery of cartilage. Thus, we probed the creep-recovery behaviors of articular cartilage by comparing uniaxial and biaxial tensile loading results.
The creep strain evolution of cartilage consists of two parts, namely initial creep stage and the steady creep stage. In initial creep stage, the uniaxial and biaxial creep strain showed a similar evolution that the creep strain increased rapidly at the beginning, and gradually tended to be stable with time (Figure 4; Figure 6; Figure 9). The rapid increase of strain in initial creep stage for cartilage is due to the rapid outflow of interstitial fluid. When the unbound fluid in cartilage is squeezed out, the burden of supporting tensile load is gradually shifted to the collagen network. The cartilage becomes more resistant to deformation and the next creep stage starts. In steady creep stage, the increase rate of creep strain stays constant. The creep strain evolution observed in this study is similar with that reported by Hosseini et al. and Choi et al. as they found that the creep deformation in vivo kept stable after a rapid growth (Hosseini et al., 2010; Choi et al., 2016). However, it should be mentioned that there is no accurate cut-off point between the first creep stage and the steady creep stage since the creep deformation of cartilage varies with different physiological loads (Schoenbauer et al., 2015; Wang et al., 2015; Chan et al., 2016; Choi et al., 2016). Compared with uniaxial creep, biaxial creep exhibits smaller strain at the same stress level, especially at high stress level of 1.5 MPa. It is found that biaxial loading reduces the creep strain through retarding all creep strain components (Figure 5; Figure 7), especially through retarding delayed elastic strain and viscous flow strain (Figure 8). The smaller strain under biaxial creep is ascribed to the higher constraint imposed by the equi-biaxial stress state, as higher constraints can increase the stiffness of the cartilage and restrict the rapid outflow of interstitial fluid.
Generally, the deformation of articular cartilage can be fully recovered within a sufficient period of unloading time due to the viscoelastic properties of articular cartilage (Torzilli, 1984; Athanasiou et al., 1994). Eckstein et al. suggested at least 90 min of rest might be required to allow articular cartilage to fully recover according to the imaging based studies (Eckstein et al., 1999). Erisken et al. reported that 1,000 s was sufficient for the compressive stress to relax in bovine cartilage (Erisken et al., 2010). In this study, it is found that both uniaxial and biaxial strain have not been fully recovered with the residual strains left when the recovery time is 3,600 s. Compared with uniaxial loading, biaxial loading shows a smaller residual strain (Figure 4; Figure 6; Figure 9), due to the significant decrease in the viscous flow strain at equi-biaxial stress state (Figure 5C; Figure 7C). The residual strain, as viscous flow strain, is slow to recover. Thus, more time may be needed for the residual creep deformation to recover.
It is very likely for cartilage to experience non-uniform stress distribution in daily activities due to its curvature structure, thickness variation, diffusion kinetics and other factors (Kamalanathan and Broom, 1993). Kamalanathan and Broom reported that the tissue was significantly stiffer, i.e. more strain limiting, along the split-line direction than across it. They found that the tissue was significantly stiffer, i.e. more strain limiting, along the split-line direction than across it and the anisotropic strain-limiting response of the fibrillar array will result in fibrils acting more collectively along the less extensible direction than across it. Obviously, the stress state of cartilage under physiological load is not equi-biaxial. To better understand how biaxial constraint influences biaxial creep behavior, we studied the effect of biaxial stress ratio on creep-recovery behavior of cartilage (Figure 8). Both creep strain and recovered strain decrease with the increase of biaxial stress ratio due to the reason that the larger the biaxial stress ratio, the stronger the biaxial constraint. The equi-biaxial stress state (B = 1) imposes the largest biaxial constraint. Thus, when the biaxial stress ratio B is 1.0, the lowest creep and recovery strain is induced in cartilage. Increasing the biaxial stress ratio from .3 to 1.0 causes a decrease in all creep strain components, especially in delayed elastic strain (Figure 9; Figure 10). Furthermore, less proportion of delayed elastic strain results in less time to reach steady recovery state (Figure 8) since delayed elastic strain is slow to recover. In addition, the higher constraint was imposed by the larger biaxial stress ratio, which in turn increases the stiffness of cartilage (Lin et al., 2017; Zhang et al., 2019) resulting in the smaller creep strain and residual strain.
Viscoelastic (Leipzig and Athanasiou, 2005; Si et al., 2022), biphasic (Huang et al., 2003) and poroviscoelastic models (Wang et al., 2001) are employed to describe mechanical behaviors of cartilage in literature. Leipzig and Athanasiou used the viscoelastic model to describe the mechanical behaviors of cartilage cells (Leipzig and Athanasiou, 2005). Gao et al. employed the non-linear viscoelastic constitutive model to predict the depth-dependent creep behaviors of cartilage under compression (Gao et al., 2014). The viscoelastic constitutive model employed in this study is proposed by Lou and sharper (Lou and Schapery, 1971). It has the outstanding advantage of retaining the single time integral form even in the non-linear range. And the non-linear effects are expressed by means of stress-dependent material functions determined experimentally. It has been applied to predict the mechanical behaviors of cracked cartilage and exhibits good results (Si et al., 2022). In this study, the proposed viscoelastic model with the consideration of irrecoverable deformation was developed to describe the uniaxial creep-recovery behaviors of cartilage and a good consistence between test data and fitted data is obtained.
6 CONCLUSION
The study probed the uniaxial and biaxial creep-recovery behaviors of articular cartilage. Changing the stress state from uniaxial loading to biaxial loading, creep strain decreases significantly under the same stress level. Increasing biaxial stress ratio (from B = .3–1) causes notable decrease in creep strain. During the recovery process of creep, it takes less time for the biaxial strain than the uniaxial strain to reach the steady recovery state. The cartilage with higher stress level or smaller biaxial stress ratio shows larger residual strain, indicating that the cartilage damage may be accelerated at higher stress level or at smaller biaxial stress ratio. These results provide a new sight for cartilage creep and are significant to improve the durability of cartilage in daily activities.
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Bone defect and repair is a common but difficult problem in restorative and reconstructive surgery. Bone tissue defects of different sizes caused by different reasons bring functional limitations and cosmetic deformities to patients. Mesenchymal stem cells (MSC), a major hotspot in the field of regeneration in recent years, have been widely used in various studies on bone tissue regeneration. Numerous studies have shown that the bone regenerative effects of MSC can be achieved through exosome-delivered messages. Although its osteogenic mechanism is still unclear, it is clear that MSC-Exos can directly or indirectly support the action of bone regeneration. It can act directly on various cells associated with osteogenesis, or by carrying substances that affect cellular activators or the local internal environment in target cells, or it can achieve activation of the osteogenic framework by binding to materials. Therefore, this review aims to summarize the types and content of effective contents of MSC-Exos in bone regeneration, as well as recent advances in the currently commonly used methods to enable the binding of MSC-Exos to the framework and to conclude that MSC-Exos is effective in promoting osteogenesis.
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1 INTRODUCTION
Bone regeneration is an extremely complex repair process. The combination of cells, growth factors and structural framework is essential for bone regeneration (Battafarano et al., 2021). Bone repair is delayed or stopped if these three elements are affected or absent for various reasons within the individual with a bone defect. In adult individuals, a bone defect of 2 cm is the threshold value, and bone defects exceeding 2 cm are difficult to heal on their own without external forces. In order to break the limit, the study aims to fundamentally reconstruct the homeostasis of the three elements of bone regeneration and simulate the normal bone regeneration process in vivo (Sobacchi et al., 2013).
Mesenchymal stem cells are pluripotent non-hematopoietic stem cells with self-renewal capacity (Xia et al., 2019). MSCs are not only abundant, which can be found in bone marrow, adipose, muscle, peripheral blood, umbilical cord, placenta, fetal tissue, and amniotic fluid (Brown et al., 2019), but also involved in tissue repair, immunomodulation and anti-inflammation by controlling immune response, angiogenesis, cell proliferation, migration, invasion and survival (Heo et al., 2019). Previous studies suggested that MSC could be a source of cells in bone regeneration, but recent studies have shown that MSCs are not only the cellular basis for osteogenesis, but also parental cells for the release of various factors (Du et al., 2019). However, recent studies have shown that MSC is not only the cellular basis for osteogenesis, but also an activator and fusion agent for the release of various factors, or structural frameworks, making MSC an “all-rounder” in osteogenesis. This ability is fully reflected by the fact that exosomes concentrate the active components of MSC and stimulate the maximum osteogenic potential of MSC, while discarding the ethical issues, immune resistance (EL Andaloussi et al., 2013) and the inconvenience of excessive cell size (Verweij et al., 2019).
Exosomes are small vesicles secreted by cells that mediate intercellular communication through paracrine and other means (Schott et al., 2021). Exosomes are influenced by parental cells (Xia et al., 2019) and the carriage of these substances results in exosomes from different sources with specific and unchangeable parental characteristics (Wang et al., 2018a). Furthermore, spectrum-specific exosomes have a greater impact on the differentiation of MSCs than extracellular matrix, and osteoblast-derived exosomes containing osteogenic factors can reverse the lipogenic differentiation potential of MSCs cultured in lipogenic medium (Kargozar et al., 2019). These vesicles, which can be secreted by almost all living cells, are important carriers of information between osteoblasts and other cells, or between cells and the microenvironment (Peng et al., 2020). The secreted exosomes could be taken up by recipient cells via endocytosis, ligand-receptor interaction (where both the ligand and the receptor are not clearly uncovered) or fusion then the contained bioactive cargos are transferred to modify gene expression, signaling, and overall functions and behaviors of recipient cells. Artificially interfered with exosomes can contain RNA, enzymes, therapeutic genes or drugs and other contents (Basso and Bonetto, 2016). Therefore, the effective application and potential development of MSC-Exos is an important topic and a necessary tool in the field of bone regeneration. By reviewing the various contributions of MSC-Exos in osteogenesis in recent years, we acknowledge the significant contribution of MSC-Exos in osteogenesis and also find the limitations and defects due to its low yield, difficulties in purification or difficulties in targetin.
2 EFFECT OF MSC-EXOS ON OSTEOGENESIS-RELATED CELLS AND ACTIVE FACTORS
In the process of osteogenesis, cellular components are the basis of the whole process, including osteoblasts, osteoclasts, osteocytes, and chondrocytes (Kim and Mikos, 2021). The positive effect of MSC exosomes on the proliferation and/or migration of multiple cell types in vitro, including osteoblasts, osteocytes, MSCs and endothelial cells (Jia et al., 2020). The Effects of mesenchymal stem cell-derived exosomes on osteogenesis-related cells and their active factors are summarized in Table 1; Figure 1. Activation of the core cells can effectively promote the initiation and rapid progression of the osteogenic process (Li et al., 2018). In turn, the effect on macrophages provides beneficial regulation of the inflammatory environment of bone regeneration (Schlundt et al., 2021). Therefore, it can be assumed that the primary effect of MSC-Exos on cells lies in the direct action on osteogenic cells (Liu et al., 2021a). The active factors of the osteogenic elements are considered to be more important components than cells. In conjunction with the trend of being “cell-free”, the effective use of osteogenic factors and tissue frameworks plays a key role.
TABLE 1 | Effect of exosomes derived from mesenchymal stem cells on osteogenic associated cells.
[image: Table 1][image: Figure 1]FIGURE 1 | Effect of MSC-Exos on osteogenesis-related cells and active factors. MSC-EXOs act on MSCs, osteoblasts, osteoclasts, chondrocytes, osteocytes, endothelial cells, and the local immune microenvironment to have a positive impact on bone regeneration.
2.1 MSC-Exos act on MSC
Information transfer between MSCs through MSC-Exos is the initial direction in MSC-Exos research (Zhu et al., 2019). When jaw BMSC-Exos was co-cultured with iliac BMSC, it was found that ALP and osteogenic gene expression were upregulated, while siRNA against Rab27a blocked this osteogenic effect, and it was concluded that Exo interacted between BMSC-J as well as BMSC-I to upregulate maxillary BMSC osteogenic ability (Li et al., 2019). When human dental pulp stem cells (hPDSCs) were co-cultured with human stem cells (hADSC), the phenotype of osteoblast was upregulated and was able to upregulate the MAPK pathway, leading to phosphorylation of ERK1/2 as well as JNK, thus promoting hADSC osteogenic differentiation (Jin et al., 2020). MSC-derived sEVs increase the expression of VEGFA and VEGFR2 in MSCs and thus may facilitate osteogenesis and angiogenesis of bone regeneration (Pizzicannella et al., 2019a; Pizzicannella et al., 2019b). MSC-Exos induces osteogenic differentiation by using its cargo. hADSC-Exo, which is predifferentiated in osteogenic medium, may act on different targets of osteogenesis by altering its miRNA expression profile at different stages of culture and induce MSC differentiation towards osteoblasts by activating different pathways including PI3K/Akt as well as MAPK and thus initiate osteogenesis and promote bone regeneration (Zhai et al., 2020).
2.2 MSC-Exos act on osteoblasts
BMSC-Exo is able to carry the LncRNA MALAT1 and act as a sponge for miR-34c to promote SATB2 expression, while silencing of SATB2 is able to reduce ALP activity in osteoblasts and mineralized nodules (Yang et al., 2019). In osteoporotic rats, BMSC-Exos-miRNA-935 was able to act on osteoblasts to regulate STAT1 pathway, promoting ALP synthesis and osteoblast proliferation and differentiation, thereby inhibiting osteoporosis progression in OVX rats (Zhang et al., 2021a). After TNF-α acts on primary osteoblasts, it can upregulate the expression of miRNA-141-5p, thereby inhibiting osteogenesis. As a sponge, lncRNA-KCNQ1OT1 inhibits the block of primary osteoblast proliferation by miRNA-141-5p. ADSC-lncRNA-KCNQ1OT1 acts as the sponge of miRNA-214, and inhibits its expression, thereby upregulating BMP2 expression and promoting osteogenic differentiation of BMSC (Wang et al., 2019). In addition, lncRNA-HOTAIR targeting miRNA-138 and lncRNA-LOXLT-AS1 targeting miRNA-196a-5p have been found to play a regulatory role in osteogenesis (Wang et al., 2021a).
2.3 MSC-Exos act on osteoclasts
BMSC-Exos-miRNA-335 acts on VapB (vesicle associated membrane protein-associated protein B), and inhibition of its expression can target activation of the Wnt/β-catenin pathway and promote fracture recovery. VapB is a key target for regulating PLcr2-Ca 2+-NFAT signaling, and inhibition of this signaling inhibits osteoclast differentiation and stabilizes fracture ends (Hu et al., 2021). The Wnt pathway is a classical pathway of osteogenesis. ADSC-Exo-miRNA-130a-3p mediates the SIRT7/Wnt/β-catenin axis, targets silencing of SIRT mRNA, and activates the Wnt pathway, thereby preventing β-catenin from being degraded and entering the nucleus completes its process of promoting osteogenic gene expression (Yang et al., 2020a). The orofacial MSC appears to be unique in orofacial skeletal development. OMSCs are derived from neural crest cells (NCCs). The results confirmed that miRNA-206-3p is an important downstream factor of GATA4 (GATA-binding protein 4: transcription factor that regulates the expression of RUNX2 and TGF-β). Under the action of GATA4, upregulates miRNA-206-3p, promotes NFATc1 (nuclear factor of activated T cell cytoplasm 1) expression and suppresses BMP3 expression, thereby inhibiting osteoclastogenesis and promoting osteogenic differentiation (Guo et al., 2021a).
2.4 MSC-Exos act on chondrocytes
Chondrocytes treated with MSC-derived small extracellular vesicles (sEVs) enhanced migration, proliferation, chondrogenic differentiation and matrix synthesis ability (Otsuru et al., 2018; Zhang et al., 2018). This cascade of responses induced by MSC-derived sEVs leads to the stimulation of multiple cellular responses, such as cell survival, proliferation, differentiation and migration, which facilitated tissue repair (Chew et al., 2019). Recently, it was reported that targeting mTOR signaling in chondrocytes mediated by MSC-derived sEVs as an alternative mechanism for chondroprotection. The results showed that MSC-derived sEVs downregulated mTOR signaling, and regulated IL-1-mediated chondrocyte autophagy, thereby inhibiting apoptosis and regulating cellular metabolism for matrix production (Wu et al., 2019). In a mouse OA model induced by IL-1β and collagenase, MSC-Exos was able to promote COL2A1 and proteoglycan expression and resist IL-1β-induced chondrocyte proliferation inhibition and apoptosis. Further study revealed that lncRNA-KLF3-AS1 and miRNA-206 are competitive endogenous RNAs (ceRNAs), and miRNA-206 can promote the expression of GIT1 (G-protein coupled receptor kinase interacting protein 1) lncRNA-KLF3-AS1 acts as a sponge for miRNA-206 and inhibits the expression of miRNA-206, thus achieving a protective effect against cartilage damage. In addition, hiPS-MSC-Exo acts on the PDCD4 (programmed cell death protein 4) gene via miRNA-135b, activating the downstream caspase-3 pathway, promoting OCN expression, promoting cell proliferation and inhibiting apoptosis (Zhang et al., 2020). MSC-Exos alleviate TMJ osteoarthritis by attenuating inflammation and restoring matrix homeostasis through the mechanism of Adenosine, a receptor for receptor cells, binds to the CD73 ligand on the surface of the MSC-Exos membrane, causing the release of Exo contents into chondrocytes and activating the Akt/ERK/AMPK pathway, thereby regulating matrix homeostasis (Zhang et al., 2019).
2.5 MSC-Exos act on osteocytes
MSC exosomes have anti-apoptotic effects on osteocytes and bone marrow MSCs, producing proliferation-promoting, migration-promoting, anti-apoptotic effects on MSCs after low-intensity laser irradiation (Yin et al., 2017). ADSC-secreted Exo (LLLI-ADSC-Exo) inhibits hypoxia-induced apoptosis and promotes bone defect repair (Zhu et al., 2017). Human perivascular stem cell (PSC)-derived EVs promote mitosis, cell migration, and suppress osteoblast shRNA expression through tetra-transmembrane proteins to achieve pro-osteogenic effects (Xu et al., 2019a).
2.6 MSC-Exos act on endothelial cells
ADSC-Exo-miRNA125a is able to bind to the 3′UTR target of delta-like4 (DDL4), thereby promoting the formation of endothelial tip cells and angiogenesis (Liang et al., 2016). Also, ADSC-miRNA-21 acts on the PTEN pathway to promote endothelial cell vascularization, while exerting a similar effect (An et al., 2019).
Meanwhile, bone regeneration repair in a rat cranial defect model was achieved by PLGA/PDA scaffold mounted with Exo in the experiment in vivo. Under the action of GW4869, ADSC-Exo promoted the entry of ADSC-exo-miRNA-21, miRNA-27b, miRNA322, and let-7i into endothelial cells through the ESCRT-independent pathway, where miRNA-21 inhibited PTEN as well as Smad7 pathway, and miRNA-322 inhibited Cul-2 pathway, thus promoting angiogenesis (Kato et al., 2021). Therapeutic effect of human umbilical cord MSC exosomes in osteonecrosis, attributing the anti-apoptotic and pro-survival effects of MSC exosomes to miR-21-mediated downregulation of PTEN (phosphatase and tensin homolog) and AKT (protein kinase B) phosphorylation (Kuang et al., 2019). In a model of hindlimb ischemia, ADSC-Exo promotes M2 polarisation, inhibits iNOS expression and time-as well as dose-dependently upregulates arginase 1 (Arg-1) levels, in which miRNA-21 plays a major role and inhibits Akt phosphorylation as well as CSF-1 secretion, and through this mode of action, promotes vascular regeneration in the ischaemic limb (Zhu et al., 2020). MiRNA-423-5p acts on the sufu of HUVECs, promoting their proliferation, migration and tube formation (Xu et al., 2019b). BMSC-Exos promotes HUVEC proliferation, migration and regulates the Hippo pathway through the YAP target, promoting angiogenesis, and by transporting lysophosphatidic acid (LPA) and autocrine motility factors (ATX) also act on the Hippo pathway, prompting YAP/TAZ in complex with TEAD to direct nuclear gene expression and induce cartilage reconstruction in temporomandibular joint osteoarthritis (Wang et al., 2021b). LncRNA SNHG9 enters endothelial cells via ADSC-Exo and then targets and inhibits TRADD mRNA (TNF-R1-associated death domain), causing TRADD protein degradation, inhibiting the inflammatory response and apoptosis, thereby upregulating endothelial cell function (Song et al., 2020). Angiogenesis is a critical step in osteogenesis and a key target for the treatment of ischemic bone diseases.
2.7 MSC-Exos act in the osteoimmune microenvironment
Osteoimmunology reveals that the immune system and the skeletal system are closely linked and share many commonalities in terms of cytokines, receptors and signaling. Immune cells often play the role of regulators in the formation of the local bone microenvironment: by regulating the expression of various factors, they regulate osteogenic differentiation, osteolytic differentiation, fibrosis, vascularisation and other processes closely related to bone regeneration (Schmidt-Bleek et al., 2014; Chen et al., 2016). The release of regulatory factors by immune cells can influence the osteogenic and osteolytic processes in bone tissue. Macrophages play an important role in the regulation of the bone immune microenvironment. The different subtypes of macrophages correspond to the stages of fracture healing. In the inflammatory phase, activated M1 macrophages perform phagocytosis and produce pro-inflammatory cytokines such as TNF, IL-1β, IL-6 and IL-12 to promote early and mid-stage osteogenesis. In the late phase, alternative activated M2 macrophages release pro-regenerative cytokines such as IL-10, TGF-β, BMP2, and VEGF to establish an anti-inflammatory environment and promote osteochondral differentiation and angiogenesis (Shin et al., 2021). Zhang et al. (2022) developed bioactive 3D PLA-Exo scaffolds and found significantly lower expression of pro-inflammatory markers and reactive oxygen species (ROS) compared to the PLA scaffold group. After co-culture of exosomes from jawbone-derived OMMSCs with macrophages, increased miR-223 in macrophages could be achieved by inhibiting Pknox1 expression, polarizing macrophages toward the M2 type (Yuan et al., 2017). It has also been shown that ADSC-Exos containing miR-10a promotes the differentiation of naive CD4+ T cells towards Th17 and Treg (Bolandi et al., 2020).
3 MSC-EXOS IN COMBINATION WITH BIOMATERIALS FOR BONE DEFECT REPAIR
Currently, most bone defects are repaired with bone replacement materials (Carriel et al., 2018), which are not optimally suited to replacement due to their biological inertness, foreign body reactions and the additional damage caused after placement. The combination of biomaterials with MSC-Exos enables adhesion between cells and implants and is now used as a method for in vivo experiments in scientific research in the direction of osteogenesis, not only for testing the osteogenic effect of MSC-Exos, but also for clinical transformation. MSC-Exo is mostly combined with biological material by co-incubation. Among the biomaterials, the more mature materials can be divided into natural polymers, synthetic polymers, metal and inorganic non-metal materials (Ren et al., 2022a). The Classification of biomaterials combined with MSC-EXOs are summarized in Figure 2.
[image: Figure 2]FIGURE 2 | Combination of exosomes and biomaterials. Biomaterials combined with MSC-EXO for bone defect repair can be classified into 4 categories: natural material, synthetic material, inorganic material and metallic material.
3.1 Natural material
3.1.1 Hydroxyapatite scaffold
Pouya et al. synthesized and characterized hydroxyapatite (HA) scaffold, following the osteogenesis and angiogenesis of HA scaffold with or without endometrial mesenchymal stem cells (hEnSCs) derived exosomes were investigated in rat with calvaria defect (Youseflee et al., 2022). Studies have shown that Alg (alginate)/HA is inferior to Alg/hydroxyapatite (Hap) in terms of mechanical properties, cytocompatibility and induction of cell differentiation in MSC (Yu et al., 2017). Therefore, some studies have chosen to use periumbilical stem cell-Exo co-embedded with hydroxyapatite (HAP) in HA-Alg for bone regeneration (Yang et al., 2020b). Some studies have also used this Exo combined with novel coral hydroxyapatite (CHA), filamentous protein (SF), glycolic chitosan (GCS) and bifunctional polyethylene glycol (DF-PEG) to form a novel self-healing hydrogel, which was successfully used for the repair of bone defects in mice (Wang et al., 2020a). MSC-Exos wrapped hydrogels form MSC-Exos-HAGel + nanohydroxy apatite-poly (hHP) to form uMSCEXO/Gel/nHP, which promotes angiogenesis by promoting endothelial cell proliferation and migration. In-depth studies have found that miRNA-21 is the target for intercellular communication and promotes the notch/DLL4 pathway to achieve pro-angiogenic purposes (Bohner et al., 2020).
3.1.2 β-tricalcium phosphate
β-tricalcium phosphate (β-TCP) is resorbable, osteoconductive and osteoinductive, making it one of the most potent bone graft substitutes (Zhang et al., 2016). Exosomes can enhance the osteoinductivity of β-TCP by activating the PI3K/Akt signaling pathway in hBMSCs, which implies that the exosome/β-TCP scaffold has better osteogenic activity than the β-TCP scaffold (Ying et al., 2020). And BMSC-Exoss-HIF1α combined with β-TCP scaffolds could repair critical-sized bone defects by promoting new bone regeneration and neovascularization (Nikhil and Kumar, 2022).
3.1.3 Composite natural scaffold
Aman et al. prepared two types of cryogels, namely chitosan-gelatin-chondroitin sulfate (CGC) for articular cartilage and nanohydroxyapatite-gelatin (HG) for subchondral bone (Bahar et al., 2022).A novel bilayer cryogel manufactured using a single process of two layers (CGC as top layer and HG as the bottom layer) to mimic osteochondral units. The CS/HA/Exo combination is a new therapy for bone defect repair to induce bone formation. The CS scaffold significantly promoted bone regeneration compared to the control (Wang et al., 2022).
3.1.4 Others
Exosomes derived from osteogenic differentiated BMSC (OBMSC) are osteogenic, leading to the proposal of a novel exosomal decellularized fish scale (DE-FS) scaffold for promoting bone regeneration in vivo. The DE-FS scaffold is obtained through a process of decellularization and decalcification and has high biocompatibility and low immune rejection. The intrinsically anisotropic structure of DE-FS enhances the adhesion and proliferation of BMSCs in vitro (Zhang et al., 2022).
3.2 Synthetic material
3.2.1 PLA scaffolds
Zhang et al. developed bioactive 3D PLA scaffolds based on exosomes to enhance their osteogenic and immunomodulatory potential (Zhang et al., 2022). PLA (polylactic acid)-10CaSi (calcium silicate) was produced by the thermal phase separation technique Porous scaffolds were placed in HBSS and immersed for 28 days. The surface micromorphology of the scaffolds was studied by ESEM-EDX and the exo-rich complex was used for bone regeneration with good results (Gandolfi et al., 2020). Zha et al. (2021) used ATDC5-derived exosomes to encapsulate the VEGF gene and construct gene-activated engineered exosomes. The specific exosome anchor peptide CP05 was used as a flexible joint to effectively combine engineered exosome nanoparticles with 3D-printed porous bone scaffolds. It was also verified that the CP05 anchor peptide (PCL-CP05)-modified 3D printed PCL scaffold could effectively induce massive vascularized bone regeneration.
3.2.2 PCL scaffolds
Chondroprogenitor cell-derived (ATDC5) exosome plays a key role in osteogenic induction and vascular remodeling of large segmental bone defects by transfecting VEGF plasmid and binding to GPI, CP05 and CD63 to form a composite 3D scaffold material of ATDC5-Exo-VEGF-GPI CP05 using PCL as a scaffold (Zha et al., 2021). In addition, S-GSNO and MSC-Exos-modified PCL, GSNO modulates fibrin structure, limits Plt activity, inhibits coagulation and thrombosis, and GSNO alters blood coagulation structure, thus providing a critical contribution to early blood scab formation and early bone regeneration (Wang et al., 2020b).
3.2.3 PLGA scaffolds
Li et al. (2018) demonstrated the development of a polydopamine-encapsulated PLGA scaffold to achieve controlled release of hASC-Exos and repair of cranial defects in mice. Gao et al. adsorbed hypoxic Exosomes onto the surface of injectable porous poly (lactide-co-glycolide) (PLGA) microspheres with bioinspired polydopamine (PDA) coating (PMS-PDA microspheres) to induce vascularized bone regeneration in 5-mm rat calvarial defect (Gao et al., 2022). Swanson et al. (2020) improved encapsulation and controlled release of poly (lactic acid-glycolic acid) (PLGA) and poly (ethylene glycol) (PEG) triblock copolymer microsphere exosomes on a tunable time scale.
3.2.4 Sulfonated polyetheretherketone scaffolds
Bone marrow stem cell (BMSC)-derived exosomes contain a variety of signaling molecules and have been proven to have immunomodulatory functions. Fan et al. (2021) developed a BMSC-derived Exos functionalized implant that accelerates osseointegration through immunomodulation. BMSC-Exoss is reversibly incorporated onto tannic acid (TA)-modified sulfonated polyetheretherketone (SPEEK) via strong interactions of TA with biomolecules. The slow release of exosomes from SPEEK can be phagocytosed by co-cultured cells, which can effectively improve the biocompatibility of SPEEK.
3.3 Inorganic non-metallic materials
Sr replaces Casi ceramics into BMSC to promote endocytosis of Exo-carrying miRNA-146a by HUVECs, allowing miRNA-146a to promote angiogenesis by inhibiting Smad4 and Nf2 pathways in target cells. This alternative approach greatly reduces rejection through the release of anti-inflammatory factors, and is of great clinical application (Liu et al., 2021b). The use of lithium-containing glass ceramics co-cultured with BMSC produced Li-BGC-BMSC-Exos, which highly expresses miRNA130a, promotes endothelial cell proliferation, migration and angiogenesis by inhibiting PTEN protein expression, as well as Akt activation (Liu et al., 2019). In addition, ionic products from bioglass acting on MSC were found to promote the expression of nSMase2 as well as Rab7a, thereby promoting endothelial cell proliferation, migration and angiogenesis by promotion of exosomes genesis and the ability to increase the content of miRNA-1290 and decrease the content of miRNA-342-5p in the output exosomes and promote the expression of vasoactive factors such as VEGF, thus promoting angiogenesis. This study, although focusing on novel biomaterials, provides constructive insights into the mechanisms of Exo product action in promoting Exo genesis (Zhang et al., 2016). BMSC and ADSC from different sources were screened for BMSC-Oi-Exo in osteoinduction medium or normal medium with increased levels of miRNA-328a, miRNA31a-5p, let-7c-5p, and let-7c-5p, and activation of BMP through miRNA regulation of BMP induction by BMPR2/Acvr 2b Smad1/5/9 phosphorylation. The Exo lyophilized formulation is also bound to the material by binding to a hierarchical porous bioactive glass scaffold to achieve maintenance of bioactivity and slow release (Liu et al., 2021c).
3.4 Metal scaffolds
Due to the limited duration of Exo activity in vivo, some studies have shifted the focus to maintaining the long-term stability and osteogenic ability of Exo in vivo. It was found that the combination of Ti-pyrrole -biotin forms a Bio-ppy-Ti complex, followed by the addition of streptavidin (SA), with ADSC-evs. The combination forms a novel biomaterial that exerts an efficient and stable bone-enabling effect (Chen et al., 2019). Alternatively, lyophilization techniques were used to address the problems of low cell implantation rate and short cell life span during Ti cage osteoinduction (Bari et al., 2021). A complex Gr-Ti scaffold was prepared using ADSC-derived Exos. The results showed that the Gr-Ti scaffold had low toxicity and good biocompatibility and promoted the adhesion and osteogenic differentiation of ADSCs. Exosomes play a role in promoting osteogenic differentiation of ADSCs: mRNA levels of RUNX2, ALP, and Osterix were significantly higher in the Gr-Ti/Exos group than in the Gr-Ti group, and this process was associated with the Wnt signaling pathway. Gr-Ti scaffolds with ADSC and ADSC-derived Exos successfully repaired mandibular defects in rabbits. The bone density and flexural strength were significantly higher in the Gr-Ti/Exos group than in the Gr-Ti group (Sun et al., 2022).
4 REGULATORS OF MSC-EXOS PRODUCTION
Exosomes are tiny EVs as their small yields hinder the expansion of basic research in exogenous analysis. Intracellular calcium levels, external stress, cytoskeletal blockade, drug effects, gene expression factors and other factors all affect EXOs production (Liu and Su, 2019). Therefore, it is of great significance for its practical application in the future to increase its output through the engineering production of exosomes.
4.1 MSC pretreatment
The characteristics of exosomes vary with the source of MSCs. When the MSC is subjected to different external effects, it transmits different signaling factors to exosomes to guide exosomes to work. Thus, treatment of the MSC can influence the formation, secretion and cargo of the exosome from the initiation. The Pretreatment of mesenchymal stem cells are summarized in Figure 3.
[image: Figure 3]FIGURE 3 | Pretreatment of mesenchymal stem cells. Physical and chemical alterations of MSCs or cultivation of MSCs with kinds of biomaterials can affect the formation, secretion and carrying of exosomes.
4.1.1 Physical alterations
4.1.1.1 Temperature
By changing the ambient temperature of cultured cells (42°C and 37°C), it was found that the surface markers CD9 and CD63 were more significantly expressed in the 42°C group. And that bone regeneration experiments using heat stress-induced ADSC-Exo with β-TCP (tricalcium phosphate) as a carrier were more effective than using β-TCP alone or using the ADSC with β-TCP (Akdeniz-Dogan et al., 2021).
4.1.1.2 Stress
BMSC under cyclic mechanical stress (CMS) regulates osteogenic differentiation via HDAC1 and Dnmt 3b epigenetically, while RUNX2-sensitive miRNA-103a is upregulated by stress in BMSC, and CMS-BMSC-Exo inhibits osteoclast formation and function by suppressing the NF-kB pathway, in the same way that acting on periodontal membrane exosome inhibits IL-1β production in M, thereby suppressing apoptosis and inhibiting bone formation (Xiao et al., 2021). The rotary cell culture system (RCCS) provides a novel mechanical environment for HUMSCs, and the different speeds of RCCS can increase exosome production within 196 h at the beginning of culture, and RCCS acts on HUMSCs through the microgravity and fluid shear of the RCCS, resulting in high expression of lncRNA-H19. lncRNA-H19 is a highly conserved sequence involved in stem cell formation and function. is a highly conserved sequence involved in stem cell differentiation, embryonic growth and tumorigenesis. This highly expressed lncRNA H19 is released via exosomes and acts on chondrocytes to promote chondrocyte proliferation, anti-apoptosis, ECM formation and function (Yan et al., 2021).
4.1.1.3 Culture media stereotyping
Bioreactors act on PDSCs, ADSCs, and SMSCs within 2D or 3D culture media through fluidic and tensile forces, and act on Yes-associated-protein (YAP) through mechanical stimulation, thereby activating the Wnt pathway and promoting the secretion and production of osteogenic exo (Guo et al., 2021b). Dental pulp pluripotent stem cells (DPPSC) are considered to be an important source of stem cells in the field of bone regeneration, and 3D culture promotes Nanog expression and osteogenesis, as well as the isolation of exosomes, providing a serum-free environment that excludes the influence of serum-derived exosomes on experimental result (Faruqu et al., 2020).
4.1.1.4 Oxygen concentration
Hypoxia-pretreated ADSC-Exo was able to promote angiogenesis in adipose grafts thereby promoting ADSC as well as adipose graft survival (Han et al., 2018). Using MLO-Y4 as a model, the environment of hypoxia and serum deprivation triggered increased apoptosis by ROS. hADSC-Exo was able to inhibit RANKL expression, thereby suppressing osteoclast-mediated osteoclastogenesis, and by upregulating Bcl-2/Bax, inhibiting ROS and reducing cytochrome enzyme production, thereby resisting apoptosis in the hypoxic environment (Ren et al., 2019). It has even been suggested that Evs in hypoxic environments are important factors in regenerative medicine. This effect is induced by HIF-1α, which hydroxylates and cleaves HIF-1α in a normoxic environment via prolyl hydroxylases (PHDs) on proline residues. In contrast, under hypoxia, PHDs require oxygen in conjunction with α-ketoglutarate and Fe, so HIF-1α hydroxylation is reduced and stabilized and translocated in the nucleus, activating hypoxia-sensitive genes that regulate cell cycle, apoptosis and cell differentiation (Imanirad et al., 2014). In contrast, MSC under hypoxic conditions exhibit reduced Mit activity, increased glucose depletion, reduced Mit autophagy, reduced ROS, lower telomeric shortening rates, and decreased cellular senescence overall (Noronha et al., 2019). Therefore, the influence of hypoxia has been incorporated in various studies on MSC-Exos and the hypoxic state of animal models or cultured cells has been achieved by atmospheric hypoxia, chemical hypoxia or other methods to interfere with the mechanism of action of MSC-Exos.
4.1.1.5 Laser or electrostimulation treatment
After low-intensity laser irradiation, it produced proliferation-promoting, migration-promoting and anti-apoptotic effects on MSC (Yin et al., 2017). Exosomes secreted by ADSC (LLLI-ADSC-Exo) was able to inhibit hypoxia-induced apoptosis in osteoblasts 40 and promote bone defect repair (Wang et al., 2018b). In contrast, after radiation treatment of hPMSC, miRNA-23a levels in extracted Exo decreased, thereby inhibiting the CXCL12 (chemokine 12) pathway in BMSC and thus inhibiting BMSC osteogenesis (Zhuang and Zhou, 2020). ESCRT-III-related protein Alix stimulated ADSC in the microgrooved matrix, promoting secretion of EVs, upregulation of miRNA pro-angiogenesis, and increased secretion of growth factors (Ji et al., 2021).
4.1.2 Chemical alterations
Dimethyl oxalylglycine-stimulated human bone marrow mesenchymal stem cell-derived exosomes enhance bone regeneration through angiogenesis by targeting the AKT/mTOR pathway (Liang et al., 2019). Inflammatory preconditioning of ADSC-Exo has immunosuppressive properties (Domenis et al., 2018). Pretreatment of ADSC with TNF-α, which mimics the acute inflammatory microenvironment, promotes Wnt3a expression and enhances osteogenic gene expression in ADSC-CM by pretreating parental cells with Exo (Lu et al., 2017). Alternatively, Exo production was promoted by TNF-α acting on human dental pulp MSCs carrying miRNA-1260b, which inhibited osteoclastogenesis due to Wnt5a and promoted M2 polarization, thereby inhibiting periodontal inflammatory bone loss (Nakao et al., 2021). In addition, it has been shown that controlled Nitric Oxide releasing acts on PMSC to promote exo-miRNA-126 release as well as VEGF expression and acts on EC to promote angiogenesis and indirectly promote osteogenesis (Du et al., 2017).
4.1.3 Biomaterials transformation
The use of lithium-containing glass ceramics co-cultured with BMSC produced Li-BGC-BMSC-Exo with high expression of miRNA130a, which promoted endothelial cell proliferation, migration and angiogenesis by inhibiting PTEN protein expression, as well as Akt activation (Liu et al., 2019). In addition, ionic products in bioglass acting on MSC were found to promote the expression of nSMase2 as well as Rab7a, thus promoting Exo output by promoting Exo genesis, and were able to increase the content of miRNA-1290 in the output Exo, decreasing the content of miRNA-342-5p, and promote the expression of vasoactive factors such as VEGF, thus promoting angiogenesis, the study, while focusing on novel biomaterials, also provided constructive insights into the mechanisms of Exo promotion by the action of ionic products (Bohner et al., 2020). The composite particles made by using PLGA and PEI as coating materials and cyanine 5.5 as an indicator, in which SPIO magnetic nanoparticles were encapsulated, promoted the secretion of Exo under dynamic-induced endocytosis and were able to carry a variety of miRNAs including miRNA-2127, achieving antioxidant, regeneration, proliferation and immune (Park et al., 2020). M-Exo isolated under BMP2 stimulation was co-cultured with nanotube implants and was able to promote osteogenesis (Wei et al., 2019). It was shown that there are two structures of micro/nanostructured hierarchical titanium topographies, reticular and tubular, both of which can extend the diffusion area of BMSC on the Ti surface and promote BMSC osteogenesis in vitro, with the key targets being SMPD3 (sphingomyelin phosphodiesterase 3) and Rab27b (the small GTPase Rab27), which promotes Exo biogenesis and secretion to improve osseointegration (Zhang et al., 2021b).
4.2 MSC-Exos pretreatment
Exosome engineering summarises the common methods used regarding Exo treatment, such as freeze-thaw cycles, sonication, electroporation, extrusion, click chemistry, antibody, etc (Choi et al., 2021; Khayambashi et al., 2021). In contrast to the osteogenic modification of MSC-Exo, current research is more inclined to develop new ideas and methods while verifying the effectiveness and safety of the original methods.
It has been shown that ADSC-Exo proteins obtained by different isolation methods are characterized differently. Studies comparing ultracentrifugation (UC), size exclusion chromatography (SEC), Exo Quick-TC precipitation and Exo Quick-TC ULTRA isolation methods found that all proteins were involved in integrin pathways and inflammatory pathways, but the UC method also involved in cholecystokinin-R (CCKR) signaling pathway, ROS, and angiogenesis; qEV favored CCKR, EGF-R, and cytoskeletal regulation; TC favored cytoskeleton, angiogenesis, EGF-R, and PDGF-R; and Tcu appeared to be similar to TC but with a slightly lesser role for PDGF-R and concluded that different isolation methods of ADSC-Exo had different effects on LPS-stimulated cells differently, and if studies in related fields are conducted, the TCU method is recommended to promote greater tube formation function (Huang et al., 2021).
The modification of the exosome can be divided into two aspects: cargo filling and exosome membrane modification, but of course, not being bound to natural sources of exosomes, one also sets out to reassemble the components of the exosome thus engineering the production of exosomes.
4.2.1 Cargo filling
The role of MSC-Exo is largely dependent on the modulation of target cells and environments by the active factors carried by its contents, therefore enrichment of the contents in the exosome will be central to enhancing the osteogenic role of the Exo.
4.2.1.1 Electroporation
With regard to Exo modification, electroporation is the more common practice, using a PBS solution to dilute the exosome extracted from MSC and then mixing it with the target contents in an electroporation buffer. After electroporation, the electroporation solution is aspirated and placed in a new RNase-free Eppendorf tube and kept at 37°C for 30 min to restore the integrity of the exosome membrane. Subsequently, the solution was centrifuged at 10,000 × g for 2 h to remove excess target contents (Duan et al., 2021). However, it was found that membrane defects in the Exo triggered by electroporation were still difficult to repair in a short period of time, promptly by resting, thus triggering adverse effects on the structural integrity and function of the Exo (Khayambashi et al., 2021). However, it has been shown that electroporation can inactivate exo-let-7 in preosteoblasts, thereby inhibiting osteogenesis (Liu and Su, 2019).
4.2.1.2 Freeze-dried
The use of freeze-dried ADSC-Exos and GMP-compliant pharmaceuticals can be used to modulate immunity (Choi et al., 2019). And the freeze-dried method is generally not used alone, but mostly in combination with biological materials. For example, in experiments with GMSC-Exos to promote wound healing, chitosan solution was mixed with silk fibroin solution and then the chitosan-silk fibroin emulsion was incubated at −20°C for 12 h, then at −70°C for 6 h and then lyophilized in a vacuum freeze dryer for 48 h to obtain a chitosan/silk fibroin hydrogel sponge that was effective for wound healing (Bari et al., 2019).
4.2.1.3 Freeze-thaw cycles
A mixture of exosome and liposome is designed using membrane fusion of the exosome and liposome. Exosomes and liposomes are prepared separately and then mixed in equal volume ratios. the mixture is frozen in liquid nitrogen and thawed at room temperature for 15 min. The freeze-thaw cycle is repeated several times and the resulting mixture is a mixture of exosomes and liposomes. This method allows for the carriage of membrane surface proteins and markers and membrane fusion (Shi et al., 2017).
4.2.2 Membranes modification
4.2.2.1 Click chemistry
Atomic transfer radical polymerization for the packaging of Exo has also been successful (Sato et al., 2016), with PLGA (polylactic acid-ethanolic acid copolymer) + PEG (polyethylene glycol) forming triblock copolymer microspheres and assembling Exo by droplet microfluidics to form a controlled mineralized Exo, which is combined with the aqueous and organic phases to make an Exo scaffold, thus making a cell-promoting craniofacial bone regeneration free material 75. A study combined HUVEC-Exo with new coral hydroxyapatite (CHA), filamentous protein (SF), glycolic chitosan (GCS) and bifunctional polyethylene glycol (DF-PEG) to make a composite hydrogel to promote bone regeneration. It was found that the new composite had more new bone tissue and morphogenetic protein 2 (BMP-2) and the highest microvascular density 61. Another study used exosome-encapsulated dexamethasone sodium phosphate (Dex) nanoparticles (Exo/Dex) with a folic acid (FA)-polyethylene glycol (PEG)-cholesterol modified (Chol) compound on its surface to achieve an active targeted drug delivery system (Lathwal et al., 2021).
4.2.2.2 Receptor-ligand
After the study selected bone marrow stromal cell target bone (ST)-derived Exo (Ste-Exos) and clarified its characteristic action of promoting BMSC osteogenesis, ste-exos was modified to improve its difficulty in improving postmenopausal osteoporosis in OVX mice after intravenous administration in vivo, and the targeted delivery of Exo was achieved through the assembly of Ste-Exos and aptamer complexes to form a complex targeting BMSC (Yan et al., 2020).
4.2.2.3 Electrostatic interaction
The anionic environment in the joint cavity results in minimal utilization of MSC-Evs in intra-articular injectables. A study used a new cationic amphiphilic macromolecule: e-polylysine-polyethylene distearyl phosphatidylethanolamine to modify MSC-Evs, reversing their surface charge, and the method maintains the integrity of the Evs with no interference with the cargo, resulting in good stability in the presence of anionic macromolecule interference (Luo et al., 2019).
4.2.2.4 Hydrophobic insertion
IL-10 pretreatment of immature DC (imDC) induces tolDex, the Dex that inhibits inflammation in osteoarthritis. The study used tolerogenic DC (tolDC)-derived exosome to immobilise ROS-sensitive thioredoxin (TK)-embedded polyethylene glycol (PEG) joints on the exosome surface using a hydrophobic insertion method. This processing method was used to achieve targeted delivery of the exosome to mature DCs, reduce CD40 expression levels and counteract the inflammatory response of osteoarthritis. In addition, the presence of PEG was found to prolong the duration of action of the exosome in the circulation as well as in inflamed joints (Feng et al., 2021a).
4.2.3 New attempts
Some studies have even artificialized Exo, using nanoporous membranes, microfluidics and other techniques to extract cell fragmentation, adding specific exosome cargo and designing a mimetic of Exo for replacing biological sources of Exo that are less abundant and have more uncontrollable factors in the organism (Lee et al., 2021).
Combined with the current research progress, based on the improvement of each key step of MSC-Exo, and the trend of mainstream research ideas, we can roughly deduce the scheme of exo optimization: firstly, to provide a 3D culture environment for MSC and to encapsulate the active ingredients of MSC-Exo by modifying the contributing bone factors, to select a suitable vector for the specificity of different sites of bone defects The vector is selected for the specificity of the bone defect at different sites, and the target binding of Exo is enhanced by means of receptors and ligands to promote the maximization of Exo function. In the future, researchers may need to integrate multiple approaches to develop standardized and consistent quality procedures and propose methods for large-scale production of MSC-Exo.
5 FUTURE PERSPECTIVES
When we look for clinical applications of bone regeneration biomaterials, we are used to evaluating them in terms of safety, biocompatibility, the difficulty of preparation, price and convenience of use, so it is particularly important to build an evaluation system for biomaterials for bone defect repair.
The combination of exosomes and biomaterial scaffolds while maintaining the activity of the exosomes is the challenge of this technology, which has been solved by hydrogels, lyophilization and surface modification of the scaffold material. Recent literature has focused on keywords such as 3D bioprinting, composite scaffolds and multi-porous scaffolds, which may reveal future research hotspots in this field. However, it is important to notice that we should not stiffly composite exosomes and scaffolds at the expense of the properties of both themselves.
The advantages of combining exosomes with biological scaffolds are: 1) the enrichment of exosomes; 2) the storage of exosomes; 3) the avoidance of ethics due to “cell-free”, which is the current research trend and facilitates clinical translation. Although exosomes have a promising application in bone tissue repair, there are also many constraints that hinder their development, as they are difficult to extract, with low yields, low target utilization, and often difficult to act accurately in complex in vivo environments. The existing research focuses on 1) the mechanism of MSC-Exos osteogenesis in different sources and environments, and 2) the modification and functional enhancement of MSC-Exos.
As for materials, they should not only act as a carrier, but should intervene at all stages of exosome production. For example, combining different properties of materials to promote the secretion of exosomes containing active ingredients from parental cells, or the isolation or accumulation of exosomes through the adsorption of materials, and also researchers have focused on how to achieve functional substitution of exosomes through the exploration of lipophilic materials, thus enabling the mass production of exosomes.
Although MSC-Exos were promising therapeutic agents, the research on the efficacy of MSC-Exos on bone regeneration is still in its infancy. Numerous in vitro trials have demonstrated the effectiveness of MSC-Exo in bone disease, (Feng et al., 2021b), while most experiments in vivo have been conducted on small animals (including rats, mice and rabbits), validating the effectiveness of MSC-Exo on bone regeneration in animal models of bone defects and diseases such as osteonecrosis and osteoporosis (Tan et al., 2020), supporting the basis for clinical translation of MSC therapeutic agents (Ren et al., 2022b). However, the clinical trials of MSC-Exo is still limited. www.clinicaltrials.gov lists 7 clinical trials of exosomes in relation to bone, 3 of which describe the use of exosomes as an early diagnostic tool and 2 for clinical treatment. One is attempting to verify whether transplantation of hASCs-CM and a synthetic bone substitute can facilitate maxillary bone repair, and another is attempting to verify the feasibility of intradiscal injection of PRP with exosomes derived from blood for the treatment of chronic low back pain but has not yet published results. As the translation of MSC-Exo-based therapies from preclinical studies to the clinic requires a number of key parameters, including the establishment of optimal MSC culture conditions and exosome production, isolation and storage protocols to provide batch-to-batch consistency, optimal dosing and exosome dosing schedules, and the development of potency assays to allow efficacy evaluation (Mendt et al., 2019). More clinical trials remain to be conducted.
In addition, we should also focus on enhancing the compliance of MSC-Exosomes and the immunomodulatory effects of MSC-Exosomes on bone regeneration. Bone regeneration is not only about bone defects caused by trauma and fractures, but also about bone loss caused by systemic diseases such as osteoporosis, femoral necrosis or drugs. Therefore, it is not enough to combine exosomes with biomaterials, but also to focus on the concentration enhancement and targeted presentation of exosomes in circulation, and thus to maximize the contribution of exosomes to the three basic elements of bone regeneration.
6 CONCLUSION
The production of MSC-Exos can be achieved by direct action on various osteogenic cells or by carrying substances that affect cellular activity factors or the local internal environment in target cells, or by binding to biological materials to activate the osteogenic framework. The generation of MSC-Exos can be achieved by pretreatment of its parental cells and exosome contents and membranes with a view to obtaining the possibility of mass production of MSC-Exos.
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Cartilage lesions are common conditions, affecting elderly and non-athletic populations. Despite recent advances, cartilage regeneration remains a major challenge today. The absence of an inflammatory response following damage and the inability of stem cells to penetrate into the healing site due to the absence of blood and lymph vessels are assumed to hinder joint repair. Stem cell-based regeneration and tissue engineering have opened new horizons for treatment. With advances in biological sciences, especially stem cell research, the function of various growth factors in the regulation of cell proliferation and differentiation has been established. Mesenchymal stem cells (MSCs) isolated from different tissues have been shown to increase into therapeutically relevant cell numbers and differentiate into mature chondrocytes. As MSCs can differentiate and become engrafted inside the host, they are considered suitable candidates for cartilage regeneration. Stem cells from human exfoliated deciduous teeth (SHED) provide a novel and non-invasive source of MSCs. Due to their simple isolation, chondrogenic differentiation potential, and minimal immunogenicity, they can be an interesting option for cartilage regeneration. Recent studies have reported that SHED-derived secretome contains biomolecules and compounds that efficiently promote regeneration in damaged tissues, including cartilage. Overall, this review highlighted the advances and challenges of cartilage regeneration using stem cell-based therapies by focusing on SHED.
Keywords: mesenchymal stem cells, cartilage, regenerative medicine, tooth banking, SHED
INTRODUCTION
Articular cartilage lesions, reported in nearly 36% of athletes and 63% of non-athletes, become more prevalent with advancing age and inadequate physical activity in young people (Fernandes et al., 2020). The lack of nerves and lymph makes the articular cartilage a particular tissue in the body (Sophia Fox et al., 2009; Simon and Jackson, 2018). Due to the absence of a vasculature which results in the reduced ability of cartilage tissue to repair themselves, these tissues cannot access growth factors required for cell regeneration (Zainal Ariffin et al., 2012). Despite recent advances, treatment of damaged cartilage seems unattainable (Frenkel and Di Cesare, 2004; Murphy et al., 2020). Owing to its inherent characteristics, cartilage has minimal access to humoral agents and potential restoration cells after injury (Hardingham et al., 2002; Frenkel and Di Cesare, 2004). Common treatments for damaged tissues include microfracture (Steadman et al., 2003), excision and drilling (Insall, 1967), chondrocyte, and osteochondral transplantation (autograft and allograft) (Pinski et al., 2016; Jackson et al., 2019). Although these procedures can alleviate the symptoms of patients, fibrocartilage tissues may develop which are mechanically distinct from a normal cartilage tissue (Simon and Jackson, 2018).
Cell-based therapies provide a novel approach in regenerative medicine to treat and repair damaged cartilage tissues. The use of mesenchymal stem cell (MSCs) and autologous chondrocyte implantation (ACI) is more common in cell therapy, and tissue regeneration approaches. ACI is a two-stage procedure involving arthroscopic removal of healthy cartilage, expansion of produced cells (cell culture-expanded), and the implantation of new cartilage (Niemeyer et al., 2014; Fernandes et al., 2018; To et al., 2019; Fernandes et al., 2020). However, differentiated cartilage cells have limited proliferative potential, and access to an adequate number of cells for transplantation is a major challenge. Additionally, the proliferative capacity of autologous cartilage cells decreases with aging, which may act as a significant barrier to the treatment of age-related cartilage disorders such as osteoarthritis (OA) (Dozin et al., 2002). Generally, MSCs are excellent candidates for regenerative medicine as they have advantages over other stem cells, and there are no ethical issues related to their production (Wei et al., 2013; Lv et al., 2014). MSCs have a fibroblast-like morphology and clonogenic capacity. Friedenstein first identified these cells in the rat bone marrow (BM) in 1966 (Friedenstein et al., 1966). Recently MSCs have been isolated from tissues including the BM (Shi and Gronthos, 2003; Soleimani et al., 2012), Adipose (Zuk et al., 2002), dental pulp (Gronthos et al., 2000; Pierdomenico et al., 2005), human exfoliated deciduous teeth (Miura et al., 2003), periodontal ligament (Seo et al., 2004), and umbilical cord (Kern et al., 2006).
Microarray analysis showed that the dental pulp stem cells (DPSCs) and BM-MSCs express similar genes (Shi et al., 2001; Tamaki et al., 2013; Shen et al., 2019). One of the main differences between these two types of cellular sources is the high proliferation of DPSC compared to BM-MSC (Nakamura et al., 2009; Karaöz et al., 2011; Shen et al., 2019). On the other hand, repeated studies have shown that stem cells from human exfoliated deciduous teeth (SHED) have higher proliferation and survival potentials compared to other dental sources (Majumdar et al., 2016). Other advantages of SHED include painless cell collection and minimal risk of invasion (Kawashima, 2012; Fernandes et al., 2020). More importantly, SHED and DPSC have been shown to differentiate into mesodermal (Ishkitiev et al., 2010; Nourbakhsh et al., 2011; Gugliandolo and Mazzon, 2022; Kok et al., 2022), ectodermal, and endodermal lineage (Ishkitiev et al., 2010; Gugliandolo and Mazzon, 2022; Kok et al., 2022) (Figure 1). Despite the very high morphological similarity of deciduous cells to DPSCs, studies suggest that SHED has higher rates of differentiation and proliferation than DPSC (Nakamura et al., 2009; Wang et al., 2012). The proliferation rate of SHED is higher than that of DPSC, and the proliferation rate of DPSC is higher than that of BM-MSCs (SHED > DPSC > BM-MSC) (Huang et al., 2009). Regardless of their remarkable proliferative properties, these cells are used to reduce the risk of oncogenesis and modulate the immune system (Dai et al., 2019; Shen et al., 2019; Taguchi et al., 2019; Khosravi, 2020). Moreover, SHED-derived MSCs can be an available and potential source for tissue engineering and regenerative medicine (Wang et al., 2012; Taguchi et al., 2019). The present review aimed to introduce SHED as a viable option for cartilage regeneration.
[image: Figure 1]FIGURE 1 | DPSCs and SHED could differentiate into other specified cells such as, adipocytes, myocytes, osteocytes, and chondrocytes. Therefore, SHED could be a suitable stem cell source for cell-based regenerative therapies including cartilage regeneration.
Cartilage lesions
While damage to articular cartilage is not life-threatening, it causes pain as it progresses and leads to a significant loss of movement, affecting the individual’s life (Semião, 2017). Depending on the underlying causes, two different phenotypes of cartilage damage have been categorized. Focal lesions are well-defined abnormalities that are commonly caused by trauma, osteonecrosis, or osteochondritis dissecans. Also, degenerative lesions are usually caused by osteoarthritis, meniscus injuries, deformities, or ligament instability (Falah et al., 2010). Morphological and biochemical changes in the tissue, caused by senescence, impair the mechanical properties and reduce the ability of chondrocytes to preserve the articular cartilage; besides, changes in the secretory phenotypes of cells can be detected (Loeser, 2009; Anderson and Loeser, 2010; Lotz and Loeser, 2012). The effects of these lesions on the synthesis and secretion of chemokines, cytokines, and proteases need to be characterized.
CARTILAGE REGENERATION
Tissue engineering
In the past, humans used to replace missing body parts with dead or artificial things of their own construction (Abdullah et al., 2013). Generally, the root cause of many diseases, neurological disorders, heart failure, and OA, is the absence of a significant cell population of cells that our bodies cannot replace (Murry and Keller, 2008). Although the application different surgical techniques have led to considerable progress, repair of damaged cartilage via proliferation or synthesis of natural hyaline has yet to be achieved (Niemeyer et al., 2014; Richter et al., 2016; Lee and Wang, 2017; Fernandes et al., 2018; Yang et al., 2018). Recent research has focused on the potential use of tissue and stem cell engineering in repair and reconstruction of bodily components (Nardi, 2009). It seems that by implementing the available tissue engineering knowledge and using suitable cells, tissue or organ reconstruction can be attained by scaffolding and morphogenic signals necessary for cell induction (Estrela et al., 2011; Zhang et al., 2019; Weizel et al., 2020). Stem cell-based tissue engineering has been recently advocated for cartilage repair (Pelttari et al., 2006; Craft et al., 2015; Guzzo and O’Sullivan, 2016; Nam et al., 2018).
Stem cell therapy
It is well accepted that mature cartilage cannot be restored. The failure is caused by an insufficient inflammatory response following damage and the inability of stem cells to migrate to the injury site owing to the absence of arteries or lymph. However, in previous research when adult human chondrocytes were isolated from the native matrix and transplanted to human and animal models with cartilage defects or ex vivo culture conditions, they could produce cartilage-like extracellular matrix (ECM) (Ebihara et al., 2012; Van Pham, 2017). The discovery of stem cells has resulted in the development of novel therapeutic techniques for regenerating damaged tissues, as the distinguishing features of all stem cells after birth include multiplicity and self-renewal (Bianco et al., 2008). The direct injection of the cells into the affected area both prevents damage and causes tissue regeneration. Overall, the outcome of cell therapy is determined by the extent of the injury, injection method, mechanism of release, and dosage (Van Pham, 2017).
Stem cell types for cartilage regeneration
Stem cells are derived from two primary sources: tissue-specific stem cells or adult stem cells (ASCs) (Bonab et al., 2006) and pluripotent embryonic stem cells (ESCs) (Thomson et al., 1998). With recent advances, researchers have been able to produce induced pluripotent stem cells (iPSCs) from embryonic and adult origin through reprogramming and defined protein and gene factors (Takahashi et al., 2007). Research on ESCs, iPSCs, and ASC, are at various stages of cartilage regeneration (Van Pham, 2017). The ESCs are derived from the intracellular body in the blastocyst stage. The iPSCs can be developed by reprogramming somatic cells. The ASC can be derived from different body tissues (Wang et al., 2017). Both ESCs and iPSCs can proliferate and develop into three germ layers, which are, ectoderm, mesoderm, and endoderm (Lee et al., 2013; Cheng et al., 2014). The ASC, can be classified into multipotent and unipotent types. Multipotent cells are divided into various types such as MSCs that can develop into chondrocytes, osteocytes, and adipocytes. On the other hand, unipotent stem cells can develop into only 1 cell lineage, such as satellite stem cells from skeletal muscle or epidermis (Dulak et al., 2015). Due to the absence of ethical restrictions and high availability, most clinical trials utilize MSC as a therapeutic agent for cartilage repair (Van Pham, 2017; Rathan et al., 2019). Overall, selection of the right source of MSCs depends on availability, easy preparation, and cartilaginous potential of each resource. Although there are many studies on the use of ESCs and iPSCs, there are still ethical and safety issues (i.e., immune stimulation, teratoma, and tumor) for the clinical application of these sources (Orth et al., 2014).
Embryonic stem cells (ESCs)
In 1998, Thomson was the first to isolate human ESCs with significant telomerase expression. These cells can develop into all three germ layers, namely, ectoderm (i.e., neural epithelium, stratified squamous epithelium, and embryonic ganglia), mesoderm (i.e., bone, cartilage, smooth and striated muscle), and endoderm (i.e., gut epithelium) (Thomson et al., 1998). The identification of ESCs has revolutionized the field by introducing human embryogenesis and providing an unlimited potential source of therapeutic cells to treat various diseases (Van Pham, 2017; Sozen et al., 2018). According to a study by (Kramer et al. (2000), on mice, embryonic cell differentiation can be modulated in vitro into chondrocytes by transforming growth factor-β family (TGF-β1, BMP-2, and BMP-4). Additionally, (Nakayama et al. (2003) reported that ESCs produce different mesoderm cells when stimulated with BMP4. Among the derived cells, those expressing PDGFRα + or flk-1 showed cartilaginous activity in the presence of TGF-β3 and expressed cartilage-specific genes in seven-to 16-day culture. However, cells derived from early human embryos have raised significant ethical concerns as they inhibit embryonic development. Other challenges of this cellular resource include the immunization of ESCs in clinical applications (Van Pham, 2017).
Induced pluripotent stem cells (iPSCs)
In 2006, Yamanaka et al. established iPSCs. Under ESC culture conditions, pluripotent stem cells from embryonic or adult mouse fibroblasts were generated using four transcription factors, including Oct3/4, Sox2, c-Myc, and Klf4. Homeobox protein Nanog has been confirmed to be unanticipatedly unneeded (Takahashi and Yamanaka, 2006; Nam et al., 2018; Karagiannis et al., 2019). In 2007, a comparable method for human fibroblasts was reported to generate human iPSCs by combining various components (Takahashi et al., 2007; Karagiannis et al., 2019). Generally, iPSCs have similar proliferation, replication, and gene expression characteristics to ESCs. However, unlike ESCs, these cellular resources are associated with no ethical limitations, as they are unique to each patient and can be easily produced from the individual’s somatic cells (Li et al., 2016; Nam et al., 2018). Although these cells are reproducible, the efficiency of the procedure is poor, with only nearly 1% of transfected fibroblasts transforming into iPSCs (Yamanaka, 2009). The iPSCs have been used in previous research to generate various therapeutic cells (Van Pham, 2017). Ko et al. (2014) conducted a study to determine the cartilaginous characteristics of human pluripotent stem cells and to evaluate the difference in cartilage formation between iPSCs and BM-derived MSCs. They used undifferentiated iPSCs to produce embryoid bodies (EBs). Following the dissociation of EBs into single cells, cartilage culture was performed in the presence of alginate hydrogel. Chondro-induced iPSCs were implanted in animals with osteochondral abnormalities and assessed 12 weeks. In chondrocytes generated by iPSCs, embryonic markers Nanog, SSEA4, and Oct3/4 disappeared, whereas BMP-4 emerged as a mesodermal marker. The main challenge of utilizing iPSCs for therapeutic and in vitro applications is achieving the required uniform cell differentiation and a single-sort cell lineage (Lietman, 2016). Therefore, to establish successful treatments for cartilage repair using iPSCs, a standard differentiation procedure with highly repeatable differentiation efficiency is required. Nevertheless, concerns about cancer in iPSCs, should be addressed in preclinical investigations using animal models (Van Pham, 2017).
Mesenchymal stem cells (MSC)
The MSCS can differentiate into specific cells within a lineage (Dua et al., 2003; Strauer and Kornowski, 2003). The benefits of these stem cells include low immune system activation, lack of tumorigenicity, and minimal ethical issues (Seyhoun et al., 2019). However, limited differentiation is a significant barrier against the therapeutic application of MSCs (Zuk et al., 2002; Szychlinska et al., 2017). It is known that MSCs migrate through cerebrospinal fluid toward damaged spinal cord tissue and integrate with the host tissue following migration. These cells are expected to play a promising role in tissue regeneration for cell-based therapy (Satake et al., 2004; Woo et al., 2020; Zhang et al., 2020). The International Society for Cell Therapy (ISCT) has recommended three criteria for classifying MSCs, which are as follows (Fernandes et al., 2020): MSCs must be adherent under conventional culture conditions (Simon and Jackson, 2018), they express surface antigens such as CD105, CD90, CD73, and they do not express CD45, CD34, CD14 (CD11b), CD19 (CD79a), and HLA-DR (Sophia Fox et al., 2009). The MSCs can differentiate into osteogenic, chondrogenic, and adipogenic cell lineage according to these criteria (Dominici et al., 2006). It is well established that MSCs can be found in almost all post-natal tissues and may be obtained from various tissues such as skeletal muscle (Williams et al., 1999), BM (Haynesworth et al., 1992), umbilical cord (Erices et al., 2000), placenta (In’t Anker et al., 2004), and adipocyte (Halvorsen et al., 2000; Go et al., 2020). The first isolated human dental MSCs were derived from pulp tissue (Gronthos et al., 2000). Followed by other dental MSCs such as SHED (Miura et al., 2003), periodontal ligament stem cells (PDLSCs) (Seo et al., 2004), and dental follicle progenitor/stem cells (DFPSCs) (Morsczeck et al., 2005) with ectomesenchymal origin have been identified. These cells have different differentiation potentials, replication rates, and surface marker properties (Morsczeck et al., 2005; Strioga et al., 2012; Abu Kasim et al., 2015; Anitua et al., 2018; Yamada et al., 2019). Dental stem cells express specific markers expressed by ESCs and MSCs, such as oct4, CD106, STRO-1, and NANOG (Gronthos et al., 2000; Ferro et al., 2012). Under certain stimuli, these clonogenic cells can differentiate into different cells, such as neurons, adipocytes, odontoblasts (Miura et al., 2003; Pivoriūnas et al., 2010; Wang et al., 2010), osteocytes, and chondrocytes (Dai et al., 2012).
TISSUE RESERVOIRS OF MSCS
Bone marrow
The MSCs originate from the BM and differentiate into various mesodermal cell types, including bone, cartilage, adipose, and muscles (Prockop, 1997). The MSCs from the BM tissue can be used to repair the cartilage, making this tissue one of the most common sources of MSCs. It should be noted that BM-MSCs are extremely rare; consequently, they are not the richest source of stem cells (Bonab et al., 2006). Besides, the number of BM-MSCs decreases with advancing age, and cell therapy becomes more difficult. Aspiration, on the other hand, involves an invasive and painful process of cell removal from the BM and increases the risk of infection (Dao et al., 2017). According to investigations by McCarthy et al. (2012), BM-MSCs are prone to the formation of osteophytes, which are subchondral bone overgrowths. They may also develop hypertrophic cartilage phenotypes and eventually differentiate into calcified cartilage; accordingly, research into other MSC types is ongoing.
Adipose tissue
Zuk et al. (2001) discovered ADSCs by liposuction in 2001. ADSCs can be distinguished from BM-MSCs by their differentiation capacity, cell surface markers, and abundance in the body. Since more stem cells can be derived from the adipose tissue than BM, ADSCs have a significant functional advantage over BM-MSCs (Aust et al., 2004; Oedayrajsingh-Varma et al., 2006). The isolation of MSCs from the adipose tissue consists of a number of simple processes that can be performed by anyone with cell culture laboratory experience (Estes et al., 2010). The limitations of the adipose tissue are its lower capacity for cartilage development compared to BM and the presence of embryonic markers, such as Oct-4, Nodal, and Utf-1 (Jonidi Shariatzadeh et al., 2018).
Wharton’s jelly
The MSCs derived from Wharton’s jelly have significant applications in regenerative medicine. These MSCs express markers of both EMSCs and MSCs and may be collected painlessly and safely from the donor site. These cells have other benefits, including rapid proliferation, limitless multipotency, minimal immunogenicity, and most importantly, lack of tumorigenicity (Fong et al., 2010; Gauthaman et al., 2012). The Wharton’s jelly has been successfully differentiated into the chondrogenic lineage in different studies using chondrogenic factors (Wang et al., 2011; Reppel et al., 2015); however, this source may have high initial banking costs (Moise, 2005).
Stem cells from human exfoliated deciduous teeth (SHED)
Multiple populations of MSCs have been identified and isolated from dental and oral tissues, including PDLSCs, DPSCs, papillary apical stem cells (SCAP), DFPSCs, gum-derived stem cells (GMSCs), and SHED. Due to their easy accessibility, DPSCs and SHED have received the greatest attention (Yang et al., 2019; Shi et al., 2020). In this regard, a study of oral stem cells and BM-MSCs reported that SHED has the highest reproductive potential, followed by GMSCs, while BM-MSCs had the lowest reproductive potential (Li et al., 2018). Masako Miura et al. isolated SHED in 2003. Generally, SHED can be easily obtained from readily available dental pulp tissue with no major ethical concerns and provide adequate cells for clinical applications due to strong proliferation and telomerase expression (Miura et al., 2003). Similar to DPSCs, SHED expresses different markers, including CD13, CD44, CD73, CD90, CD146, CD166, and STRO-1 (Miura et al., 2003; Govindasamy et al., 2010; Akpinar et al., 2014), but not CD34, CD45, or HLA-DR (Karaöz et al., 2010; Akpinar et al., 2014). Another hallmark that indicates the mesenchymal origin of these cells is the lack of markers associated with the monocytic and hematopoietic lineage. The SHED and DPSCs, similar to ESCs, have been shown to have pluripotency markers, including Oct-4, Nanog, Sox-2, as well as insulin-like growth factor-1 receptor (IGF1R) (Karaöz et al., 2010; Kaukua et al., 2015). These transcription factors are essential for cell proliferation and self-renewal. Studies suggest that Oct-4 and Nanog regulate MSC proliferation and differentiation (Tsai and Hung, 2012). Although SHED has some similarities to DPSCs, they have different gene expression pattern (Galler et al., 2008; Nakamura et al., 2009). SHED has higher levels of pluripotent markers, such as Oct-4, Nanog, and Sox-2 compared to DPSC (Govindasamy et al., 2010). Compared to DPSC and even BM-MSCs, SHED also has a higher proliferation rate (Miura et al., 2003; Nakamura et al., 2009). Moreover, the mineralization ability of SHED is higher than that of DPSC. The mRNA expression levels of inflammatory cytokines, such as interleukin-6 (IL-6), and other proteins such as matrix metalloproteinase 1 (MMP1), tissue inhibitor of metalloproteinase 1 (TIMP1), MMP2, and TIMP2, were significantly higher than in DPSCS (Wang et al., 2012).
Immune-modulatory properties of SHED
Recently, major attention has been paid to the immunomodulatory characteristics of dental MSCs. According to previous research, the application of allogeneic cells may result in host immune system rejection due to tissue incompatibility. Nevertheless, MSCs can modulate the immune system by secreting soluble factors, enzyme expression, and cell-to-cell interaction (Pierdomenico et al., 2005; Li et al., 2014; Woo et al., 2020). Yamaza et al. (2010) discovered that SHED had a significant effect on the suppression of the T-helper 17 cells in vitro compared to the immunomodulatory properties of BM-MSCs. Moreover, de Sá Silva et al. (2014) found that when monocyte-derived dendritic Cells (moDCs) were cultivated on SHED, the production of pro-inflammatory cytokines namely IL-2, interferon-λ (IFN-λ), and tumor necrosis factor-α (TNF-α) decreased while the expression of IL-10 as anti-inflammatory cytokine, increased. Additionally, Yu-Yang Dai et al. performed in vivo and in vitro investigations on the immunomodulatory properties of SHED for the treatment of allergic rhinitis (AR). In the SHED administration group, the Th2-mediated responses, nasal symptoms, and inflammatory responses significantly decreased. Besides, peripheral blood mononuclear cells (PBMCs) from AR patients were cultivated with SHED and BM-MSCs in the presence of phytohemagglutinin. It was found that SHED inhibited T-cell proliferation, decreased the production of mediators including IL-4 and IL-17A, and increased the Th1/Th2 ratio by stimulating Treg cell expansion (Dai et al., 2019). Numerous studies have confirmed the immunomodulatory effects of SHED in vivo. In this regard, (Gao et al. (2018) demonstrated that the injection of SHED in the mouse periodontitis model caused bone regeneration and led to the suppression of the inflammatory response, as well as immune response modulation. They proposed that the therapeutic effects of SHED were caused by the polarization of M2 macrophages. According to previous findings, SHED modulates the immune system by regulating immune cell proliferation and differentiation and adjusting the expression of pro-inflammatory and anti-inflammatory mediators.
Tumorigenicity risk of SHED
In most settings, genomic changes are an inevitable phase of in vitro stem cell culture. The frequency of these changes, which increases over time in the culture, represents at least one general process of increased tumorigenicity (Maitra et al., 2005), which is a particularly critical gap in the application of these cells. Overall, stem cell tumorigenicity is the primary barrier to the safe application of stem cell-based regenerative medicine. Although some of adult stem cell therapies may appear safe, they have limited applications for the treatment of human disease (Knoepfler, 2009). According to a recent study in 2020 by Yuk Wah Chan et al., despite the tremendous therapeutic potentials of adipose-derived stem cells (ADSCs), they spontaneously fused with breast cancer cells (BCC); these hybrids exhibit surface antigen markers of cancer stem cells (CSCs) and showed strong in vivo tumorigenic capacity. CSCs are a rare population in tumors with high metastatic potential and resistance to treatment (Khosravi et al., 2021). Recent studies have shown the ability of MSCs to regulate CSCs through increased tumor-initiating abilities, enhance the resistance of CSCs to chemotherapy and drive the metastatic preferences of CSCs to specific tissues (Cuiffo and Karnoub, 2012). Therefore, the predilection of MSCs to cooperate with CSCs in tumor initiation, progression and metastasis should be further investigated. Several studies have reported that ADSCs or MSC increase the BCC migration and proliferation either through mediators and growth factor secretion or directly via cell fusion (Chan et al., 2020). Wen-Ching Shen et al., in a study on tumorigenesis in BM cells and DPSCs, found that a higher PTEN expression in DP-MSCs relative to BM-MSCs was responsible for differences in the lineage linkage and tumorigenesis of these two cell types. Moreover, the PTEN promoter in BM-MSCs exhibited higher DNA methylation levels compared to DP-MSCs, besides enrichment of histone H3 lysine 9 dimethylation (H3K9Me2,) mediated by enhanced Dnmt3b and G9a expression. The results showed how multiple epigenetic variables influence the lineage linkage and tumorigenesis in various ways. According to the findings, these variables need to be considered in the development of treatments based on stem cells (Shen et al., 2019).
SHED-based strategies for cartilage regeneration
The selection and development of SHED-based strategies for regeneration of damaged cartilage tissues require understanding the molecular mechanisms involved in cartilage regeneration. These strategies are shown schematically in Figure 2.
[image: Figure 2]FIGURE 2 | Possible roles of SHED in cartilage regeneration. SHED can proliferate and differentiate into chondrocytes. Also, SHED can secrete different growth factors, to maintain chondrocyte phenotypes and promote their proliferation. In addition, SHED have immunomodulatory effects on the lesion site.
The first strategy can be the use of endogenous MSCs of damaged cartilage. Previous studies have shown that the quantity and potency of endogenous MSCs are insufficient to regenerate cartilage repair completely (Baraniak and McDevitt, 2010). Considering the possibility of migration of transplanted MSCs to damaged areas and differentiation into target cells (Pan et al., 2020), researchers are looking for exogenous MSCs with promising potential for migration, proliferation, and differentiation into chondrocytes. SHED have been reported to have the chondrogenic differentiation ability in both in vitro and in vivo models, suggesting their potential of them in cartilage regeneration (Chen et al., 2014).
The second strategy in cartilage regeneration is to use the therapeutic effects of SHED through their paracrine effects. Extracellular vesicles (EVs), exosomes and soluble growth factors, known as the secretome or serum-free conditioned media of SHED have been shown in numerous studies to have a modulatory effect on other cells or tissues, demonstrating the efficacy of cell-free based stem cell therapy in cartilage regeneration and maintain chondrocyte phenotypes and promote their proliferation (Guo and Yu, 2022). SHED can promote the proliferation of chondrocytes and the production of cartilage matrix by releasing nutritional factors, such as transforming growth factor beta (TGF-β), bone morphogenetic proteins (BMPs), and fibroblast growth factors (FGFs) (Bar et al., 2021).
A damaged cartilage is exposed to a progressive inflammatory environment. Evidence suggests that remodeling and reconstruction in the cartilage lesions that results from cell transplantation depends not only on differentiation potential but also on anti-inflammatory paracrine mechanism that reduce inflammation at the lesion site (Guo and Yu, 2022). The third strategy in cartilage regeneration could involve the role of SHED in modulating the immune response in the cartilage repair process. Yamaza et al. (2010) showed that the optimal therapeutic effect of SHED may be due to their immunomodulatory effects of them in terms of recovering the Tregs/Th17 ratio and reducing Th17 cell levels in peripheral blood. Studies have also shown that SHED have low expression of major histocompatibility complex class I (MHC I) and negative expression of major histocompatibility complex class II (MHC II) (Dai et al., 2019). These properties could support the use of SHED for immune modulation in clinical practice.
Efficacy of SHED in cartilage regeneration
Regenerative medicine for functional tissue restoration has evolved from ex vivo tissue engineering to induction and intra-tissue restoration. Multidisciplinary approaches to cell biology and evolution, bioengineering, immunology, and genomic and proteomic elements of molecular biology have led to significant advances in regenerative medicine and tissue engineering (Naranjo et al., 2016). Also, biotechnology and regenerative medicine advances, along with the application of stem cells for tissue regeneration have resulted in significant medical progress (Sylvester and Longaker, 2004). The optimal cellular source for tissue engineering should be available and easily expanded in vitro. For instance, cartilage regeneration must produce significant extracellular matrix components without becoming dedifferentiated; chondrocytes and stem cells have been reported to be the primary resource for this purpose (Sharma and Elisseeff, 2004; Kock et al., 2012). Lars Patterson from the University of Gothenburg published research in 1987 which revealed that chondrocytes might be stimulated to proliferate in vitro and then utilized to repair cartilage lesions in the joint from which they have been originated. This method was developed by Genzyme Laboratories in Cambridge, UK, where arthroscopically obtained cells are still sent for culture (Manfredini et al., 2007). The only method approved by the Food and Drug Administration (FDA) for cartilage tissue engineering is the Carticel transplantation of in vitro expanded autologous chondrocytes (Wood et al., 2006; Camarero-Espinosa et al., 2016). This strategy utilizes the cartilage cells, conducts in vitro expansion, and implants the cells in the operated knee (Manfredini et al., 2007). Because differentiated cells cannot reflect all phenotypic changes in the tissue, the application of chondrocytes for tissue engineering is not ideal. Besides, the application and implantation of a clonal or immortal cell lineage can result in tumor development due to the unlimited proliferation of these cells (Camarero-Espinosa et al., 2016).
Some adverse effects of Carticel methods are graft failure, delamination, and tissue hypertrophy (Wood et al., 2006). Basic scientific studies and clinical trials have been conducted to apply stem cells and growth factors to restore damaged tissues (Strauer and Kornowski, 2003). Stem cells with paracrine activity and the release of vesicles and exosomes play a vital role in tissue regeneration and repair (Ando et al., 2014; Kay et al., 2017; Bjørge et al., 2018; Niazi et al., 2020). Dental epithelial cells and MSCs are great resources employed in dentistry and various regenerative medical disciplines. However, if these biological resources are not employed properly, they should be discarded (Xiao and Nasu, 2014; Mattei et al., 2021). The SHED can differentiate into bone, generate teeth, and develop into various non-dental mesenchymal cell lineages in vitro (Abdullah et al., 2013; Mattei et al., 2021). Ishikawa et al. demonstrated that injecting SHED-conditioned medium (SHED-CM) into mice could decrease symptoms of cartilage disease via the paracrine mechanism. It has been shown that SHED-CM suppresses inflammation and bone degradation. Therefore, it may provide an anti-inflammatory and restorative therapy for individuals with rheumatoid arthritis (Ishikawa et al., 2016). In a study by Werle et al. (2016), comparing the rate of proliferation and differentiation between healthy deciduous teeth and decayed deciduous teeth, the two sources of SHED had similar proliferation rates. Both cells expressed CD90, CD73, and CD29 markers, whereas the CD45, CD34, CD14, and HLA-DR were negative; they could differentiate into bone, cartilage, and adipose tissue cell lineages. Additionally, Chen et al. (2014) evaluated cartilage differentiation potential of SHED. In this study, SHED was cultured in a cartilage differentiation medium containing TGF-b3, basic fibroblast growth factor (bFGF), dexamethasone, insulin, and ascorbate phosphate for 2 weeks. The expanded SHED grown on the β-tricalcium phosphate (β-TCP) scaffold was transplanted into the subcutaneous space on the back of nude mice. Chondrogenesis was studied using Safranin O staining and toluidine blue staining. They also evaluated type II collagen and aggrecan via immunohistochemistry. The results revealed the in vitro and in vivo differentiation capacity of SHED into cartilage.
Signaling molecules involved in chondrogenesis during cartilage development
MSCs originate from the mesoderm and form the appendicular skeleton (Camarero-Espinosa et al., 2016). Skeletal development is divided into four stages, the first of which is the migration of cells to the eventual skeletal site. Tissue interactions (epithelial-mesenchymal) occur in the following step. Cell condensation and differentiation into osteoblasts or chondroblasts are the final steps in the process. The cell condensation stage is critical for bone morphogenesis and mesenchymal tissues (Hall and Miyake, 2000; Chan et al., 2021). MSCs increase mitosis during organ development due to cell-cell or cell-substrate interactions, resulting in cell condensation (Camarero-Espinosa et al., 2016). The cartilaginous anlage is formed when stem cells in the condensation develop into chondrocytes, which produce an abundance of ECM proteins such as collagen types II, IX, and XI and proteoglycans (Demoor et al., 2014). During the endochondral ossification process, chondrocytes in the condensation zone become hypertrophic and express markers of terminal differentiation markers including type X collagen, Runt-related transcription factor 2 (RUNX-2), Indian hedgehog (Ihh) and MMP-13 (Mariani et al., 2014; Kwon et al., 2016). Several complicated regulatory mechanisms such as BMP, FGF, TGF-β, and Wnt signaling pathways are involved in chondrocyte destiny, determining whether they retain cartilage form or undergo hypertrophic maturation prior to ossification (Minina et al., 2002). Several TGF-β isoforms are activated during the cartilage regeneration process (van der Kraan and van den Berg, 2007). Proteoglycan and type II collagen are produced at a higher rate as a result of this activation, which also prevents ECM degradation (Darling and Athanasiou, 2005; Pogue and Lyons, 2006). TGF-β promotes cell proliferation and upregulated cartilage-specific genes such as glycosaminoglycans (GAG), aggrecan, and type II collagen. It has been demonstrated that SRY-related high-mobility-group box transcription factor (SOX) 9 mediated transcription is stimulated by TGF-β-activated Smad3/4 (Furumatsu et al., 2009; Kwon et al., 2016). TGF-β operates as a stimulator during the first stages of chondrogenesis but as an inhibitor throughout the suppressing the production of osteocalcin, MMP-13, type X collagen, and vascular endothelial growth factor (VEGF) in advanced phases of chondrocyte differentiation and prevents differentiate into hypertrophic chondrocytes (Mackie et al., 2008; Mariani et al., 2014).
In embryonic skeletal development, BMPs are growth factors required for cartilage formation (Tsumaki et al., 2002). BMPs control the growth and resorption of cartilage as a member of the TGF family. BMPs signaling pathway is transduced Smad1/5/8 whereas Smad2/3 are responsible for mediating TGF-β signaling (De Caestecker, 2004) (Figure 3). Prechondrogenic condensation and chondrocyte maturation begin with the activation of BMP signaling (Mihelic et al., 2004). BMP-2 has been confirmed to have a substantial anabolic impact on cartilage. It has been shown that the upregulation of type II collagen by chondrocytes seeded in alginate, stimulates proteoglycan production in murine cartilage (Gründer et al., 2004). Regarding the protective impact of BMPs in cartilage regeneration; it has been demonstrated BMPs are related to matrix degradation and chondrocyte hypertrophy (Leboy et al., 2001). However, enhanced matrix turnover may be useful in replenishing matrix molecules during cartilage matrix regeneration. Enhanced matrix turnover may be useful in replenishing matrix molecules during cartilage matrix regeneration (Blaney Davidson et al., 2007). BMP-2 regulates the expression and function of SOX9 to enhance chondrocyte proliferation and matrix production, and regulate chondrogenesis (Zehentner et al., 1999). FGF2, also known as bFGF, is another factor involved in the healing of cartilage lesions. It is present in the pericellular matrix of cartilage at relatively high concentrations (Chia et al., 2009). FGFs enhance the amount of SOX9 expression and upregulate the type II collagen gene expression through increase the activity of SOX9-dependent, chondrocyte-specific enhancer elements (Figure 3). It binds to cell receptors and promotes anabolic signaling pathways, resulting in reduced aggrecanase activity, without any significant change in the proteoglycan composition (Fortier et al., 2011).
[image: Figure 3]FIGURE 3 | Schematics of representative signaling biomolecules present in SHED-CM responsible for cartilage regeneration. Following the binding of the TGF-β or BMP ligand to TGF-β-RII, leads to the phosphorylation of TGF-β-RI and subsequent phosphorylation and activation of the intracellular Smad superfamily. The heterocomplex of Smad4 and other co-activators translocate to the nucleus and thereby regulating the target gene expression such as sox9 involved in cartilage regeneration. FGF binds to FGFR and activates the downstream cascade and leading to the expression of the chondrogenic markers via activation of the MEK/ERK signaling pathway.
SHED-CM promote cartilage regeneration
Cell-free therapies have been recently employed in tissue engineering and regenerative medicine to eliminate any concerns related to the use of stem cells (Vizoso et al., 2017; Harrell et al., 2019; Kumar et al., 2019; González-González et al., 2020; Parseh et al., 2022). Activated chondrocytes in the damaged site produce more cartilage, proinflammatory mediators, catabolic enzymes, and oxidative stress stimulators. This causes the cartilage matrix to degrade and induce chondrocyte apoptosis or necrosis by activating the NF-kB pathway, which results in severe articular injury and functional disability (Lo Monaco et al., 2020; Palamà et al., 2020). NF-kB transcription factors regulate a variety of immunological responses, survival, cellular differentiation, and growth in both healthy and malignant situations. Activation of NF-kB in chondrocytes controls the production of several matrix-degrading enzymes, affecting the quantity and remodeling of ECM proteins. It also has indirect beneficial impacts in terminal chondrocyte maturation through the expression of RUNX-2, the downstream transcription factor associated with the differentiation of chondrocyte to osteoblast development. Different factors including mechanical stress, inflammatory mediators such as TNF-α or IL-1β, aging, fibronectin fragments, and Toll-like membrane receptors can activate NF-kB in OA chondrocytes (Mariani et al., 2014).
The SHED-CM can reduce inflammation in cartilage defects, as it contains anti-inflammatory cytokines (e.g., IL-4 and IL-10), downregulates the NF-kB pathway, and significantly diminishes the expression of proinflammatory cytokines (e.g., IL-1 and TNF-α), besides nitric oxide synthesis (Muhammad et al., 2020; Bar et al., 2021). Additionally, it has been demonstrated that SHED-CM contains a number of growth factors, including TGF-β1, FGF-2, BMP-2 and BMP-4, which are crucial for cartilage regeneration (Bar et al., 2021) TGF-β has the potential to influence SHED activities, including proliferation, collagen turnover, and differentiation. These processes occur via TGF-β receptor binding and are differentially controlled by TAK1, MEK/ERK, p38, and ALK5/Smad2/3 signaling (Chang et al., 2020).
Muhammad et al. (2020) in a study on SHED-CM in cartilage regeneration, found that it enhances the expression of aggrecan and type II collagen in OA chondrocytes. The SHED-CM protected cartilage cells by enhancing matrix proteins and suppressing MMP-13 production. This work shows that soluble paracrine components in SHED-CM have an anabolic effect on chondrocytes by downregulating NF-kB signaling and catabolic activity. Ogasawara et al. (2020) studied the effect of SHED-CM on a model of temporomandibular joint osteoarthritis (TMJOA). In this study, it was demonstrated that SHED-CM can hinder cartilage degradation, reduce inflammation, enhance cellular proliferation, promote cartilage regeneration, and prevent TMJOA development through mechanical stress.
Tooth banking
Accessibility and low invasion concerns are two advantages of deciduous teeth over other tissue or fluid. However, this great resource is only available to youngsters with deciduous teeth. The preservation of these cells is a major challenge when SHED is used therapeutically (Volponi et al., 2010). Since the isolation of SHED is complicated, conservation and banking strategies must be developed for clinical applications. Stem cell cryopreservation has valuable advantages, including long-term storage, differentiation potential retention, contaminants control for safety and quality, and dosage adjustment of cell treatment in therapeutic interventions; therefore, attention has been shifted toward banking (Hubel, 1997; Papaccio et al., 2006). It is important to realize that stem cells may keep their primary properties, such as long-term tissue regeneration after cryopreservation. The use of a magnetic field during freezing has been also shown to boost the vitality of frozen cells. Ice crystals develop during freezing and cause excessive disruptions in osmosis and the plasma membrane (Pilbauerová and Suchánek, 2018). Overall, the application of a magnetic field minimizes cytotoxicity and the dimethyl sulfoxide content in freezing media, resulting in improved cell performance following thawing (Lin et al., 2015). The number of specific stem cell preservation banks for deciduous teeth has increased in North America, the United Kingdom, and India. In 2004, the University of Hiroshima in Japan developed the first dental banks (Kaku et al., 2010). In a study by Zhang et al. (2006) even after freezing, dental pulp stem cells could be employed as a source of multipotent stem cells for tissue regeneration and cell-based treatment. Since the first hematopoietic stem cell transplantation from umbilical cord blood (UCB) bank in 1988, public and family UCB bank have been developed worldwide (Mayani et al., 2020). There are a number of hematologic, pediatric, genetic, immunological, and oncological disorders that have been successfully treated using UBC, as a rich source of hematopoietic stem cells (Lubin and Shearer, 2007). It has been suggested that current banking methods are not valid due to a lack of validated tissue processing regulations (e.g., volume reduction, red blood cell removal, and plasma removal) (Smith and Thomson, 2000). Dental stem cell banking is rapidly finding its place in stem cell-based therapies, similar to UCB which has been cryopreserved for at last 2 decades. The advantages and disadvantages of using umbilical cord stem cells and deciduous teeth are summarized in Table 1.
TABLE 1 | Advantages and disadvantages of stem cells from umbilical cord blood and SHED.
[image: Table 1]Challenges
Cell-based therapies have several challenges, including cell implantation time, migration, survival, rejection, and immunological incompatibility (Pearse and Bunge, 2006). On the other hand, the characteristics of self-renewability and plasticity are critical hallmarks of cancer cells. The concept that the transplanted stem cells may lose control and facilitate tumor development is a threatening and irreversible side effect (Knoepfler, 2009; Vicente-Duenas et al., 2009). Although SHED is a valuable autologous resource for restoring damaged tissue, it is only available to children who have lost their deciduous teeth. Therefore, commercial SHED banking, which is relatively new method compared to other types of banking, attempts to keep these important cells and utilizes them to cure disease and restore tissue in adulthood. Meanwhile, dental stem cells are often involved in neoplasia; therefore, mechanisms that allow these stem cells to undergo self-renewal, differentiation, and cancer should be investigated (Xiao and Nasu, 2014). Overall, stem cells provide significant opportunities owing to their differentiation into different lineages and regeneration of multiple tissues. Still, the use of SHED in cartilage tissue engineering has not expanded, and so far, no specific application has been reported (Barry and Murphy, 2004; Barry and Murphy, 2013).
CONCLUSION
Cartilage, when severely damaged, cannot restore and regenerate itself due to the absence of nerves, lymph, and arteries (Van Pham, 2017). Because of the unpredictability of conventional surgical procedures and the relative improvement of injured tissue, the use of stem cells and cartilage tissue engineering has received more attention. Currently, stem cell transplantation is a promising approach for cartilage restoration (Orth et al., 2014; Murphy et al., 2020). The MSCs are the most reliable source in stem cell-based regenerative medicine. As reviewed in this article, SHED exhibits phenotypes of MSCs, such as expression of MSCs-related markers, self-renewal, multipotency, and immunoregulatory effects. This cellular source can be recruited for cell-based regeneration in cartilage disorders.
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Background: In the clinical treatment of large bone defects, distraction osteogenesis can be used. However, some patients may suffer from poor bone regeneration, or even delayed healing or non-union. Problems with the aggregation and proliferation of primary osteoblasts, or problems with the differentiation of primary osteoblasts will lead to poor bone regeneration. Therefore, supplementing exogenous primary osteoblasts and growth factors when using distraction osteogenesis may be a treatment plan with great potential.
Methods: Bone marrow mesenchymal stem cells (BMSCs) were extracted from rats and cultured. Subsequently, Recombinant Rat Platelet-derived Growth Factor BB (rrPDGF-BB) was used to induce bone marrow mesenchymal stem cells. At the same time, male adult rats were selected to make the right femoral distraction osteogenesis model. During the mineralization period, phosphate buffer salt solution (control group), non-induction bone marrow mesenchymal stem cells (group 1) and recombinant rat platelet-derived growth factor BB intervened bone marrow mesenchymal stem cells (group 2) were injected into the distraction areas of each group. Then, the experimental results were evaluated with imaging and histology. Statistical analysis of the data showed that the difference was statistically significant if p < 0.05.
Results: After intervention with recombinant rat platelet-derived growth factor BB on bone marrow mesenchymal stem cells, the cell morphology changed into a thin strip. After the cells were injected in the mineralization period, the samples showed that the callus in group 2 had greater hardness and the color close to the normal bone tissue; X-ray examination showed that there were more new callus in the distraction space of group 2; Micro-CT examination showed that there were more new bone tissues in group 2; Micro-CT data at week eight showed that the tissue volume, bone volume, percent bone volume, bone trabecular thickness, bone trabecular number and bone mineral density in group 2 were the largest, and the bone trabecular separation in group 2 was the smallest. There was a statistical difference between the groups (p < 0.05); HE staining confirmed that group 2 formed more blood vessels and chondrocytes earlier than the control group. At 8 weeks, the bone marrow cavity of group 2 was obvious, and some of them had been fused.
Conclusion: The study confirmed that injecting bone marrow mesenchymal stem cellsBB into the distraction space of rats can promote the formation of new bone in the distraction area and promote the healing of distraction osteogenesis.
Keywords: BMSCs, distraction osteogenesis (DO), PDGF-BB, rat, osteogenesis, femur
1 INTRODUCTION
In the clinical practice, large bone defects can be treated with Ilizarov technology (Qin, 2021; Zheng et al., 2021). However, some patients had bone regeneration deficiency, which eventually led to delayed healing or even difficult healing (Borzunov and Shastov, 2019; Mi et al., 2021; Migliorini et al., 2021). Some scholars believe that the principle of poor bone regeneration is that there is a problem in the aggregation and proliferation of original osteoblasts, or there is a problem in the differentiation of original osteoblasts (Feng et al., 2016). Clinical studies have found that patients with primary osteoblast deficiency, severe trauma and severe tissue defects after radiotherapy will suffer from bone regeneration deficiency (Hamushan et al., 2020; Shen et al., 2021; Ye et al., 2021). Therefore, when using distraction osteogenesis to treat large bone defects, it may be a reasonable treatment plan to supplement exogenous original osteoblasts.
A large number of scholars have studied the principle of distraction osteogenesis. Some scholars reported that during distraction osteogenesis, BMSCs were recruited from the incubation period, and differentiated into osteoblasts or chondrocytes in the extended and mineralized periods (Ai-Aql et al., 2008; Dhaliwal et al., 2016), and a large number of callus was formed (Wang et al., 2013; Yuan-Zhe and Lee, 2018). Yang found that injecting mesenchymal stem cells into the distraction space can promote the formation of new bone tissue and shorten the mineralization time. Therefore, transplantation of BMSCs was a valuable regenerative therapy (Yang et al., 2017). However, the survival rate of BMSCs after transplantation was low, the differentiation was poor, and the regeneration ability was reduced (Ortinau et al., 2019). Some scholars proposed to enhance the activity of BMSCs through endogenous or exogenous methods to promote the proliferation of BMSCs, which may further promote bone repair.
Platelet-derived growth factor-BB (PDGF-BB) is considered to be a key regulator of tissue repair and regeneration. Studies have shown that PDGF-BB can promote cell mitosis (Gruber et al., 2003; Lee et al., 2013), chemotactic BMSCs and fibroblasts to reach the callus site (Heldin and Westermark, 1999; Ozaki et al., 2007), and promote tissue angiogenesis (Homsi and Daud, 2007). Some scholars reported that exogenous PDGF-BB was injected into the distraction space of rats, and the results showed that the volume of regenerated bone in the experimental group was significantly larger than that in the control group (Moore et al., 2009). Therefore, it was confirmed that PDGF-BB injection could promote the formation of new bone in the distraction space, accelerate the mineralization of bone tissue, and shorten the healing time. However, growth factor injection therapy has many disadvantages, such as the high price of growth factor, short and unstable half-life, easy infection caused by repeated injections, and difficult to grasp the injection dose and frequency. Therefore, it is particularly important to select an appropriate release control system. Our research group plans to inject the BMSCs induced by rrPDGF-BB into distraction space of rats to verify its osteogenic effect.
The main method of this study was to culture rat BMSCs in vitro, and use rrPDGF-BB to induce BMSCs. At the same time, the rat femur distraction osteogenesis model was made, and then the induced BMSCs were injected into the distraction space, then the experimental results were evaluated by imaging and histology. The results confirmed that the injection of BMSCs induced by rrPDGF-BB into the distraction space can promote the formation of new bone in the distraction area of rats. We expect that this study will promote the development of distraction osteogenesis technology.
2 MATERIALS AND METHODS
2.1 Experimental animals
120 male Sprague-Dawley (SD) rats, 48 of which were used to extract BMSCs (weight 120–150 g), 72 of which were used to build femoral distraction osteogenesis models (weight 350–400 g). The rats were purchased from Animal Experiment Center of Xinjiang Medical University [Certificate No: SYXK (Xin) 2018–0003]. The rats were raised in a standard and suitable environment for 7 days before surgery. The animal study was reviewed and approved by Ethics Committee of the First Affiliated Hospital of Xinjiang Medical University (NO. IACUC20190818-06). Written informed consent was obtained from the owners for the participation of their animals in this study.
2.2 Main instruments
Distraction osteogenesis external fixation device (Figure 1), designed by the key laboratory of the Institute of Engineering and Technology of Xinjiang University, mainly made of titanium alloy, 50.0 mm long, 10.0 mm wide, and 10.0 mm high; The end contains a rotating nut, which is used with an internal square wrench. The internal square wrench can be rotated 360° clockwise to increase the distraction space by 0.5 mm. External fixation device with four pieces of 1.0 × 200.0 mm self tapping threaded Kirschner wire is made of titanium alloy, with thread at the end and thread length of 12.0 mm. For the convenience of the following description, we mark the corresponding nail path of the external fixation device, which is marked by number 1–4 (Figure 1C).
[image: Figure 1]FIGURE 1 | Design drawing of external fixation device and Kirschner wire. (A-C) Design drawing of external fixation device. (D) Threaded Kirschner wire matched with external fixation device.
2.3 Rat BMSCs culture
SD rats weighing 120–150 g were selected and anesthetized with 2% pentobarbital sodium (3 mg/100 g, Huaye Huanyu Chemical, Beijing, China). After the anesthesia took effect, the rats were killed by cervical dislocation; After soaking in 75% ethanol (Caoshanhu, Jiangxi, China) for 10 min, transfer it to the super clean table (Sujing, Shanghai, China, SM-CJ-1D), cut the skin and subcutaneous tissue of rats, take out bilateral tibia, fibula and femur, and soak them in sterile phosphate buffer salt solution (PBS, Gibco, United States) containing 1% penicillin (Gibco, United States), Use sterile surgical scissors (Wilson, Shanghai, China) to cut off both ends of the bone, use a 5.0 mL syringe to absorb low sugar complete culture medium to repeatedly wash the bone marrow cavity, blow the bone marrow solution evenly repeatedly and then centrifugate it (2000 r/min, 10 min), wash it twice with PBS, discard the upper liquid, blow the lower bone marrow solution evenly and then inoculate it in the culture bottle (Corning, United States), The low sugar complete medium (Gibco, United States) containing 12% fetal bovine serum (Gibco, United States) was used for culture.
2.4 Flow cytometry identification of rat BMSCs
The third generation BMSCs were cultured, and when they filled 90% of the bottom of the culture bottle, they were fully digested with 0.25% trypsin (Gibco, United States). Divide the cell fluid into four tubes, ensuring that each tube has at least 2 × 105 cells were washed twice with PBS, then CD29-PE antibody (BD Biosciences, United States), CD34-PE antibody (Abcam, Cambridge, United Kingdom) and CD45-PE-Cy antibody (BD Biosciences, United States) were added into the test tube, and blank control was set in the fourth tube. Incubate at room temperature and away from light for 30 min, discard the upper liquid after centrifugation, then add 1.0 mL PBS into the test tube, and use flow cytometry (Beckman coulter, Germany) for analysis.
2.5 Rat BMSCs induced by rrPDGF-BB
Our previous study found that the concentration was 25 μg/L rrPDGF-BB (Catalog: 520-BB, R&D Systems, United States) has the best effect in inducing rat BMSCs for 3 days (Jiang et al., 2021a; Wei et al., 2021a; Jiang et al., 2021b; Wei et al., 2021b). The concentration of rrPDGF-BB configured in this study is 25 μg/L conditioned medium, use this conditioned medium to culture the third generation BMSCs, and observe the cells under light microscope (ZEISS Axio observer Z1, ZEISS, Germany).
2.6 Preparation of cell injection
Cultivate the BMSCs mentioned above, and when they fill the bottom of the culture bottle, fully digest them with trypsin, and prepare them into cell suspension with a concentration of 1 × 106/mL。 BMSCs cell suspension without induction was prepared by the same method for standby.
2.7 Model of distraction osteogenesis
Rats were fasted for 6 h before operation. 350–400 g male SD rats were selected and anesthetized with 2% pentobarbital sodium. After the anesthesia took effect, the rats were placed in the right lateral position. The operation area was shaved with an animal razor. After shaving, the operation area was disinfected with skin iodine for three times and sterile sheets were laid. A 3.0 cm strip incision was taken at the lateral side of the right femur of the rat. After the skin was cut according to the femoral course of the rat, a white line was visible, and the subcutaneous tissue and fascia were cut layer by layer (Figure 2A). Use vascular forceps to separate the surrounding muscles and other soft tissues layer by layer, and use hooks to pull the surrounding tissues to protect the nerves, blood vessels, muscles, etc. A titanium alloy Kirschner wire with a diameter of 1.0 mm was drilled into the proximal femur perpendicular to the femur, marked as No. 1; Use the nail path of the external fixation device to match the corresponding position of the femur, and drill No. 3 Kirschner wire into the distal femur; Using the same method, drill in No. 2 and No. 4 Kirschner pins. After fixing firmly, install the external fixing device and adjust the external fixing device to a proper position (Figure 2B). At this time, pull the surrounding tissues with a draw hook to protect the soft tissues in the operation area. Pay attention to protecting the periosteum. At the middle of No. 3 and No. 4 Kirschner wires, cut the femur with a pendulum saw (YTZJ-B, Zhengda, Hangzhou, China). During osteotomy, wash the osteotomy area with low temperature normal saline to avoid thermal damage during osteotomy (Figure 2C). Use an internal square wrench to turn the nut of the external fixation device clockwise. The two ends of the femur are separated from each other under direct vision, indicating that the femur is completely disconnected, and the molding is successful (Wu et al., 2020; Liu Y. et al., 2021; Wu et al., 2021; Liu et al., 2022). Rinse the wound with normal saline, suture the wound layer by layer, bind it with sterile gauze, and complete the modeling.
[image: Figure 2]FIGURE 2 | Schematic diagram of the operation of rat right femoral distraction osteogenesis model. (A-C) The surgical procedure. (D) X-ray examination after operation.
2.8 Postoperative treatment
The rats were given normal diet 6 h after the operation, and were given painkillers and antibiotics to prevent infection until the third day after the operation. The wound was wiped with iodophor cotton balls at an interval of 2 days after surgery, and clean sterile gauze was replaced until the wound healed. When severe wound infection was found, debridement was performed on the infected rat wound in time.
2.9 Distraction process
After operation, every rat was raised in a single cage. The first 7 days were the rest period. After the rest period, the rats entered into the stretching period. Every 12 h, the internal square wrench was used to rotate the nut of the external fixation device 180° clockwise. The tensioning frequency was 0.25 mm/12 h (Figure 3). The distraction period was 14 days, and the expected distraction was 7.0 mm. After the end of the distraction, the scale of the external fixation device was observed. All rats basically obtained the expected distraction distance, and then the rats entered the mineralization period, Continue single cage feeding until the end of the experiment.
[image: Figure 3]FIGURE 3 | Diagram of the process of distraction osteogenesis in rats. (A) Before distraction the femur (black arrow shows osteotomy area). (B) After distraction the femur (red arrow shows the distraction area).
2.10 Cell injection into rats
72 rats were randomly divided into three groups; Control group: 0.3 mL PBS injection; group 1:0.3 mL BMSCs cell suspension was injected. Group 2:0.3 mL of BMSCs cell suspension induced by rrPDGF-BB was injected. Inject cells once on the first day of mineralization, the injection method: the rats were anesthetized and the injection area was disinfected. 0.3 mL cell suspension (the concentration was 1 × 106/mL) was drawn with a 1.0 mL syringe, and the needle of the syringe was inserted into the distraction area. There was a sense of penetration. No bleeding was found after the pump back, and then the cells were injected into the distraction area. The syringe was removed and the wound was pressed for 2min without significant bleeding, then disinfected again and wrapped in a sterile dressing (Figure 4B).
[image: Figure 4]FIGURE 4 | Post-operative picture of the rat and schematic diagram of injected cells. (A) Post-operative photos of rats with external fixation devices. (B) Schematic diagram of injected of cells into the distraction osteogenesis area of rat femur.
2.11 X-ray examination
X-ray was taken on all rats on the day after operation, after the end of distraction and at 2, 4, and 8 weeks of mineralization (Kodak DR7500, Department of Radiology, First Affiliated Hospital of Xinjiang Medical University, Urumqi, China).
2.12 Micro-CT examination
At the 8th week of mineralization period, three rats in each group were killed at random, and bilateral femoral specimens were taken. After cleaning the specimens, Micro-CT examination (Scanco Medical, Switzerland). Micro-CT program was used to calculate the data of each group, including the tissue volume, bone volume, percent bone volume, bone trabecular thickness, bone trabecular number, bone trabecular separation and bone mineral density, and statistical analysis was conducted.
2.13 Sample collection
At 2, 4, and 8 weeks of mineralization period, six rats in each group were randomly selected and sacrificed to collect femur specimens. The sample was fixed with 4% paraformaldehyde (Solarbio, Beijing, China) for 48 h, and then cleaned with PBS. After cleaning, pour in 10% EDTA decalcification solution (Solarbio, Beijing, China). It was estimated that decalcification will last for 4 weeks (Savi et al., 2017; Bogoevski et al., 2019; Dou et al., 2021; Alaeddini et al., 2022). When the samples was elastic, it indicated that decalcification was complete, and the samples was stored in 75% alcohol.
2.14 Histomorphological analysis
The decalcified samples were cleaned and then gradually dehydrated with alcohol, after which they were immersed in xylene (Sigma, Switzerland) and finally embedded in paraffin (Leica, Germany) (Guo et al., 2020; Nakamura et al., 2021; Marinopoulos et al., 2022). The samples were frozen at −20°C for 8 h, and then cut into 3.0 μm thick sections with a microtome (RM2135, Leica, Germany), removed with adhesion microscope slides (Citotest, Jiangsu, China) and baked in a 60°C oven.
2.15 HE staining
The slides containing the samples were hydrated step by step, dipped in hematoxylin dye solution (Sigma, Switzerland) for staining, washed with ultrapure water and then dipped with 1% hydrochloric acid ethanol (Sigma, Switzerland), washed again with ultrapure water and then re stained with eosin solution (Sigma, Switzerland), and the xylene was transparent after alcohol dehydration. Finally, cover the glass slide, seal the slides with neutral resin (Solarbio, Beijing, China), and observe under the light microscope after the slices were dried.
2.16 Statistical method
SPSS 26.0 statistical software was used for statistical analysis of data. The data were expressed by mean ± standard deviation (Mean + SD). Analysis of variance was used for comparison between groups. p < 0.05 was statistically significant.
3 RESULT
3.1 Morphological observation of rat BMSCs
Primary rat BMSCs adhered to the wall and grew as small, round or oval cells with regular morphology and slow cell growth (Figure 5A). After passage, the cells grew faster and began to spread in a spindle shape and round shape. In the third generation, cells proliferate in a swirl. The cells in the center of the whirlpool were dense, large in size, clear in outline, mostly flat spindle or irregular, and 1-3 nucleoli could be seen in the cells under high magnification (Figure 5B).
[image: Figure 5]FIGURE 5 | Photos of BMSCs in SD rats (X50). (A) Photos of primary cells. (B) Photos of the third generation cells.
3.2 Purity identification of rat BMSCs by flow cytometry
Flow cytometry was used to detect the surface markers of BMSCs. The results showed that the third generation BMSCs expressed high CD29 (95.0%), low CD45 (3.6%) and CD34 (0.1%), the purity of BMSCs was high (Figure 6). The results were consistent with those reported in the literature (Cui et al., 2018; Zhao et al., 2018; Yang H. et al., 2020; Liu M. et al., 2021).
[image: Figure 6]FIGURE 6 | Flow cytometry analysis of rat BMSCs. (A) Expression of CD29. (B) Expression of CD45. (C) Expression of CD34.
3.3 Observe induced cells
After the rat BMSCs of third generation were cultured in the medium containing rrPDGF-BB, the culture medium contained floating cells and cell fragments under the microscope on the first day of induction, which decreased after fluid change. The cell morphology changed from the initial oval shape to an elongated shape with no significant change in cell volume (Figure 7A). On the third day of induction, some cells died. Under the microscope, the cells were reduced in size and elongated in shape, showing a flat spindle shape. The cells were arranged in a circular or reticulated arrangement, with some cells growing together (Figure 7B).
[image: Figure 7]FIGURE 7 | Photos of rrPDGF-BB induced BMSCs (X50). (A) One days after intervention. (B) Three days after intervention.
3.4 Observation of rat activity
During the experiment, the spirit of the rats was good, the diet and sleep were good, and the activities were good. At the third week after operation, there was a strip scar on the lateral side of the right femur of the rats, which was well healed. The hair around the wound had grown and completely covered the wound (Figure 4A). When the skin around the wound was touched, the rats responded. The skin temperature was acceptable, and there was no leakage at the suture. The external fixation device was well fixed, and four titanium alloy Kirschner wires were vertically drilled into the femur, without looseness and falling off. The skin around the Kirschner wire had no inflammatory reaction such as pus overflowing, and the wound had crusted and healed well. The external fixation device was gently moved, and it was found that the fixation was good without loosening or displacement. The rats were gently placed on the ground, and the rats walked well with a slight sense of load. The knee joint and ankle joint of the rats were active, and the rest were normal.
3.5 X-ray examination
The X-ray examination was taken on the day after the operation, which showed that the femoral shaft was completely separated, and the alignment of the broken end was good (Figure 2D). The X-ray examination taken after the end of the distraction showed that the distraction had reached the expected length. During the distraction, the osteotomy end was gradually separated without dislocation, and there was no obvious callus formation in the distraction area. On the 14th day of mineralization period, callus formation was observed in the distraction area of groups 1 and 2, with uneven new bone formation and no continuous callus, and the density of callus in group 2 was higher than that in group 1. In the control group, the distraction area was bright without obvious callus formation. The osteotomy ends of the three groups were flat and clearly demarcated from the normal bone. On the 28th day of the mineralization period, callus formation was observed in the stretch area of the three groups, and the new callus was strip like or sheet like new bone, and the callus density in group 2 was greater than that in group 1, while the callus density in the control group was the smallest. The new bone in the distraction area of the three groups was cloudy, with low density, relatively continuous bone, uneven osteotomy end, and obvious boundary with normal bone. On the 56th day of mineralization period, uniform and continuous callus could be seen in the distraction area of groups 1 and 2 without obvious bright area, and the callus density of group 2 was higher than that of group 1, while the density of control group was the lowest. In group 2, the stretch area was dense and uniform, the bone was continuous, the osteotomy end was uneven, and the boundary with normal bone was blurred. In group 2, the bone marrow cavity was seen, but no bone marrow cavity recanalization was observed. The osteotomy ends of the control group and group 1 weren’t smooth and had a clear boundary with the normal bone. In the control group, the new bone was discontinuous and there were transparent areas. The three groups of X-ray examination did not find the phenomenon of femoral bone non-union, bone defect and soft tissue incarceration (Figure 8).
[image: Figure 8]FIGURE 8 | X-ray photos of femoral samples at different time points.
3.6 Micro-CT examination
At the 8th week, the femur specimens of rats in each group were taken, and new bone was formed in the stretch area of the three groups, and the femurs were thickened. In the control group, the healing was poor, a small amount of callus was formed, and the broken end was not connected, and there was a certain gap that was not healed; In group 1, a large amount of callus was formed in the distraction area, and the broken end was partially connected, and no bone marrow cavity was reopened; In group 2, the healing was good, there were more callus in the distraction area, and the disconnected ends were connected, but no bone marrow cavity was reopened (Figure 9).
[image: Figure 9]FIGURE 9 | Micro-CT images of femurs in each group at the 8th week.
3.7 Micro-CT parameter analysis
The Micro-CT parameters of rat femur specimens were shown in Table 1 and Figure 10. The tissue volume, bone volume, percent bone volume, bone trabecular thickness, bone trabecular number and bone mineral density of group 2 were the largest, followed by group 1, and the control group were the smallest, with statistical difference between groups (p < 0.05). The bone trabecular separation in the control group was the highest, followed by group 1 and group 2, and there were statistical differences between groups (p < 0.05).
TABLE 1 | Micro-CT parameters of rat femora at week 8 (Mean + SD).
[image: Table 1][image: Figure 10]FIGURE 10 | Micro-CT parameters of rat femora at week 8. (A) Micro-CT analyses of tissue volume (TV) in each group. (B) Micro-CT analyses of bone volume (BV) in each group. (C) Micro-CT analyses of percent bone volume (BV/TV) in each group. (D) Micro-CT analyses of trabecular thickness (Tb.Th) in each group. (E) Micro-CT analyses of trabecular number (Tb.N) in each group. (F) Micro-CT analyses of trabecular separation (Tb.Sp) in each group. (G) Micro-CT analyses of bone mineral density (BMD) in each group. ***p-value <0.001. **p-value <0.01. *p-value <0.05.
3.8 General observation of samples
Femur samples at different time points were placed in a sterile sheet for observation (Figure 11). With the increase of time, the color of the distraction area gradually changed from brown to gray white, and the texture gradually became hard. On the 14th day of the mineralization period, the distraction area of the three groups had a clear boundary with the normal bone tissue, and the femur was elastic. With a little pressure, the femurs could be bent. The distraction area of the control group was brown red with soft texture, while the distraction area of groups 1 and groups 2 was brown with harder texture than the control group, and the distraction area of group 2 was harder than that of group 1. On the 28th day of the mineralization period, the new bone tissue in the distraction area of the control group was brown, with a clear boundary with the normal bone tissue, and the distraction area of group 1 and group 2 was gray white; The hardness of the new bone tissue in the distraction area of the three groups increased compared with that before. The hardness of group 2 was the highest, followed by group 1, and the hardness of the control group was the lowest. At the 56th day of mineralization, the distraction area of the control group was grayish white, with a clear boundary with normal bone tissue; In group 1 and group 2, the distraction area was white, with no obvious boundary with normal bone tissue; The hardness of the new bone tissue in the distraction area of the three groups was higher than before, the hardness of group 2 was the highest, followed by group 1, and the hardness of the control group was the lowest; In group 2, the texture of the distraction area was hard and the elasticity was poor. When the femur was bent, the femur was not easy to bend.
[image: Figure 11]FIGURE 11 | General picture of rat femur.
3.9 HE staining
Histological observation was carried out on rat samples of different groups at 2, 4, and 8 weeks respectively (Figure 12). At 2 weeks, fibroblasts and new blood vessels were mainly found in the distraction area. The most new blood vessels were found in the distraction area of group 2, followed by group 1. In the control group, fibroblasts were mainly seen under microscope, and new blood vessels were few; In addition, a small amount of chondrocytes were generated in the distraction area of group 2. In the 4 weeks control group, fibroblasts were dominant under microscope, and the number of new blood vessels increased compared with that before; In group 1, fibroblasts were mainly seen under microscope, but the number was less than before, and there were new chondrocytes; In group 2, the new bone cells were mainly in the distraction area, the number of fibroblasts was less, and the number of chondrocytes was more than before. In the 8-week control group, the majority of the specimens were fibroblasts under microscope, and the number of new bone tissue was higher than before; group 1 was mainly composed of new bone tissue under microscope, with more chondrocytes and fewer fibroblasts than before. The new bone tissue had been connected into pieces and formed a few bone marrow cavities; In group 2, new bone tissue was mainly seen under microscope, no chondrocytes and fibroblasts were found, and bone marrow cavity was seen under microscope, part of which had been fused.
[image: Figure 12]FIGURE 12 | HE staining photos of femoral samples at different time points (X50).
4 DISCUSSION
Bone healing is a highly coordinated process, which is jointly affected by various growth factors and cells. Tissue engineering uses exogenous or endogenous growth factors, seed cells and scaffolds to simulate these healing processes. Many studies have described the effects of single factor and multi factor applications on bone healing (Hamushan et al., 2020; Shen et al., 2021; Ye et al., 2021; Han et al., 2022). Our study showed that injecting rrPDGF-BB into the distraction space during the mineralization period of distraction osteogenesis could promote the formation of new bone in the distraction area and promote healing.
In order to promote the healing of distraction osteogenesis, researchers in various countries have conducted a large number of experimental studies on it. Akçay found that the systemic application of vitamin E can stimulate the formation of new bone in rabbit distraction osteogenesis, thereby shortening the treatment time (Akçay et al., 2019); Acikan found that systemic application of melatonin can increase the formation of new bone in distraction osteogenesis (Acikan et al., 2018); Altay found that oxytocin can promote bone metabolism, increase new bone formation and promote bone healing in the distraction area (Altay et al., 2020); McDonald applied sclerostin antibody (Scl-Ab) in the rat model of distraction osteogenesis. The results showed that Scl-Ab treatment could promote bone formation and lead to bone regeneration with larger volume and higher strength. They believed that Scl-Ab had potential clinical value in preventing re fracture (McDonald et al., 2018); Jia found that mesenchymal stem cell exosomes can enhance the proliferation and osteogenesis of BMSCs, and promote the bone regeneration of distraction osteogenesis in aged rats (Jia et al., 2020). Tissue engineering is a better method to promote regeneration, so the combination of bone tissue engineering and distraction osteogenesis can promote the development of distraction osteogenesis (Yang et al., 2017; Roddy et al., 2018; Valtanen et al., 2021).
Some scholars had confirmed that BMSCs could be recruited into the distraction space, and then differentiated into osteoblasts or chondrocytes (Ai-Aql et al., 2008; Dhaliwal et al., 2016). This process was accompanied by callus formation (Wang et al., 2013; Yuan-Zhe and Lee, 2018), so BMSCs transplantation was a valuable regenerative therapy. Previous studies have shown that vasculature is the source of PDGFB. Vasculature plays a critical role in osteogenesis and bone diseases (Chen et al., 2021; Owen-Woods and Kusumbe, 2022), and vascular PDGF signalling is involved (Singh et al., 2019). Studies had confirmed that PDGF-BB could promote cell mitosis, chemotaxis of fibroblasts and BMSCs, promoted angiogenesis, promoted bone healing, etc., (Gruber et al., 2003; Ozaki et al., 2007). Our previous study found that the distraction space was gelatinlike tissue, and under the microscope, it was newly generated fibroblasts, new blood vessels, etc., (Wu et al., 2020). The new tissue in the distraction space can act as a scaffold material. Therefore, we believe that exogenous supplement of BMSCs and PDGF-BB can achieve the purpose of promoting healing.
After BMSCs were transplanted into the body, the differentiation was poor, the survival rate was low, and the regeneration potential was limited (Ortinau et al., 2019); Bowenpope made a rat model of distraction osteogenesis, and injected rhPDGF-BB of different density into the distraction area to verify the therapeutic effect of rhPDGF-BB on rat distraction osteogenesis (Bowenpope et al., 1984). However, the half-life of PDGF-BB is very short, and only continuous injection can achieve the purpose of treatment, but it’s expensive (Moore et al., 2009); In addition, there were problems such as fluid leakage during injection, so our research group first used rrPDGF-BB to intervene BMSCs, and then transplanted them. In addition, our previous in vitro experiments had confirmed that rrPDGF-BB of 25 μg/L significantly promoted differentiation of BMSCs, and once the concentration exceeded 50 μg/L, it would lead to cell death.
In our experiment, after we used rrPDGF-BB to induce with BMSCs, the cell morphology changed, and a circular or reticular structure appeared. We speculated that the cells had differentiated and had a preliminary vascular rudiment, which was consistent with the report of Heldin (Heldin and Westermark, 1999; Ozaki et al., 2007), and our previous research confirmed that PDGF-BB could promote the proliferation of rat BMSCs and induce BMSCs to differentiate into vascular endothelial cells (Jiang et al., 2021a; Jiang et al., 2021b), which was basically consistent with the results of this study. Then we transplanted the BMSCs induced by rrPDGF-BB into the distraction osteogenic area of rats, and then used general observation of samples, X-ray examination, Micro-CT examination and histological staining to verify its therapeutic effect. The results confirmed that injecting the BMSCs induced by rrPDGF-BB into the rat distraction space can promote the formation of new bone in the distraction area, which is consistent with the report of Moore (Moore et al., 2009; Del Rosario et al., 2015; Luvizuto et al., 2016; Gao et al., 2021; Komatsu et al., 2022). Moore studied the effect of PDGF-BB on bone repair, so Moore directly injected PDGF-BB into rats. Different from Moore, We studied the effect of BMSCs induced by PDGF-BB on bone repair, and our previous research confirmed that PDGF-BB can induce BMSCs to differentiate into osteoblasts (Wei et al., 2021b). In addition, some scholars showed that the effect of injecting stem cells in the distraction period had a better curative effect than the injection of stem cells in the mineralization period (Yang Y. et al., 2020). Therefore, choosing the appropriate dose of PDGF-BB to intervene in BMSCs and injecting BMSCs in the appropriate period will bring greater benefits, which is also our future research direction.
In conclusion, our study shows that injecting the BMSCs induced by rrPDGF-BB into the rat distraction space during the mineralization period of distraction osteogenesis can promote bone regeneration and healing. The results of this study have certain clinical value. However, whether BMSCs induced by PDGF-BB have differentiated in vivo has not been explored in this topic. Later, we will continue the research in this area, screen out the appropriate induction dose and time, and reduce the incidence of complications, so as to make further contributions to the research of distraction osteogenesis.
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Injectable hydrogel loaded with bilayer microspheres to inhibit angiogenesis and promote cartilage regeneration for repairing growth plate injury
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Introduction: The repair and regeneration of growth plate injuries using tissue engineering techniques remains a challenge due to large bone bridge formation and low chondrogenic efficiency.
Methods: In this study, a bilayer drug-loaded microspheres was developed that contains the vascular endothelial growth factor (VEGF) inhibitor, Bevacizumab, on the outer layer and insulin-like growth factor-1 (IGF-1), a cartilage repair factor, on the inner layer. The microspheres were then combined with bone marrow mesenchymal stem cells (BMSCs) in the gelatin methacryloyl (GelMA) hydrogel to create a composite hydrogel with good injectability and biocompatibility.
Results: The in vitro drug-release profile of bilayer microspheres showed a sequential release, with Bevacizumab released first followed by IGF-1. And this hydrogel simultaneously inhibited angiogenesis and promoted cartilage regeneration. Finally, in vivo studies indicated that the composite hydrogel reduced bone bridge formation and improved cartilage regeneration in the rabbit model of proximal tibial growth plate injury.
Conclusion: This bilayer microsphere-based composite hydrogel with sequential controlled release of Bevacizumab and IGF-1 has promising potential for growth plate injury repair.
Keywords: growth plate, bilayer microspheres, anti-angiogenesis, chondrogenic differentiation, hydrogel, tissue engineering
1 INTRODUCTION
Growth plate is the critical cartilage area at the end of long bones in children, responsible for controlling the longitudinal growth of bone (Kronenberg, 2003; Agirdil, 2020). Notably, the growth plate is avascular and devoid of nerves (Provot and Schipani, 2007; Villemure and Stokes, 2009), which limits their inherent ability to repair after injury. In such cases, the cartilage may be replaced by bone tissue, leading to the formation of bone bridge. The bone bridge could impede bone growth and result in significant complications, including length discrepancy and angular deformity, which could negatively impacts on the physical and mental wellbeing of affected children (McCarty et al., 2010; Cepela et al., 2016; Shaw et al., 2018). The current clinical treatment mainly involves osteotomy combined with filling the corresponding materials such as fat and bone cement. However, this approach has limited efficacy and a low success rate (Foster et al., 2000; Hasler and Foster, 2002). Thus, there is an urgent pressing need for new and more effective treatments for injuries to growth plates.
Recently, advancements in tissue engineering have enabled significant progress in the repair of injured growth plates. This is achieved by incorporating a combination of bone marrow mesenchymal stem cells (BMSCs) or chondrocytes and growth factors into biologically active scaffolds, aimed at constructing the growth-plate-regenerative cartilage that can replace the injured tissue and perform its original biological function (Xian and Foster, 2006; Shukrimi et al., 2013; Wang et al., 2021). For instance, Erickson et al. demonstrated the use of chitosan-genipin microgels loaded with stromal-cell derived factor-1α (SDF-1α) or transforming growth factor β3 (TGF-β3) (Erickson et al., 2021a). Li et al. showed the feasibility of repairing growth plate cartilage by loading BMSCs on extracellular matrix scaffolds (Li et al., 2017). Erickson et al. explored the use of alginate-chitosan hydrogels loaded with VEGF antibodies (Erickson et al., 2021b). Despite these promising results, these studies reported the challenges of achieving efficient chondrogenic differentiation and avoiding the formation of large bone bridges (Azarpira et al., 2015; Sundararaj et al., 2015; Li et al., 2017; Erickson et al., 2021a; Erickson et al., 2021b). Our hypothesis is that these challenges can be overcome by implementing a sequential approach that targets both the prevention of bone bridge formation and the promotion of chondrogenic differentiation in the early stages of injury. By targeting a series of cellular and molecular events following injury (Chung and Xian, 2014), and blocking or even reversing these pathological changes, it may be possible to achieve more effective regeneration and repair of growth plate cartilage.
Over the past two decades, extensive research using various animal models has been performed to gain a better understanding to the underlying pathophysiology of the bone bridge formation following injury (Zhou et al., 2004; Chung et al., 2009; Chung et al., 2011; Xie et al., 2014). The research has identified four different phases of injury repair: the inflammatory phase, the fibrogenic phase, the osteogenic phase, and the remodeling phase (Chung and Xian, 2014). The initial phase, lasting 1–3 days post-injury, is characterized by the infiltration of inflammatory cells and the upregulation of cytokines and mediators at the injury site. This constitutes the inflammatory phase of growth plate injury repair. In the subsequent fibrogenic phase, which lasts 3–7 days, osteoprogenitor cells infiltrate the injury site and secrete pro-angiogenic factors. This promotes the invasion of new blood vessels, a critical step in the formation of the bone bridge (Qiu et al., 2020; Chen et al., 2021). The fibrogenic phase is therefore a crucial stage in the repair process. One of the critical pro-angiogenic factors involved in the formation of new blood vessels is vascular endothelial growth factor (VEGF), which has been shown to play a key role in bone bridge formation (Hu and Olsen, 2016; Erickson et al., 2021b; Ye et al., 2021). To prevent bone bridge formation, it is therefore essential to inhibit the action of VEGF. The osteogenic phase commences around day 7 post-injury, as osteoprogenitor cells differentiate into osteoblasts and bony trabeculae begin to form. Finally, on day 14, bone remodeling is observed. Thus, in order to interrupt the pathological process of osteogenic differentiation and prevent bone bridge formation, it is crucial to inhibit osteogenic differentiation in the early stages of growth plate injury repair. In this study, we proposed to use the VEGF inhibitor Bevacizumab (Chase, 2008; Chung et al., 2014) to inhibit angiogenesis during the fibrogenic phase, interrupting the pathological process of osteogenic differentiation and preventing the eventual formation of bone bridge. In addition, we need to induce exogenous or endogenous stem cells to differentiate into chondrocytes in order to promote the regeneration of cartilage at the injury site. Insulin-like growth factor-1 (IGF-1), a commonly used cartilage repair factor, has the ability to promote chondrogenic differentiation, chondrocyte proliferation, and matrix synthesis (Lui et al., 2019; Cho et al., 2020). In light of the protracted nature of growth plate repair, it is imperative to maintain the optimal concentration of drugs in the affected area to ensure effective repair. To this end, we have proposed the utilization of microspheres to achieve sustained delivery of Bevacizumab and IGF-1. As a well-established system for sustained drug release, poly (lactic-co-glycolic acid) (PLGA) microspheres are capable of delivering the loaded drugs in a slow and continuous manner (Morille et al., 2016; Su et al., 2021; Chen et al., 2023).
In this study, we aim to address the long-standing challenge of growth plate injury repair through a novel approach. We propose the use of a bilayer drug-loaded PLGA microsphere system that comprises of Bevacizumab and IGF-1 to achieve sustained drug delivery to the injury site. The outer layer of the microsphere is loaded with Bevacizumab, which will be released first to inhibit early osteogenic differentiation and prevent the formation of a bone bridge. The inner layer of the microsphere contains IGF-1, which will be released slowly to promote chondrogenic differentiation and the regeneration of growth plate cartilage. Further, we encapsulate the bilayer drug-loaded PLGA microspheres in a composite hydrogel, composed of gelatin methacryloyl (GelMA) and bone marrow mesenchymal stem cells (BMSCs). This composite hydrogel can provide a favorable microenvironment for both drug delivery and cell proliferation, thus facilitating the repair and regeneration of growth plate cartilage after injury. In conclusion, this study provides a novel approach for growth plate injury repair by using a bilayer drug-loaded PLGA microsphere system combined with a composite hydrogel and the results of this study hold the potential to inform the development of a clinically viable treatment strategy for growth plate injuries.
2 MATERIALS AND METHODS
2.1 Materials
PLGA (lactide/glycolide ratio 50:50, MW 65 kDa) and poly (vinyl alcohol) (PVA) (88%, MW 31–50 kDa) were purchased from Sigma-Aldrich (St. Louis, MO, USA). IGF-1 and Bevacizumab, Minimal Essential Medium (MEM), and phosphate-buffered solution (PBS) were obtained from Gibco (Grand Island, USA) and the RNA extraction kit was purchased from Omega Bio-tek (Georgia, USA). The cell counting kit 8 (CCK-8) was purchased from Abcam (UK); all were used as received. The study design is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic illustration of the study design.
2.2 Synthesis and characterization of bilayer microspheres
In this study, microspheres were fabricated by the water-in-oil-in-water (w/o/w) double emulsion technique. Briefly, 200 mg of PLGA was dissolved in 4 mL of dichloromethane, and 500 μL of 100 μm IGF-1 solution and 150 μL of 6% gelatin were added to it. This was followed by emulsification at 10,000 rpm for 1 min by using a high-speed homogenizer. The resultant emulsion was added to 30 mL of 1% PVA solution and emulsified at 8,000 rpm for 2 min. This emulsion was added to 200 mL of 0.1% PVA solution and stirred at 1,000 rpm for 5 min, resulting in a double emulsion. Next, the emulsion was stirred in a fume hood for 4 h to evaporate dichloromethane. Finally, the solution was centrifuged to collect microspheres, and these microspheres were washed with distilled water four times and lyophilized to obtain monolayer microspheres loaded with IGF-1. Next, 100 mg of IGF-1-loaded monolayer microspheres were immersed in the PBS solution with 100 μg of Bevacizumab; after adsorption for 1 h and lyophilization, bilayer microspheres were obtained. Similarly, Bevacizumab-loaded monolayer microspheres were prepared by adding 100 mg of blank microspheres to the PBS solution containing 100 μg of Bevacizumab. The morphological characteristics of all microspheres were observed by scanning electron microscopy (SEM), and the mean size was measured. Encapsulation efficiency was calculated using the following equation: encapsulation efficiency (%) = (measured protein concentration/theoretical protein concentration) × 100 (Eswaramoorthy et al., 2012).
2.3 Fabrication and characterization of composite hydrogels
First, 10 g of gelatin (Sigma-Aldrich) was added to PBS at 50°C to prepare a 10% w/v homogeneous solution. Then, 10 ml of methacrylic anhydride (MA; Sigma-Aldrich) was slowly added dropwise into the gelatin solution with stirring, and the solution was allowed to react at 50°C for 3 h. Next, the resultant solution was packed into 3,500 Da dialysis bags and dialyzed in deionized water at 37°C for 5 days to remove unreacted MA and additional by-products. The dialysate was centrifuged at 3,000 rpm for 10 min, and the supernatant was lyophilized at −80°C for 6 days to obtain GelMA, which was stored at −20°C until further use.
Then, 1 g of GelMA was dissolved in 10 ml of deionized water to obtain a 100 mg/ml GelMA solution, and 0.2% (w/v) of the photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate was added. Finally, BMSCs and PLGA microspheres were added at a concentration of (5×104)/ml and 5 mg/ml, respectively, to form the composite hydrogel loaded with PLGA microspheres and BMSCs, and it was cross-linked under Ultraviolet (UV) light. The following groups of hydrogels were prepared: (i) GP group: GelMA + BMSCs; (ii) GPB group: GelMA + BMSCs + PLGA microspheres loaded with Bevacizumab; (iii) GPI: GelMA + BMSCs + PLGA microspheres loaded with IGF-1; (iv) GPIB group: GelMA + BMSCs + bilayer PLGA microspheres.
The injectability of composite hydrogels was analyzed by injecting the prepolymer solution carrying red pen ink with a 1 mL syringe (needle diameter = 0.5 mm). The gelatin solidification time was measured as follows: the hydrogel was injected into the glass bottle that was then gently shaken. Subsequently, the tilting angle of the glass bottle was continuously changed to observe the flow of the prepolymer solution. When the glass bottle was tilted but the solution no longer flowed, the hydrogel was considered to have been formed, and this solidification time was recorded. The viscosity and shear rate of the prepolymer solution of each group was measured by using a modular compact rheometer. Scanning electron microscopy (SEM, TESCAN) was utilized to observe the morphology of composite hydrogels. The swelling capacity of composite hydrogels was evaluated as follows (Verma et al., 2007): First, all the hydrogels were lyophilized and weighed to determine the dry weight (Md). Then, the lyophilized hydrogels were soaked in PBS at 37°C for 24 h. After removing free water, the weight was marked as Mw. Mw/Md was the swelling ratio, and [(Mw - Md)/Mw]×100% was used to calculate the equilibrium water content (EWC).
2.4 Mechanical characterizations and release profile
The elastic modulus was determined by using a mechanical tester (Hengyi, Shanghai, China). The samples were subjected to uniaxial compression testing at a steady strain rate of 1 mm/min and 0.1–5 Hz frequency at 25°C, and the elastic modulus was obtained by calculating the slope of the stress–strain curve for 0%–10% strain. Moreover, the original height of the sample before compression was recorded as H0, and after the compression test, the final height of the sample was recorded as Hr. The ratio Hr/H0 was used to measure the elasticity of the sample. The following rheological measurements were conducted at 37°C on a Haake Mars Modular Advanced Rheometer (Thermo Fisher Scientific, USA). At a fixed strain of 5%, a frequency sweep test was performed from 0.1 to 10 Hz to obtain the storage modulus (G′) and loss modulus (G″).
Next, 100 mg of the composite hydrogel from each group was immersed in 50 ml of PBS, and the drug release was analyzed in a shaker at 37°C. At predetermined time points, i.e., days 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, and 21, 2 ml of the supernatant was collected and replaced with fresh PBS. The absorbance of the collected samples was measured by using a fluorescence spectrometer to evaluate the drug concentration and plot the in vitro drug release curve.
2.5 Cell viability, proliferation and adhesion
In a 96-well plate, BMSCs were seeded into the hydrogel of each group (5×103/well). The culture medium was removed on days 1, 4, and 7, and washed twice with PBS. Then, 90 μL of the medium and 10 μL of CCK-8 reagent were added to each well, followed by incubation in an incubator for 1 h in the dark. The absorbance values were detected at 450 nm using the enzyme marker. To assess the cell viability on the hydrogels, BMSCs with a density of 5×103 were seeded into a 12-well plate and co-incubated with hydrogels of each group for 24 h. Further, 5 μL of calcein-AM and 20 μL of PI were added to 10 mL of PBS to prepare the Live/Dead solution. Subsequently, 200 μL of the Live/Dead solution was added to each well, and incubated for 30 min at 37°C in the dark. After the solution was removed, images were captured by using a confocal laser scanning microscope (CLSM). BMSCs with a density of 5×103 were seeded into the hydrogels for 24 h, and the medium was removed. All the samples were immobilized by 4% paraformaldehyde for 30 min, permeabilized in 0.5% Triton X-100 for 15 min, and blocked in 1% BSA solution for 60 min. Then, to observe the cell adhesion on the hydrogels, these samples were stained with FITC-phalloidin and DAPI, and the images were obtained with a CLSM.
2.6 In vitro angiogenesis assay
To assess the anti-angiogenic effect of Bevacizumab, the tube formation assay was performed: 300 μL of Matrigel was added to each well in a 24-well Transwell plate and incubated at 37°C with 5% CO2 for 4 h, and 100 μL of a suspension [(2×105)/mL] of human umbilical vein endothelial cells (HUVECs) was added to each well; this was followed by placing the Transwell chambers in the culture plate and incubating for 24 h. The hydrogels of each group were placed in the Transwell plate in the upper chamber of the culture plate. After 24 h of culture, random images were collected to observe the tubule formation, and the number of tubular branches was determined using the Image J software. Moreover, cells were collected and the total RNA was extracted using an RNA extraction kit. Then, RT-PCR was performed to detect the expression level of genes specific to angiogenesis, such as VEGF and HIF-1α. The endogenous control gene was GAPDH. The relative gene expression was measured by the 2−ΔΔCT method.
2.7 In vitro chondrogenic differentiation
To assess the chondrogenic differentiating effect of IGF-1, BMSCs were inoculated with a density of 2×104 in a 24-well Transwell plate. After 24 h of culture, the hydrogel of each group was placed in the upper chamber of the Transwell plate. Then, after 14 and 21 days of culture, cells were collected and the total RNA was extracted using an RNA extraction kit. Then, Reverse Transcription-polymerase Chain Reaction (RT-PCR) was performed to detect the expression levels of osteogenic genes—such as Runx2, Col1a1, and OPN—and chondrogenic genes—such as Col2a1, ACAN, and Sox-9—using GAPDH as an internal reference gene. The relative gene expression was measured by the 2−ΔΔCT method.
2.8 In vivo growth plate regeneration
Animal experiments were approved by the Ethics Committee of Nanjing Medical University. All experimental procedures on animals were carried out in accordance with the National Institutes of Health guide for the care and use of Laboratory animals. We purchased 40 6-week-old male New Zealand white rabbits, from Nanjing Medical University and randomly divided them into five groups, which included control, GP, GPB, GPI, and GPIB groups.
To study the role of hydrogels in the repair of growth plate injuries, referring to the modeling method of previous studies (Erickson et al., 2017), the proximal tibial growth plate injury model was established. After anesthetizing the rabbits, the surgical area from the medial malleolus to the pelvis was culled clean of fur and then sterilized with gauze soaked in povidone-iodine. A skin incision of about 2 cm was made from the medial gap of the knee joint toward the proximal tibia, and the soft tissue was separated to expose the growth plate of proximal tibia (Supplementary Figure S1A). An incision of approximately 0.5 cm was made from the growth plate to the lower end of the skin incision using a scalpel at the proximal tibia, and the surrounding fascia and soft tissue were scraped off. A 3-mm-diameter drill was used to drill a cortical window in the tibial stem at 10,000 rpm (Supplementary Figure S1B). Then, the drill was placed at an appropriate angle and oriented such that it penetrated through the cortical window up to the center of the growth plate (Supplementary Figure S1C). The appropriate depth of injury was ensured by measuring the entry length of the drill. After ensuring the injury to the growth plate, the drill channel was flushed with sterile saline through a syringe. Thus, the model was successfully established. Next, the hydrogel of each group was injected into the defect, and after closure with bone wax, the subcutaneous tissue was continuously stitched layer by layer, and the skin was sutured. After surgery, the rabbits were kept in separate cages without immobilizing the limbs. Penicillin was intramuscularly injected daily at 20,000 units/kg for 3 days postoperatively to reduce the risk of infection. At 1 month after the surgery, half of the rabbits in each group were euthanized, while the rest were euthanized after 3 months. The histological sections of the lower limb were analyzed through HE staining. Additionally, the repair and regeneration of growth plate cartilage were evaluated by methods of Toluidine blue and Alcian blue staining.
2.9 Statistical analysis
The experimental data were expressed as mean ± standard deviation (Mean ± SD). The statistical analysis was performed using GraphPad Prism 8.0. Multi-group comparisons were analyzed by oneway analysis of variance (ANOVA) with the Tukey test. All statistical tests were evaluated as two-sided, and signifificance was set at p < 0.05.
3 RESULTS
3.1 Fabrication and characterization of microspheres
In this study, the preparation of single-layer and bilayer poly (lactic-co-glycolic acid) (PLGA) microspheres loaded with Bevacizumab and insulin-like growth factor-1 (IGF-1) was carried out. Scanning electron microscopy (SEM) images revealed that the microspheres were well-formed with spherical shapes and smooth surfaces, without any signs of adhesion between the particles (Figure 2A). Particle size analysis showed that the average diameter of the microspheres was 5.53 ± 2.30 μm, with a low coefficient of variation (CV) of 0.42% (Figures 2B, C). The data showed that the fabricated PLGA microspheres have a 46.14%% encapsulation efficiency of IGF-1 (1,153.4143 ng of IGF-1 per mg of PLGA microspheres). These results indicate the successful preparation of the microspheres.
[image: Figure 2]FIGURE 2 | Characteristics of poly (lactic-co-glycolic acid) (PLGA) microspheres. (A) Scanning electron micrographs of PLGA microspheres; scale bar = 20 μm. (B,C) Particle size distribution of PLGA microspheres; scale bar = 20 μm.
3.2 Fabrication and characterization of composite hydrogels
The composite hydrogels were prepared by incorporating the PLGA microspheres of each group into GelMA containing BMSCs. The injectability of the hydrogel was demonstrated in Figure 3B, where the composite hydrogel prepolymer solution was successfully injected using a syringe, followed by cross-linking with ultraviolet (UV) light irradiation. The shear thinning evaluation was conducted, with the results displayed in Figure 4C, which indicated that all the hydrogels exhibited shear thinning properties, thereby facilitating their injection using a syringe. The appearance of the composite hydrogel changed from translucent to opaque and milky white after cross-linking, as observed during the glass bottle tilting test, with a solidification time of 30 s (Figure 3C). The cross-sectional images of the hydrogels in all groups revealed similar sponge-like structures with porous morphologies (Figure 3A). This indicated that the incorporation of PLGA microspheres did not alter the original porous architecture of the GelMA hydrogel. Furthermore, under high magnification, no agglomerated microspheres were observed, showing that the microspheres were well distributed in the hydrogels. This interconnected porous structure could facilitate cell growth, the exchange of nutrients and metabolic wastes, and the construction of a regenerative microenvironment conducive to growth plate cartilage tissue repair.
[image: Figure 3]FIGURE 3 | Characteristics of composite hydrogels. (A) Scanning electron micrographs of composite hydrogels in each group; scale bar = 50 μm. (B) Injectability of composite hydrogels. (C) Solidification of composite hydrogels.
[image: Figure 4]FIGURE 4 | In vitro relevant tests of composite hydrogels. (A) Swelling ratio and (B) equilibrium water content of composite hydrogels in each group. (C) Viscosity and shear rate of prepolymer solution in each group. (D) Storage modulus (G′) and loss modulus (G″) of composite hydrogels in each group. (E) The stress-strain curve and (F) elasticity of composite hydrogels in each group. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, no significance.
The swelling properties of the hydrogels play a crucial role in facilitating the efficient exchange of nutrients and metabolic waste within cells. After being immersed in PBS for 24 h, the weight of hydrogels became about 10–15 times that before swelling, and there was a significant decrease in the swelling rate observed in the presence of microspheres (Figure 4A). Additionally, the equilibrium water content (EWC) dropped slightly from 92% to 89% with the addition of microspheres (Figure 4B), indicating an increase in the crosslink density. These results suggest that the GelMA hydrogel and microspheres exhibit a stable crosslinked relationship.
To investigate the effect of microspheres on the mechanical properties of hydrogels, mechanical tests were performed. As illustrated in Figure 4E, the addition of microspheres to GelMA hydrogel improved the mechanical properties of the composite hydrogels. However, as depicted in Figure 4F, the elasticity of composite hydrogels in the GPI group and GPIB group was weaker than that of pure GelMA, yet upon compression, the recovery height of the composite hydrogels was close to the original height, suggesting that the composite hydrogel also basically retained the good elasticity of GelMA. To investigate the effect of the addition of microspheres into the GelMA hydrogel on rheological properties, the strain sweep was conducted to measure the G′ and G″ data. Results showed that hydrogels of all groups had a relatively stable G′ and G″, signifying stable crosslinking. G′ was higher than G″, indicating rapid gelation of the composite hydrogels after crosslinking (Figure 4D).
3.3 In vitro release behaviour
The in vitro drug release behavior of hydrogels loaded with PLGA microspheres was analyzed. The results showed that the drug release pattern of hydrogels containing monolayer PLGA microspheres was consistent with a slow and sustained release profile, with no sudden burst effect observed within the first 24 h. On the other hand, the hydrogels loaded with bilayer microspheres exhibited a sequential release pattern, with approximately 80% of Bevacizumab being released in the first week, while only a lesser amount of IGF-1 was released. Over the following 2 weeks, the release of IGF-1 increased steadily and the cumulative release of IGF-1 was higher than that of Bevacizumab (Figure 5A). These findings suggest that the drug release pattern of bilayer microspheres differs from that of monolayer microspheres.
[image: Figure 5]FIGURE 5 | Effects of composite hydrogels on cell viability, morphology, and behavior. (A) In vitro drug release curve of composite hydrogels. (B) Cell proliferation of bone marrow mesenchymal stem cells (BMSCs) cultured on composite hydrogels in each group after culturing for 1, 3, and 7 days. (C) Live/Dead staining of BMSCs on composite hydrogels in each group after 24 h of culture; scale bar = 250 μm. (D) Confocal laser scanning microscope images of BMSCs cultured on composite hydrogels in each group after 24 h staining with FITC-phalloidin and DAPI; scale bar = 50 μm. (E) Quantitative analysis of the cell spreading area. (F) Tube formation assay images of HUVECs treated with PBS or composite hydrogels in each group; scale bar = 200 μm. (G) The number of total loops in HUVECs treated with PBS or composite hydrogels in each group; (H) RT-PCR analysis of angiogenesis-related genes (VEGF and HIF-1α) in HUVECs, and osteogenesis-related genes (Runx2, Col1a1, and OPN) and chondrogenesis-related genes (Col2a1, Sox9, and Aggrecan) in BMSCs. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, no significance.
3.4 Biocompatibility of composite hydrogels in vitro
The hydrogels of each group were co-cultured with BMSCs, and their effects on the proliferation of BMSCs were determined using the CCK-8 assay. The results showed that the cell proliferation activity of each experimental group was slightly lower than that of the control group on days 1, 4, and 7, however, the differences between each experimental group and the control group were not statistically significant (Figure 5B). In addition, to assess the biocompatibility of hydrogels in each group, Live/Dead staining was performed on BMSCs after 24 h of culture. Results showed that the cell survival rate within the hydrogels of each group was high (Figure 5C), indicating that the hydrogels had no cytotoxicity and displayed good biocompatibility.
After 24 h of culture, FITC-phalloidin and DAPI were utilized to label the nucleus and actin cytoskeleton, and then, the morphology of BMSCs in the hydrogels was visualized using confocal laser scanning microscope (CLSM). The results indicated that BMSCs were distributed within the hydrogels and exhibited good attachment (Figure 5D). Additionally, the BMSCs cultured on the surface of the GelMA hydrogel displayed the spindle-like shape, while those on the surface of the composite hydrogels were polygonal. The change in cellular morphology indicated that the addition of microspheres enhanced cell adhesion. As shown in Figure 5E, the spreading area of the BMSCs in all experimental groups was larger than that of the blank group, and the difference was statistically significant (p < 0.05). This could be attributed to the fact that the addition of microspheres resulted in a rougher morphology of the composite hydrogel, which facilitated cellular spreading. However, there was no statistically significant difference in the cellular spreading area among the experimental groups.
3.5 In vitro angiogenic and chondrogenic evaluation
As for tube formation assay in vitro, vessels formed by HUVECs loaded on Matrigel and cultured with the hydrogels of each group. IGF-1 is well-established to have an angiogenic effect, and the outcomes illustrated that HUVECs cultured with GPI hydrogels generated dense and complete tubule-like networks, which were more prominent than those produced by the control and GelMA groups. Conversely, the tubule network formed in the GPIB group exhibited sparsity and local fracturing (Figure 5F). And in terms of number of loops, the GPI group demonstrated significantly higher values in comparison to the control and GelMA groups, whereas the number of loops in the GPIB group was significantly lower (Figure 5G). Thus, it is reasonable to conclude that hydrogels of the GPIB group may have the ability to inhibit the tube formation of HUVECs.
Furthermore, to determine the expression of vasculogenic, osteogenic, and chondrogenic genes, RT-PCR was performed, which revealed that the expression of VEGF and HIF-1α was significantly lower (p < 0.05) in the GPB group and the bilayer microsphere group compared to the control and GP groups (Figure 5H). This indicates that Bevacizumab could suppress the expression of VEGF. Additionally, RT-PCR data revealed a decrease in osteogenic gene expression (p < 0.05) and an increase in chondrogenic gene expression (p < 0.05) in the GPI groups (Figure 5H).
3.6 In vivo growth plate regeneration performance
At 1 month and 3 months postoperatively, the specimens were removed and histologically sectioned and stained (Supplementary Figure S2). Histological staining in each group showed a significant formation of cartilage regeneration within the defect area in the GPI and GPIB groups compared to the control group (Figure 6A). Specifically, in the control and GP groups, bone bridge formation was significant and cartilage regeneration was limited at the injury site when compared to the uninjured site. And in the GPB group, bone bridge formation was less compared to the control and GP groups, while cartilage regeneration was still limited, indicating that although the extent of bone bridge formation was reduced, the regeneration of cartilage tissue remained insufficient. In the GPI group, cartilage regeneration was greater compared to the control and GP groups, but the regenerated cartilage displayed a discontinuous or irregular morphology, which may be attributed to the presence of bone tissue that limited the space for cartilage regeneration. Finally, in the GPIB group, prominent cartilage regeneration was observed with minimal bone tissue formation, and the regenerated cartilage exhibited a continuous and regular morphology that closely resembled that of uninjured growth plate cartilage.
[image: Figure 6]FIGURE 6 | Repair effect of composite hydrogels on growth plate after injury. The HE (A), AB (B) and TB (C) staining images of the injury site in the growth plate (scale bar = 200 μm). The boxed area represents the defect site and is enlarged below it (scale bar = 50 μm). The region marked by red dotted lines mainly represents bone tissue, and the region marked by black dotted lines mainly represents the growth plate cartilage.
Similar to the results of HE staining, AB and TB staining also showed that the control and GP groups had little cartilage formation and more bone and mesenchymal tissue infiltration in the injury site. The bone tissue formation was reduced in the GPB group compared to the control group, but regenerated cartilage was still less and appeared atypical. The GPI group showed typical cartilage regeneration, but the regenerated cartilage appeared intermittent or irregular, which was mainly due to bone bridge formation affecting the regeneration of cartilage. In contrast, the regenerated cartilage tissue in the GPIB group was more continuous, flatter, and more regular, much like the native growth plate cartilage (Figures 6B, C).
4 DISCUSSION
In previous studies in which tissue engineering techniques were used for the repair and regeneration of growth plate cartilage, the challenges of the formation of large bone bridges and low chondrogenic efficiency remained (Sundararaj et al., 2015; Li et al., 2017; Erickson et al., 2021a). Through the analysis of the pathological processes following growth plate injury, we posited that the traditional focus on either promoting chondrogenic differentiation and cartilage regeneration or inhibiting the formation of bone bridges may be the underlying reason for the limited success in these efforts. As such, we proposed a novel approach, where the inhibition of osteogenic differentiation and bone bridge formation would be prioritized before promoting chondrogenic differentiation. The sequential and synergistic integration of these two processes was hypothesized to lead to more effective repair and regeneration of cartilage tissue following growth plate injury.
In this study, we aimed to address the aforementioned challenges associated with the repair and regeneration of growth plate cartilage using tissue engineering techniques. To this end, we proposed to first inhibit osteogenic differentiation and bone bridge formation, and then promote chondrogenic differentiation. However, the conventional single layer PLGA microspheres could not provide the desired sequential release of the drugs. Thus, a bilayer drug-loaded PLGA microsphere was adopted in this study, which allowed for sequential release of Bevacizumab and IGF-1. The results of the in vitro study showed that the bilayer microspheres were able to release Bevacizumab and IGF-1 in a sequential manner. In particular, the dominant release of Bevacizumab from the outer layer in the first week. Since the fibrogenic phase occurs mainly in the 1st week after growth plate injury, the dominant release of Bevacizumab from the bilayer microspheres in the 1st week can precisely and rapidly inhibit the local neovascularization to the maximum extent and achieve the inhibition of bone bridge formation at the source. Subsequently, the gradual increase in the release of IGF-1 from the inner layer continued to promote the differentiation of the stem cells involved in repair into cartilage, leading to cartilage tissue regeneration.
Furthermore, the composite hydrogel formed from the bilayer microspheres and BMSCs in GelMA showed good injectability and biocompatibility, and was able to effectively block pathological changes associated with bone bridge formation and induce differentiation of stem cells towards chondrocytes, thereby directly and indirectly promoting the regenerative repair of growth plate cartilage. These findings demonstrate the potential of the bilayer drug-loaded PLGA microspheres for the repair and regeneration of growth plate cartilage after injury.
The results of in vitro experiments demonstrated that Bevacizumab effectively inhibits angiogenesis, and IGF-1 induces chondrogenic differentiation of stem cells. After a growth plate injury, endogenous stem cells migrate to the injury site and are subjected to a microenvironment that is detrimental to cartilage regeneration, as a result of the inflammatory response and vascular invasion. The majority of the stem cells involved in tissue repair differentiate into osteoblasts under the influence of osteogenic factors, reducing the pool of stem cells available for chondrogenic differentiation and leading to a decrease in the amount of regenerated cartilage tissue. Hence, inhibiting bone bridge formation can indirectly enhance cartilage regeneration. The in vivo animal experiments showed that the bilayer microsphere group exhibited superior growth plate cartilage repair and a reduced extent of bone bridge formation due to the early-stage inhibition of angiogenesis (Wang et al., 2011; Chung et al., 2014). Additionally, IGF-1 facilitated the differentiation of stem cells into chondrogenic cells during the repair process, further augmenting the efficacy of cartilage repair (Moon et al., 2015; Sundararaj et al., 2015).
To sum up, the present study proposes a novel bilayer PLGA microsphere-based composite hydrogel for the repair and regeneration of growth plate cartilage following injury. The outer layer of the PLGA microspheres is loaded with Bevacizumab, which effectively inhibits angiogenesis, while the inner layer is loaded with IGF-1, which promotes chondrogenic differentiation of stem cells. By combining the bilayer PLGA microspheres with GelMA, a composite hydrogel was prepared that enables sequential release of the drugs and provides good injectability and biocompatibility. The results of both in vitro and in vivo experiments demonstrated that the composite hydrogel effectively inhibited bone bridge formation and promoted cartilage regeneration, thereby providing a promising strategy for the treatment of growth plate cartilage injuries.
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Bone regeneration is a dynamic process that involves angiogenesis and the balance of osteogenesis and osteoclastogenesis. In bone tissue engineering, the transplantation of mesenchymal stem cells (MSCs) is a promising approach to restore bone homeostasis. MSCs, particularly their small extracellular vesicles (sEVs), exert therapeutic effects due to their paracrine capability. Increasing evidence indicates that microRNAs (miRNAs) delivered by sEVs from MSCs (MSCs-sEVs) can alter gene expression in recipient cells and enhance bone regeneration. As an ideal delivery vehicle of miRNAs, MSCs-sEVs combine the high bioavailability and stability of sEVs with osteogenic ability of miRNAs, which can effectively overcome the challenge of low delivery efficiency in miRNA therapy. In this review, we focus on the recent advancements in the use of miRNAs delivered by MSCs-sEVs for bone regeneration and disorders. Additionally, we summarize the changes in miRNA expression in osteogenic-related MSCs-sEVs under different microenvironments.
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1 INTRODUCTION
Bone tissue is a highly vascularized tissue, with abundant vessel networks that transport nutrients and oxygen (Anada et al., 2019). Bone repair after injury occurs in three stages: acute inflammation, bone repair, and remodeling (Claes et al., 2012). However, excessive inflammation negatively affects the osteogenic potential of cells. Therefore, the promotion of bone regeneration relies on angiogenesis, osteogenesis, and anti-inflammatory effect (Bucher et al., 2019).
Mesenchymal stem cells (MSCs) possess the necessary potential for bone regeneration, including homing and multi-lineage differentiation capability (Chen et al., 2021a). However, their transplantation encounters obstacles, such as long-term safety risks (Turinetto et al., 2016; Volarevic et al., 2018; Buduru et al., 2019), tumorigenicity (Miura et al., 2006; Ishihara et al., 2017), cellular senescence (Gong et al., 2020; Luo et al., 2021; Hu M. et al., 2022), and immunological rejection (Zhou et al., 2022a). Therefore, a promising cell-free therapy for bone defect repair and regeneration is extremely urgent. Recent research shown that MSCs stimulate osteogenic differentiation and vasculogenesis through paracrine signaling (Han et al., 2020). Interestingly, the small extracellular vesicles (sEVs) released by MSCs are considered as the executors of this paracrine effect and have potential to replace MSC-based treatments in bone tissue engineering (Hade et al., 2021). Compared to organ transplantation and stem cell therapy, sEVs induce less immunological rejection and provide greater stability for application, transportation, and storage (Liu F. et al., 2019; Kim et al., 2021; Zheng et al., 2021; Tsai et al., 2022). The regenerative functions of MSCs-derived sEVs (MSCs-sEVs) depend on the proteins, lipids, DNA, RNA, and miRNAs they carry. Importantly, miRNAs are associated with bone homeostasis and angiogenesis. However, miRNA-based treatments have encountered challenges due to limited in vivo delivery efficiency. Recently, MSCs-sEVs have emerged as a viable tool for delivering therapeutic miRNAs (Zhu et al., 2020). As a natural delivery system, sEVs not only contain abundant miRNAs internally but also serve as carriers, enhancing the stability of encapsulated cargo, prolonging circulation periods, and facilitating transmembrane delivery. However, several challenges persist in the realm of MSCs-sEVs, including the presence of endogenous miRNAs, their potential impact on bone regeneration, and the successful encapsulation of osteogenic miRNAs within sEVs.
This review highlights the delivery of miRNAs by MSCs-sEVs to enhance angiogenesis, reduce inflammation, and promote osteogenesis (Figure 1). To begin with, we provide a concise overview of the biogenesis and functions of sEVs, which serve as nanocarriers for miRNAs. Next, we summarize the alterations in the expression of osteogenic-related miRNAs within MSCs-sEVs, observing diverse microenvironments. Lastly, we discuss the latest research findings concerning the delivery of miRNAs by MSCs-sEVs in the context of bone regeneration and bone-related diseases.
[image: Figure 1]FIGURE 1 | The potential of MSCs-sEVs-miRNAs in enhancing angiogenesis, reducing inflammation, and promoting osteogenesis. The miRNAs derived from MSCs-sEVs exhibit the ability to enhance vascular development and regeneration in cases of bone defects. They also have the potential to promote polarization of M2 macrophage, thus reducing inflammation. Additionally, these miRNAs can facilitate osteoblast differentiation while inhibiting osteoclast differentiation.
2 SEVS AS NANOCARRIERS FOR MIRNAS
2.1 The biological properties and functions of sEVs
Extracellular vesicles (EVs) are intricate structures with double-layer lipid membrane, ranging in diameter from 40 to 160 nm. They are abundantly found in diverse body fluids being secreted by various cell types including bone mesenchymal stem cells (BMSCs) (Li X. et al., 2020), adipose mesenchymal stem cells (ASCs) (Fang and Liang, 2021), human umbilical cord mesenchymal stem cells (huc-MSCs) (Yang J. et al., 2020), and tumor cells (Kalluri and LeBleu, 2020). EVs can be classified into three distinct groups based on their size: large, medium, and small EVs. Moreover, they can be categorized according to their origin as microvesicles, apoptotic bodies, and exosomes. Microvesicles emerge through cell membrane budding, while apoptotic bodies generate during cell apoptosis (Tkach and Théry, 2016). Exosomes are produced via the formation of intracellular multivesicular bodies (MVBs) that encompass intraluminal vesicles (ILVs). These exosomes are then released through the fusion of MVBs with the plasma membrane and subsequent exocytosis (Gandham et al., 2020). In line with the latest guidelines recommending the use of “sEVs” instead of “exosomes,” this review will adopt the term “sEVs”. The isolation of sEVs can be achieved through various techniques, including differential ultracentrifugation, density gradient centrifugation, microfluidics (Cheng et al., 2021), size exclusion chromatography (Koh et al., 2018), immunoaffinity capture (Stam et al., 2021), or sEVs isolation kits (Macías et al., 2019). To characterize sEVs, their structures, size, and surface markers are examined using transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and western blotting (Zhao et al., 2020).
sEVs display diverse physiological functions depending on their origins and contents. Recent research has revealed their crucial roles in various biological processes such as intercellular communication, angiogenesis, tissue regeneration, inflammation, and cancer metastasis (Lv et al., 2018; Ma et al., 2018; Mashouri et al., 2019; Brennan et al., 2020; Kalluri and LeBleu, 2020). Notably, sEVs can regulate the proliferation, differentiation, and apoptosis of target cells through multiple signaling pathways (Vinaiphat and Sze, 2020). For example, ASCs-sEVs activate the SMAD2/3 and SMAD1/5/9 pathways, promoting tendon stem cell proliferation, migration, and tenogenic differentiation (Liu H. et al., 2021). BMSCs-sEVs inhibit apoptosis and inflammation in RAW 264.7 cells via the BRD4/EZH2/TRAIL axis (Su et al., 2021). sEVs derived from dental pulp stem cells (DPSCs) promote cell migration and angiogenic differentiation (Ganesh et al., 2022), while blood serum-derived sEVs facilitate fibroblast migration, angiogenesis, and granulation tissue formation in diabetic mice (Chen et al., 2021b). Hepatocyte-derived sEVs contribute to liver regeneration by increasing sphingosine-1-phosphate synthesis (S1P) (Nojima et al., 2016). MSCs-sEVs alleviate inflammation by suppressing NLRP3 inflammasome activation and the TLR4/NF-κB signaling pathway (Zhang C. et al., 2022). However, carcinoma-associated fibroblasts (CAFs)-derived sEVs increase salivary adenoid cystic carcinoma lung metastasis by inducing lung pre-metastatic niche formation (Kong et al., 2019). Moreover, sEVs play a role in regulating bone metastasis. Prostate cancer-derived sEVs promote the progression of osteolytic lesions in bone metastasis by transferring miR-152–3p from prostate cancer cells to osteoclasts (Ma et al., 2021). Consequently, sEVs derived from various sources exhibit diverse effects, serving as therapeutic agents for tissue regeneration, inflammation suppression, and potential targets for treating cancer metastasis.
sEVs have emerged as valuable tools for both diagnosis and therapy in the treatment of various diseases. Their composition, including proteins, lipids, DNA, RNA, and miRNAs, contributes to their unique properties. sEVs are promising non-invasive diagnostic biomarkers for cancer, diabetes mellitus (Huang et al., 2022), and bone diseases (Li R. et al., 2022). For example, urinary sEVs have been utilized for the early detection of gastric cancer (Chen et al., 2022), hepatocellular carcinoma (Li et al., 2022c), and head and neck cancer (Hofmann et al., 2022). Additionally, the identification of differentially expressed miRNAs within sEVs offers illuminating insights into various processes related to bone diseases such as osteoarthritis, femoral head necrosis, and bone fracture healing (Li et al., 2022b). Consequently, the detection of sEVs has become a simple, non-invasive, highly sensitive, and cost-effective method for monitoring the emergence and progression of diseases.
In the treatment of various diseases, sEVs have demonstrated significant advantages due to their biocompatibility, high bioavailability, and ability to deliver therapeutic cargo to target cells. Stem cell-derived sEVs possess remarkable regenerative potential, making them highly applicable in therapeutic applications. Notably, MSCs-sEVs have been explored as nanotherapeutics for autoimmune and neurodegenerative disorders. MSCs-derived sEVs, for instance, have shown their ability to reduce demyelination and neuroinflammation (Riazifar et al., 2019). Meanwhile, ASCs-derived sEVs have accelerated wound healing by promoting re-epithelialization and reducing inflammation (Zhou et al., 2022b), while BMSCs-derived sEVs have exhibited potential in improving osteoarthritis by promoting cartilage repair and alleviating knee pain (He et al., 2020). Huc-MSCs-derived sEVs have exhibited potential in repairing Parkinson’s disease by crossing the blood-brain barrier (BBB), reducing apoptosis, and preventing the loss of substantia nigra dopaminergic neuron (Chen et al., 2020). sEVs have also been detected in various body fluids. For example, bovine milk-derived sEVs have demonstrated the ability to alleviate colitis symptoms by modulating intestinal inflammatory responses (Han et al., 2022). Plasma-derived sEVs have shown the potential to promote the proliferation and migration of BMSCs while inhibiting inflammation-induced chondrocyte degeneration (Zhang Y. et al., 2022). Furthermore, saliva-derived sEVs have exhibited potential in promoting cutaneous wound healing by stimulating the proliferation, migration, and angiogenesis of human umbilical vein endothelial cells (HUVECs) (Mi et al., 2020). In addition, there is growing interest in using sEVs as delivery tools for therapeutic miRNAs, proteins, and drugs. For instance, miR-31–5p mimics loaded in milk-derived sEVs have demonstrated efficacy in promoting diabetic wound healing (Yan et al., 2022). Zha et al. (2020) reported that encapsulated VEGF plasmid gene within sEVs elevated vascularized osteogenesis in vivo. Qian et al. (2022) found that sEVs derived from neural stem cells inhibited glioma by transferring miR-124–3p. Moreover, doxorubicin-loaded neutrophil-derived sEVs have shown potential in the treatment of glioma, brain diseases, and solid tumors (Wang J. et al., 2021). Overall, sEVs possess biocompatibility and exhibit extended circulation time by evading macrophage capture and clearance (Kamerkar et al., 2017). MSCs-derived sEVs offer significant potential in promoting angiogenic and osteogenic differentiation, making them a promising cell-free therapy for bone repair and regeneration (Heris et al., 2022).
2.2 sEVs transfer miRNAs into cells
miRNAs are initially transcribed into pre-miRNAs by RNA polymerase II and further processed by Drosha/DGCR8 to generate pri-miRNAs. These pri-miRNAs are exported to the cytoplasm through exportin-5 and mature into functional miRNAs. These mature miRNAs bind to the 3′ untranslated region (3′UTR) of target mRNAs, regulating various physiological and pathological processes through post-transcriptional silencing (Kim et al., 2009). However, the therapeutic potential of miRNAs is hindered by the lack of safe, effective, and stable delivery systems that protect them from degradation and facilitate cellular uptake.
Studies indicated that sEVs contain multiple miRNAs that can be transferred to target cells, influencing their functions. sEVs present potential advantages over other miRNA delivery strategies, including enhanced delivery efficiency and reduced degradation rates (Liang et al., 2021). Factors such as cell source, culture conditions, and sEV isolation techniques can influence the number of miRNAs in sEVs. Loading miRNAs into sEVs can be achieved either by modulating donor cells (endogenously) or by loading cargoes into sEVs in vitro (exogenously). Endogenous transfection methods involve modifying source cells to alter miRNA levels (Shojaati et al., 2019; Lou et al., 2020), while exogenous techniques include electroporation, co-incubation, sonication, and lipofectamine for sEVs derived from body fluids like blood, urine, saliva, and breast milk (Asadirad et al., 2019). Notably, the clinical implementation of electroporation (Zhang et al., 2017) for the direct transfer of miRNA mimics or inhibitors into sEVs encounters challenges such as exosome destruction, aggregation, and low loading efficiency (Wei Z. et al., 2021). Exo-Fect transfection has demonstrated high effectiveness, with over 50% transfection efficiency and lower co-localization with lysosomal and early endosomal compartments compared to other methods like heat shock or cholesterol modification of miRNAs (de Abreu et al., 2021). Nevertheless, since sEVs already naturally contain miRNAs and proteins, the efficient encapsulation of additional miRNAs remains unclear. To overcome these challenges and enhance the clinical translation of sEVs for miRNA delivery, further research is needed to optimize their utilization.
3 VARIATIONS IN OSTEOGENIC-ASSOCIATED MIRNAS EXPRESSION WITHIN MSCS-SEVS UNDER DIFFERENT MICROENVIRONMENTS
Altered miRNA expression has been observed in stem cells derived from different sources and cultured under various conditions, as identified through miRNA microarray or high-throughput sequencing techniques. This article provides a summary of effects of osteogenic induction, hypoxic preconditioning, cellular senescence, and chemical or biomaterial microenvironments on the expression of osteogenic-associated miRNAs in MSCs-sEVs.
3.1 Osteogenic induction
Despite the potential of MSCs for multi-lineage differentiation, their application in tissue-engineering is limited due to low survival rates and differentiation efficiency. Osteogenic induction medium (OIM) can improve the stability, calcified nodules, and levels of ALP, OCN, OPN, and Runx2 in MSCs. Moreover, it affects the expression of miRNAs in MSCs-derived sEVs. For example, osteogenic induction of huc-MSCs resulted in 67 upregulated and 64 downregulated miRNAs in MSCs-derived sEVs during extended culture. These miRNAs target genes associated with bone growth and function, which are silenced. Notably, the gradually increasing expression of miR-2110 and miR-328–3p promoted osteogenesis by inhibiting the MAPK and PI3K-AKT-mTOR signaling pathways (Yahao and Xinjia, 2021). In BMSCs-sEVs, 8 miRNAs were downregulated, and 16 miRNAs were upregulated under osteoinductive culture, closely linked to bone formation by regulating the balance between Bmpr2/Acvr2b and smad1/5/9 phosphorylation (Liu A. et al., 2021). Moreover, OIM significantly altered miRNA expression over time, with miR-455–3p (Ma et al., 2022) and miR-27a-3p (Ren et al., 2021) continuing to increase on the 7th and 14th days in OIM, resulting in the downregulation of downstream targets HDAC2 and CRY2/ERK1/2. In conclusion, osteogenic induction can alter miRNA expression in sEVs, thereby impacting the osteogenic differentiation ability of sEVs.
3.2 Hypoxia preconditioning
Hypoxic pretreatment promotes the viability, proliferation, plasticity, and differentiation of BMSCs, while decreasing their apoptosis via the upregulation of HIF-1α (Luo et al., 2019) and downregulation of stress response-related genes p16 and extracellular signal-regulated kinase (Tsiapalis and Zeugolis, 2019). Recent studies have unveiled the capability of hypoxia preconditioning to elevate miRNA expression in sEVs derived from BMSCs (Shen et al., 2022). For instance, hypoxia preconditioning upregulated miR-126 in MSCs-sEVs via HIF-1α activation. This activation improved bone fracture healing through the miR-126/SPRED1/Ras/Erk signaling pathway (Liu et al., 2020a). Moreover, hypoxic MSCs-derived sEVs stimulate osteogenesis and promote new blood vessel growth in mice with bone deficiencies. During hypoxia, miRNA sequencing analysis demonstrated that elevated levels of miR-210–3p in sEVs. The upregulation of miR-210–3p facilitated vascularized bone regeneration by inhibiting the expression of EFNA3 and activating the PI3K/AKT pathway (Zhuang et al., 2022). Furthermore, MSCs-sEVs derived from the hypoxic preconditioning microenvironment induced the polarization of M1 to M2 phenotype by enriching miR-216a-5p and activating the TLR4/NF-κB/PI3K/AKT axis (Liu et al., 2020b). It is important to note that prolonged periods of hypoxia or excessively low oxygen concentrations may impair the function of MSCs, despite the effectiveness of hypoxic preconditioning in optimizing the regenerative and therapeutic potential of MSCs.
3.3 Senescence
Senescence induces irreversible cell-cycle arrest, which in turn contributes to age-related bone fragility and loss. The composition of sEVs and their miRNAs in the bone marrow microenvironment may vary with age. Previous studies have revealed that BMSCs-sEVs from young and aged mice are rich in miRNAs, but the miRNA profile differs significantly, contributing to the dysfunction of stem cells associated with aging. Particularly, aged sEVs exhibited a significant increase in miR-183–5p expression. Transfection of miR-183–5p mimics into BMSCs induced osteoblast dysfunction by downregulating heme oxygenase-1 (Hmox1) activity (Davis et al., 2017). Xu et al. (2018) discovered elevated levels of miR-31a-5p in BMSCs-derived sEVs from aged rats compared to those from their younger counterparts. The enrichment of miR-31a-5p in sEVs regulated osteoblastic and osteoclastic activities, promoting bone resorption and inhibiting bone formation. This observation presents miR-31a-5p as a potential therapeutic modulator for age-related bone loss. Furthermore, sEVs derived from aged bone matrix stimulated adipogenesis and vascular calcification during bone resorption by upregulating the expression of miR-128–3p (Xu et al., 2020), miR-483–5p, and miR-2861 (Wang ZX. et al., 2022). In conclusion, as time progresses, sEVs enriched with specific miRNAs hinder bone formation, enhance bone resorption, and stimulate adipogenesis in bone marrow microenvironment. These molecules hold promise as valuable biomarkers for age-related bone diseases.
3.4 Chemical or biomaterials microenvironment
Both chemical elements and biomaterial structures can influence cell-to-cell communication, altering miRNA profiles and target gene expression in sEVs. For example, the incorporation of lithium (Li) into bioactive materials enhanced the proliferation, migration, and tube formation of HUVECs, thereby promoting angiogenesis during bone remodeling. This effect was achieved through the upregulation of miR-130a and activation of the PTEN/AKT signaling pathway in BMSCs-derived sEVs (Liu L. et al., 2019). Similarly, biocompatible titanium alloys supported the attachment of mineralized bone matrix and promoted cell-free bone regeneration by upregulating the expression of miR-146a-5p, miR-503–5p, miR-483–3p and miR-129–5p, while downregulating the expression of miR-32–5p, miR-133a-3p, and miR-204–5p. Coating cell-free titanium alloy scaffolds (Ti-scaffolds) with MSC-sEVs facilitated bone-forming outcomes comparable to those achieved with MSC-seeded Ti-scaffolds (Zhai et al., 2020). In another study, Fe3O4 nanoparticles were used to manufacture BMSCs-sEV, which were found to promote osteogenesis and angiogenesis by modulating miR-1260a/HDAC7/COL4A2 (Wu et al., 2021a). Similarly, the utilization of strontium (Sr) -containing biomaterials prompted the production of pro-angiogenic miR-146a cargoes within BMSCs-sEVs. These cargoes, in turn, inhibited the expression of Smad4 and NF2, leading to the development of engineered Sr-sEVs with dual-functional regulation for promoting both osteogenesis and angiogenesis in the context of vascularized bone regeneration (Liu L. et al., 2021). Additionally, 3D printing biomaterials loaded with human gingival MSCs-sEVs increased the expression of osteogenic and angiogenic markers such as RUNX2, VEGFA, OPN, and COL1A1, alongside enhanced expression of miR-2861 and miR-210 (Pizzicannella et al., 2019). Taken together, these studies suggest that even tiny bioactive elements or structures can significantly impact the expression of miRNAs in MSCs-sEVs, thereby playing a pivotal role in bone repair and regeneration.
4 MIRNAS DELIVERED BY MSCS-SEVS IN BONE REGENERATION
Osteogenesis, angiogenesis, and inflammation are all essential processes involved in the healing of bone defects. miRNAs delivered by MSCs-sEVs and the associated signaling pathways play crucial roles in regulating the above processes (as depicted in Figure 2). These small molecules facilitate intercellular communication, enabling cells to exchange information and participate in the regulation of osteogenesis. Therefore, targeting sEVs-miRNAs and their related signaling pathways holds potential therapeutic opportunities for the treatment of bone injuries and diseases. The formation of blood vessel networks is crucial to supply the necessary nutrients and oxygen required for regulating bone remodeling. The expression of sEVs-miRNAs affects angiogenesis, thereby influencing osteogenesis (Yang et al., 2021). Furthermore, during the inflammatory phase of bone healing, researchers discovered that sEVs-miRNAs enhanced their immunomodulatory properties, leading to the suppression of pro-inflammatory markers and elevation of anti-inflammatory markers (Kang M. et al., 2022). These findings emphasized the importance of the pro-angiogenic and anti-inflammatory abilities of sEVs-miRNAs in promoting bone regeneration.
[image: Figure 2]FIGURE 2 | MSCs-sEVs deliver miRNAs by transfection and their applications. The miRNA mimics or inhibitors were transfected into stem cells to overexpress or knock down the expression of miRNAs in MSCs-sEVs. Then, miRNAs loaded in MSCs-sEVs enhance angiogenesis and bone regeneration.
4.1 Facilitating osteoblastic differentiation
Researchers have been investigating the potential application of miRNA mimics or inhibitors to stimulate the proliferation, migration, and differentiation of osteoblasts in stem cells. They have discovered that incorporating these miRNAs into MSCs-sEVs is an effective method for promoting bone formation. For example, BMSCs-sEVs containing miR-21–5p enhanced the differentiation of osteoblasts and increased ALP activity in hFOB1.19 cells (You et al., 2022). Similarly, miR-126–5p and miR-150–5p enriched apical papilla-derived sEVs (SCAP-sEVs) facilitated migration and tube formation of HUVECs, promoted differentiation of MC3T3-E1 cells, and improved bone regeneration (Jing et al., 2022). BMSCs-sEVs were also found to support hBMSCs migration and osteogenesis by transporting miR-20a (Liu et al., 2021d).
These sEVs containing miRNAs operate by binding to the 3′ untranslated region (3′UTR) of downstream targets and mediating various signaling pathways. Compared to BMSCs-sEVs, BMSCs-derived sEVs loaded with miR-21–5p inhibited KLF3, a negative factor in osteogenic differentiation, resulting in enhanced osteoblastic differentiation and ALP activity in target cells (You et al., 2022). BMSCs-sEVs containing miR29a promoted angiogenesis and osteogenesis in a VASH1-dependent manner (Lu et al., 2020). Another research unveiled that sEVs derived from BMSCs, abundant in miR-27a-5p, induced the differentiation of osteoblast cells while suppressing autophagy, leading to bone formation by targeting Atg4B (Li X. et al., 2021). In a calvarial defect model, sEVs derived from miR-375-overexpressing hASCs promoted bone regenerative capacity by binding to insulin-like growth factor binding protein 3 (IGFBP3) (Chen et al., 2019).
MSCs-derived sEVs containing distinct miRNAs can facilitate or inhibit osteogenic differentiation by regulating various signaling pathways. For example, miR-101 encapsulated in BMSCs-sEVs facilitate osteogenic differentiation by repressing FBXW7 to regulate the HIF1α/FOXP3 axis (Li Y. et al., 2021). BMSC-sEVs containing miR-196a targeted Dkk1 to activate Wnt/β-catenin pathway (Peng et al., 2021). Meanwhile, BMSCs-sEVs loaded with miR-140–3p targeted plexin B1 (plxnb1), thereby promoting the osteoblastogenesis function via the plexin B1/RhoA/ROCK signaling pathway (Wang N. et al., 2022). BMSC-sEVs loaded with miR-15b impaired WWP1-mediated KLF2 ubiquitination and inactivated the NF-κB signaling pathway (Li Y. et al., 2020). Moreover, miR-29b-3p encapsulated in BMSCs-sEVs enhanced neovascularization at fracture sites by modulating PTEN/PI3K/AKT (Yang et al., 2022) and KDM5A/SOCS1/NF-κB axes (Zhang et al., 2020b). The overexpression of miR-130a-3p in ASCs-sEVs promoted osteogenic differentiation by mediating SIRT7/Wnt/β-catenin axis (Yang S. et al., 2020). The above studies demonstrate the potential of sEVs-delivered miRNAs in promoting vascularized bone regeneration.
However, it is important to note that some sEVs containing miRNAs have been identified as inhibitors of osteogenesis. For example, the overexpression of miR-25–5p (Lan et al., 2022), miR-424–5p (Wei Y. et al., 2021), and miR-100–5p (Yang et al., 2021) in sEVs inhibited osteogenesis by targeting RUNX2, OCN, ALP, and OPN levels through the SMAD2/ERK, WIF1/Wnt/β-catenin, and BMPR2/Smad1/5/9 signaling pathways, respectively. Huc-MSC-sEVs promoted the proliferation and osteogenesis of BMSCs by suppressing miR-365a-5p via the SAV1/YAP signaling pathway (Kuang et al., 2021). In addition, Long non-coding RNAs (LncRNAs) interact with miRNA and mRNA molecules through the competing endogenous RNA regulatory mechanism in bone repair and regeneration (Yang Y. et al., 2020). Acting as molecular sponges, LncRNAs competitively absorb miRNAs, thereby alleviating their inhibitory impact on target mRNAs and elevating the expression of those specific targets (Liu et al., 2022). For example, overexpressing lncRNA-KCNQ1OT1 in ASCs-sEVs silenced miR-141–5p expression, reducing cytotoxicity and apoptosis of osteoblasts, thus improving osteoporosis (Wang SZ. et al., 2021). Similarly, BMSCs-sEVs containing lnc-H19 absorbed miR-106, thereby promoting osteogenesis through the miR-106-Angpt1-Tie2/NO signaling pathway (Behera et al., 2021). Overall, MSCs-sEVs facilitate osteoblastic differentiation through lncRNA-miRNA-mRNA networks. However, a judicious selection of specific miRNAs is necessary, considering their potential to either promote or inhibit osteogenesis. The main miRNAs-mRNAs networks highlighted in the above studies are summarized in Table 1.
TABLE 1 | MSC-sEVs delivered miRNAs can regulate many signaling pathways to facilitate osteogenic differentiation.
[image: Table 1]4.2 Inhibiting osteoclast differentiation
MSCs-sEVs-miRNAs inhibit osteoclast differentiation, which negatively impacts bone healing by causing bone resorption. For instance, the transfection of miR-27a (Wang Y. et al., 2022) and miR-21 (Hu et al., 2022b) into MSCs increased their expression levels in sEVs, leading to decreased osteoclasts numbers and tartrate-resistant acid phosphatase (Trap) levels through the DKK2/Wnt/β-catenin signaling pathway, ultimately increasing bone mineral density. Similarly, ASCs-sEVs enriched with miR-21–5p and let-7b-5p significantly inhibited osteoclast differentiation, promoted BMSCs migration, and reduced bone resorption (Lee et al., 2021). The abundance of miR-6924–5p in BMSCs-sEVs inhibited osteoclast formation and enhanced bone healing by targeting OCSTAMP and CXCL12 (Feng et al., 2021). Furthermore, gingival tissue-derived MSCs-sEVs-miR-1260b inhibited osteoclastogenic activity by targeting the Wnt5a/RANKL pathway (Nakao et al., 2021). These sEVs-delivery systems exhibit promise for improving bone regeneration by activating osteoblastic differentiation while inhibiting osteoclast differentiation.
4.3 Promoting angiogenesis
The growth of blood vessels and the high expression of angiogenic factors are crucial for bone repair (Zhang L. et al., 2020). sEVs play a significant role in promoting vascularized bone regeneration by modulating the expression of miRNAs and multiple signaling pathways. BMSCs-sEVs can promote the expression of proangiogenic cytokines, including VEGF, platelet endothelial cell adhesion molecule-1 (CD31), and HIF-1α, leading to improved vascular development and regeneration in bone defects through the upregulation of the miR-21/NOTCH1/DLL4 signaling axis (Zhang et al., 2021c; Hu H. et al., 2022). The overexpression of miR-130a in BMSCs-sEVs facilitates bone formation and enhances the pro-angiogenic potential of HUVECs by stimulating the PTEN/AKT signaling pathway (Liu L. et al., 2019). The high expression of BMSCs-sEVs-miR-126 enhances angiogenesis by targeting PIK3R2, which activated the PI3K/Akt signaling pathway (Zhang L. et al., 2021). Encapsulation of BMSCs-derived sEVs in scaffolds extends their delivery and released time. sEVs-loaded hydrogels release miR-21, which targets SPRY2 and accelerates both osteogenesis and angiogenesis (Wu et al., 2021b). However, sEVs-miR-214–3p results in impaired angiogenic potential and decreased bone mineral density (Wang X. et al., 2021), highlighting the importance of downregulating this miRNA in sEVs to promote vascularized bone regeneration. Overall, these findings shed light on the regulatory roles of sEVs containing miRNA in angiogenesis during the process of bone remodeling, further emphasizing their potential in bone tissue engineering.
4.4 Reducing inflammation
sEVs carrying miRNAs hold significant potential in modulating the bone healing process by regulating the polarization state of host macrophages. The polarization of macrophages plays an essential role in bone healing. M1-type macrophages induce persistent inflammation and tissue degradation, while M2-type macrophages promote anti-inflammatory responses and enhance tissue repair (Mao et al., 2022). The capacity of sEVs to transport and transfer miRNAs renders them a promising avenue for biomedical research. Studies have demonstrated the potential of sEVs in attenuating inflammation and promoting bone tissue repair. For instance, sEVs derived from BMSCs transfected with miR-23a-3p mimics promoted M2 macrophage polarization, reduced inflammation by inhibiting the IRF1 and NF-κB pathways, and improved tendon-bone healing. This was further evidenced by an increased ratio of bone volume to total volume (BV/TV), upregulated collagen type II alpha 1 levels, and improved bone healing outcomes (Li Z. et al., 2022). Similarly, ASCs-sEVs enriched with miR-451a significantly promoted bone healing and facilitated the shift from M1 macrophages to M2 macrophages, thereby inhibiting inflammation via miR-451a/MIF signaling pathway (Li R. et al., 2022). Furthermore, BMSCs-sEVs overexpressing miR-181b facilitated M2 macrophage polarization and osteointegration by suppressing PRKCD while activating p-AKT (Liu et al., 2021e). Additionally, gingival MSCs-derived sEVs containing miR-1260b inhibited osteoclastogenesis and periodontal bone resorption by inducing anti-inflammatory M2 macrophage polarization and repressing Wnt5a/RANKL pathway (Nakao et al., 2021). Dental pulp stem cells derived sEVs (DPSC-sEVs) enhanced T-cell modulatory function, restored the balance between Th17 cells and Treg cells, suppressed inflammation, and accelerated alveolar bone healing by transferring miR-1246 and inhibiting Nfat5 expression (Zhang et al., 2021b). Lastly, huc-MSCs-derived sEVs containing miR-378a-5p (Cai et al., 2021) and miR-326 (Wang et al., 2020) inhibited the expression of interleukin (IL)-18, IL-1β, Caspase-1, and NLRP3 inflammasomes. These findings suggest that miRNAs enriched in MSCs-sEVs possess the capability to regulate macrophage polarization and suppress inflammation, thereby promoting bone regeneration.
5 MIRNAS DELIVERED BY MSCS-SEVS IN BONE-RELATED DISEASES
MSCs and their sEVs have shown promising potential as therapeutic agents for bone-related diseases. They can transfer various types of information, regulate immune responses, inhibit cell apoptosis, induce differentiation, and promote tissue regeneration (Malekpour et al., 2022). The miRNAs found in MSCs-sEVs play a crucial role in maintaining the balance between osteoblasts and osteoclasts, promoting angiogenesis, and aiding in bone restoration. Table 2 outlines the important roles of miRNAs from MSCs-sEVs in various bone-related conditions such as bone fractures, osteoporosis, osteoarthritis, and osteonecrosis of the femoral head.
TABLE 2 | miRNAs delivered by MSCs-sEVs in bone-related diseases.
[image: Table 2]5.1 Bone fracture
Bone fracture healing is a complex process, involving the coordinated actions of osteoclasts for bone resorption and osteoblasts for bone formation. Recent studies have highlighted the role of miRNAs encapsulated within BMSCs-sEVs in enhancing neovascularization and bone formation at the fracture site through various complicated signaling pathways. For example, BMSCs-sEVs carrying miR-136–5p promoted osteoblast differentiation and facilitated fracture healing by targeting LRP4 and activating the Wnt/β-catenin signaling pathway (Yu et al., 2021). Another miRNA, miR-19b, abundant in BMSC-sEVs, facilitated bone cell mineralization, and enhanced neovascularization at the fracture site through the WWP1/Smurf2/KLF5/β-catenin signaling pathway (Huang et al., 2021a). Additionally, BMSC-sEVs secrete miR-25 (Jiang et al., 2020), miR-29b-3p (Yang et al., 2022), and miR-335 (Hu H. et al., 2021), which have demonstrated the ability to enhance the proliferation, migration, and differentiation of osteoblasts in vitro. In vivo, these miRNAs accelerate bone fracture healing through three distinct pathways: SMURF1/Runx2, VapB/Wnt/β-catenin, and PTEN/PI3K/AKT axes, respectively. Collectively, these findings suggest that MSCs-sEVs-encapsulated miRNAs may offer valuable insights into the disappearance of fracture lines, callus formation, and overall fracture healing process.
5.2 Osteoporosis
Osteoporosis (OP) is a degenerative bone disease caused by an imbalance in bone remodeling cycle, resulting in an increased risk and susceptibility to bone fractures (Brown, 2017). Recent in vitro experiments have demonstrated that certain miRNAs carried by MSCs-sEVs could impact the prognosis of OP. In postmenopausal osteoporotic rats, the expression of BMSCs-sEVs-miR-27a-3p and miR-196b-5p was relatively reduced (Lai et al., 2022), but these miRNAs actually accelerated osteogenesis and reduced bone resorption in OP. Upregulating BMSCs-sEVs containing miR-150–3p (Qiu et al., 2021), miR29a (Lu et al., 2020), and miR-21–5p (You et al., 2022) also stimulate angiogenesis and osteogenesis, presenting a novel therapeutic strategy for treating OP. Conversely, downregulating miR-146a in BMSCs-sEVs enhance the viability of MC3T3-E1 cells and prevent their apoptosis (Cao et al., 2020). BMSCs-derived sEVs containing MALAT1 boost osteoblast activity in osteoporotic mice by inhibiting the expression of miR-34c and promoting the expression of SATB2 (Yang et al., 2019). Mechanistically, miR-186 loaded BMSCs-sEVs facilitate osteogenesis in osteoporotic rats through the Hippo signaling pathway (Li L. et al., 2021). Further research revealed that sEVs derived from huc-MSCs prevent OP by inhibiting BMSCs apoptosis and regulating the miR-1263/Mob1/Hippo signaling pathway (Yang BC. et al., 2020). Overall, MSCs-sEVs carrying specific miRNAs have emerged as a promising therapy for OP, as they promote bone damage recovery and reduce bone resorption through various signaling pathways (Wang Y. et al., 2022).
5.3 Osteoarthritis
Osteoarthritis (OA) is a chronic inflammatory disease characterized by the degeneration of chondrocytes, bone sclerosis, and inflammation. Numerous studies have demonstrated the crucial roles of MSCs-sEVs-miRNAs in promoting chondrocyte migration and proliferation (Zhu et al., 2017). In OA tissues, the expression of miR-212–5p and miR-155–5p in synovial mesenchymal stem cells derived sEVs (SMSCs-sEVs) was found to be downregulated. Conversely, upregulated miR-212–5p and miR-155–5p (Wang Z. et al., 2021) in SMSC-sEVs could attenuate inflammation, chondrocyte degeneration, and degradation (Zheng T. et al., 2022). Similarly, MSCs-sEVs enriched with miR-125a-5p exhibited the ability to enhance chondrocyte migration and alleviate extracellular matrix degradation by targeting E2F2 (Xia et al., 2021). BMSC-sEVs encapsulating miR-206, miR-127–3p, and miR-9-5p could ameliorate inflammation and inhibit apoptosis by reducing Elf3 (Huang et al., 2021b), CDH11 (Dong et al., 2021), and SDC1 (Jin et al., 2020), respectively. BMSC-sEVs delivering miR-326 could inhibit chondrocyte pyroptosis and cartilage degradation by targeting HDAC3 through the STAT1/NF-κB p65 axis (Xu and Xu, 2021). Furthermore, recent studies have revealed the involvement of sEVs-lncRNAs in the pathological processes of OA through their interaction with miRNAs. For instance, the lncRNA NEAT1 and lncRNA-KLF3-AS1 delivered by MSCs-sEVs could suppress chondrocyte autophagy and apoptosis and decelerated the progression of OA by modulating the miR-122–5p/Sesn2/Nrf2 (Zhang and Jin, 2022) and miR-206/GIT1 (Liu et al., 2018) axes. In summary, miRNAs and lncRNAs loaded in MSCs-sEVs hold promise in effectively reducing inflammation, alleviating cartilage degradation, and promoting bone regeneration by modulating downstream targets and signaling pathways, thus providing potential therapeutic strategies for the treatment of OA.
5.4 Osteonecrosis of the femoral head
Osteonecrosis of the femoral head (ONFH) is a bone disease caused by impaired blood supply and necrosis of the marrow in the femoral head. Recently, studies have shown that the levels of miRNAs in sEVs might be altered during the progression of ONFH (Li et al., 2018). For example, miRNA sequencing revealed decreased expression of miR-185–3p and miR-1b-5p, while miR-129b-5p and miR-223–5p were upregulated in sEVs from femoral tissue in ONFH patients. These changes closely related to classical osteogenesis-related signaling pathways, including PI3K/Akt and Wnt signaling pathways (Zhu et al., 2022). Furthermore, elevated expression of sEVs-miR-100–5p in ONFH inhibits osteogenesis and angiogenesis through the BMPR2/SMAD1/5/9 signaling pathway (Yang et al., 2021). In contrast, in ONFH, the expression of miR-224–3p is downregulated in BMSCs-sEVs, which leads to increased angiogenesis by upregulating FIP200 (Xu et al., 2019). Overall, miRNAs promoting disease progression are upregulated, while those inhibiting disease progression are downregulated in ONFH.
Osteogenesis and angiogenesis are crucial for ONFH treatment, and miRNAs encapsulated within MSC-sEVs play a pivotal role in this process. For example, overexpressing miR-26a in MSCs-sEVs can protect the femoral head by enhancing integrity and density of vessels (Zuo et al., 2019). Recent studies indicated that huc-MSCs-sEVs delivering miR-21–5p promote angiogenesis and osteogenesis by suppressing SOX5 and EZH2 expression (Fang et al., 2022). Other findings suggested that ASCs-sEVs carrying miR-378 accelerate bone regeneration and angiogenesis, inhibiting ONFH progression by targeting Sufu to upregulate the Shh signaling pathway (Nan et al., 2021). Moreover, BMSCs-sEVs delivering miR-148a-3p mimics could enhance BMSCs viability and promote osteogenic differentiation to alleviate ONFH by inhibiting SMURF1 and subsequently increasing SMAD7 and BCL2 expression (Huang S. et al., 2020). Additionally, overexpressing miR-122–5p in sEVs increased osteoblasts proliferation and differentiation in the femoral head via the SPRY2/RTK/Ras/MAPK signaling pathway (Liao et al., 2019).
Osteocyte apoptosis may contribute to bone resorption, trigger osteoporosis, cause microfractures, result in femoral head hypoxia and ischemia, and ultimately lead to ONFH (Xu et al., 2021). Recent reports suggested that sEVs containing miRNAs prevent ONFH by inhibiting osteocyte apoptosis (Li G. et al., 2020). For example, human-induced pluripotent stem cell-derived MSCs-sEVs (hiPSC-MSC-sEVs) could inhibit cell apoptosis, promote cell proliferation, and alleviate the bone loss in ONFH by transferring miR-135b (Zhang et al., 2020c). BMSCs-sEVs delivering miR-150 could alleviate ONFH by suppressing osteoblast apoptosis through the GREM1/NF-κB signal pathway (Zheng LW. et al., 2022). Additionally, sEVs derived from huc-MSCs reduced osteocyte apoptosis in ONFH via the miR-21-PTEN-AKT signaling pathway (Kuang et al., 2019). In conclusion, the miRNAs delivered by MSC-sEVs play a pivotal role in promoting angiogenesis, reducing apoptosis, and facilitating vascularized bone formation in ONFH. This mechanism holds potential as a therapeutic strategy for treating ONFH.
6 CONCLUSION AND FUTURE PERSPECTIVES
In summary, bone repair and regeneration rely on the development of bone and blood vessels. MSCs show significant potential for bone regeneration due to their self-renewal and multilineage differentiation capacity (Huang CC. et al., 2020). However, MSCs therapies face obstacles such as high costs, limited sources, and strict storage requirements. Therefore, it is crucial to develop cell-free or acellular approaches to promote bone regeneration.
miRNAs play a crucial role in regulating osteoblast-osteoclast interactions and offer substantial clinical potential (Hu et al., 2022c). However, the lack of effective delivery systems has limited the use of miRNA-based therapeutics. sEVs have emerged as ideal delivery systems due to their ability to maintain miRNA stability during storage. However, sEVs are quickly cleared in vivo, which hampers their ability to reach the target site. To overcome this challenge, scaffolds can provide long-term preservation and sustained release of sEVs. For instance, MSCs-sEVs were lyophilized on a microporous bio-glass scaffold, resulting in controlled release, heightened expression of osteogenic-related markers, and enhanced bone repair efficiency (Liu A. et al., 2021). To ensure prolonged retention and controlled release of sEVs, researchers have developed cell-free metal-organic frameworks functionalized with hASCs-sEVs (Kang Y. et al., 2022). These sEVs-loaded composite scaffolds have shown the ability to accelerate blood supply, osteogenic differentiation, and bone reconstruction over an extended period.
However, a major challenge in sEVs research is the impurity and low abundance of conventionally produced sEVs. Three-dimensional (3D) cultures have proven more effective than two-dimensional (2D) cultures in producing sEVs by preventing cell adhesion to culture flask surfaces. sEVs produced from 3D-cultured MSCs exhibit potential in suppressing inflammation and enhancing therapeutic effects in bone regeneration by the upregulation of miRNAs. The upregulation of miRNAs is thought to be caused by the hypoxic conditions in the center of the 3D spheroidal structure (Zhang et al., 2021b). Other findings have shown that combining tangential flow filtration (TFF) with 3D cell cultures can increase the concentration of sEVs in cell culture supernatants, resulting in higher yields of biologically active sEVs and improved transferability of therapeutic siRNAs (Haraszti et al., 2018). Furthermore, the creation of specific sEVs-mimetics (EMs) through sequential mechanical extrusion of cells offers a rapid method for producing large quantities of sEVs, thereby enhancing manufacturing efficiency compared to traditional methods (Zha et al., 2020).
Ultimately, challenges in using sEVs for bone regeneration are their uncertain distribution and lack of targeting ability in the bone microenvironment. Recent research suggested that click chemistry, physical surface modification, and genetic engineering can help sEVs accumulate at the target site and enhance their therapeutic efficacy (Jiang et al., 2022). Several bone-targeting delivery strategies have been developed, including attaching the bone-targeting peptide SDSSD to the membrane of sEVs for specifically delivery to osteoblasts and the promotion of bone formation (Cui et al., 2022). Additionally, C-X-C motif chemokine receptor 4 (CXCR4) positive bone-targeted sEVs could be recruited by BMSCs and released miR-188 to promote osteogenesis and decrease cortical bone porosity for age-related bone loss (Hu Y. et al., 2021). Although the isolation, delivery, and targeted modification of sEVs are relatively well-documented, further research is necessary to understand the mechanisms by which sEVs deliver functional miRNAs to recipient cells. Therefore, it is important to consider good manufacturing practices, stability, loading efficiency, and targeted delivery of sEV-encapsulated miRNAs for bone repair and regeneration.
AUTHOR CONTRIBUTIONS
RL and SW drafted the review; RL, WL, and LW collected the references and designed the table; RL drew the figures; MD and WN read and approved the final manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by grants from the Provincial Basic Scientific Research Project of Liaoning Education Department (LJKZ0841); Science and Technology Plan of Liaoning Province (2021JH2/10300027); National Natural Science Foundation of China (82270971; 82100998); Liaoning Province Doctor Startup Foundation (2022-BS-237); Dalian Science and Technology Innovation Fund (2022JJ13SN063).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Anada, T., Pan, C. C., Stahl, A. M., Mori, S., Fukuda, J., Suzuki, O., et al. (2019). Vascularized bone-mimetic hydrogel constructs by 3D bioprinting to promote osteogenesis and angiogenesis. Int. J. Mol. Sci . 20, 1096. doi:10.3390/ijms20051096
 Asadirad, A., Hashemi, S. M., Baghaei, K., Ghanbarian, H., Mortaz, E., Zali, M. R., et al. (2019). Phenotypical and functional evaluation of dendritic cells after exosomal delivery of miRNA-155. Life Sci . 219, 152–162. doi:10.1016/j.lfs.2019.01.005
 Behera, J., Kumar, A., Voor, M. J., and Tyagi, N. (2021). Exosomal lncRNA-H19 promotes osteogenesis and angiogenesis through mediating Angpt1/Tie2-NO signaling in CBS-heterozygous mice. Theranostics 11, 7715–7734. doi:10.7150/thno.58410
 Brennan, M., Layrolle, P., and Mooney, D. J. (2020). Biomaterials functionalized with MSC secreted extracellular vesicles and soluble factors for tissue regeneration. Adv. Funct. Mater 30, 1909125. doi:10.1002/adfm.201909125
 Brown, C. (2017). Osteoporosis: staying strong. Nature 550, S15–s17. doi:10.1038/550S15a
 Bucher, C. H., Schlundt, C., Wulsten, D., Sass, F. A., Wendler, S., Ellinghaus, A., et al. (2019). Experience in the adaptive immunity impacts bone homeostasis, remodeling, and healing. Front. Immunol. 10, 797. doi:10.3389/fimmu.2019.00797
 Buduru, S. D., Gulei, D., Zimta, A. A., Tigu, A. B., Cenariu, D., and Berindan-Neagoe, I. (2019). The potential of different origin stem cells in modulating oral bone regeneration processes. Cells 8, 29. doi:10.3390/cells8010029
 Cai, X., Zhang, Z. Y., Yuan, J. T., Ocansey, D. K. W., Tu, Q., Zhang, X., et al. (2021). hucMSC-derived exosomes attenuate colitis by regulating macrophage pyroptosis via the miR-378a-5p/NLRP3 axis. Stem Cell Res. Ther. 12, 416. doi:10.1186/s13287-021-02492-6
 Cao, G., Meng, X., Han, X., and Li, J. (2020). Exosomes derived from circRNA Rtn4-modified BMSCs attenuate TNF-α-induced cytotoxicity and apoptosis in murine MC3T3-E1 cells by sponging miR-146a. Biosci. Rep. 40, BSR20193436. doi:10.1042/bsr20193436
 Chen, H., Huang, C., Wu, Y., Sun, N., and Deng, C. (2022). Exosome metabolic patterns on aptamer-coupled polymorphic carbon for precise detection of early gastric cancer. ACS Nano Online ahead print 16, 12952–12963. doi:10.1021/acsnano.2c05355
 Chen, H. X., Liang, F. C., Gu, P., Xu, B. L., Xu, H. J., Wang, W. T., et al. (2020). Exosomes derived from mesenchymal stem cells repair a Parkinson's disease model by inducing autophagy. Cell Death Dis. 11, 288. doi:10.1038/s41419-020-2473-5
 Chen, L., Luo, W., Wang, Y., Song, X., Li, S., Wu, J., et al. (2021a). Directional homing of glycosylation-modified bone marrow mesenchymal stem cells for bone defect repair. J. Nanobiotechnology 19, 228. doi:10.1186/s12951-021-00969-3
 Chen, L., Qin, L., Chen, C., Hu, Q., Wang, J., and Shen, J. (2021b). Serum exosomes accelerate diabetic wound healing by promoting angiogenesis and ECM formation. Cell Biol. Int. 45, 1976–1985. doi:10.1002/cbin.11627
 Chen, S., Tang, Y., Liu, Y., Zhang, P., Lv, L., Zhang, X., et al. (2019). Exosomes derived from miR-375-overexpressing human adipose mesenchymal stem cells promote bone regeneration. Cell Prolif. 52, e12669. doi:10.1111/cpr.12669
 Cheng, S., Li, Y., Yan, H., Wen, Y., Zhou, X., Friedman, L., et al. (2021). Advances in microfluidic extracellular vesicle analysis for cancer diagnostics. Lab. Chip 21, 3219–3243. doi:10.1039/d1lc00443c
 Claes, L., Recknagel, S., and Ignatius, A. (2012). Fracture healing under healthy and inflammatory conditions. Nat. Rev. Rheumatol. 8, 133–143. doi:10.1038/nrrheum.2012.1
 Cui, Y., Guo, Y., Kong, L., Shi, J., Liu, P., Li, R., et al. (2022). A bone-targeted engineered exosome platform delivering siRNA to treat osteoporosis. Bioact. Mater 10, 207–221. doi:10.1016/j.bioactmat.2021.09.015
 Davis, C., Dukes, A., Drewry, M., Helwa, I., Johnson, M. H., Isales, C. M., et al. (2017). MicroRNA-183-5p increases with age in bone-derived extracellular vesicles, suppresses bone marrow stromal (stem) cell proliferation, and induces stem cell senescence. Tissue Eng. Part A 23, 1231–1240. doi:10.1089/ten.TEA.2016.0525
 de Abreu, R. C., Ramos, C. V., Becher, C., Lino, M., Jesus, C., da Costa Martins, P. A., et al. (2021). Exogenous loading of miRNAs into small extracellular vesicles. J. Extracell. Vesicles 10, e12111. doi:10.1002/jev2.12111
 Dong, J., Li, L., Fang, X., and Zang, M. (2021). Exosome-encapsulated microRNA-127-3p released from bone marrow-derived mesenchymal stem cells alleviates osteoarthritis through regulating CDH11-mediated wnt/β-catenin pathway. J. Pain Res. 14, 297–310. doi:10.2147/jpr.S291472
 Fang, J., and Liang, W. (2021). ASCs -derived exosomes loaded with vitamin A and quercetin inhibit rapid senescence-like response after acute liver injury. Biochem. Biophys. Res. Commun. 572, 125–130. doi:10.1016/j.bbrc.2021.07.059
 Fang, S., Liu, Z., Wu, S., Chen, X., You, M., Li, Y., et al. (2022). Pro-angiognetic and pro-osteogenic effects of human umbilical cord mesenchymal stem cell-derived exosomal miR-21-5p in osteonecrosis of the femoral head. Cell Death Discov. 8, 226. doi:10.1038/s41420-022-00971-0
 Feng, W., Jin, Q., Ming-Yu, Y., Yang, H., Xu, T., You-Xing, S., et al. (2021). MiR-6924-5p-rich exosomes derived from genetically modified Scleraxis-overexpressing PDGFRα(+) BMMSCs as novel nanotherapeutics for treating osteolysis during tendon-bone healing and improving healing strength. Biomaterials 279, 121242. doi:10.1016/j.biomaterials.2021.121242
 Gandham, S., Su, X., Wood, J., Nocera, A. L., Alli, S. C., Milane, L., et al. (2020). Technologies and standardization in research on extracellular vesicles. Trends Biotechnol. 38, 1066–1098. doi:10.1016/j.tibtech.2020.05.012
 Ganesh, V., Seol, D., Gomez-Contreras, P. C., Keen, H. L., Shin, K., and Martin, J. A. (2022). Exosome-based cell homing and angiogenic differentiation for dental pulp regeneration. Int. J. Mol. Sci. 24, 466. doi:10.3390/ijms24010466
 Gong, L., Chen, B., Zhang, J., Sun, Y., Yuan, J., Niu, X., et al. (2020). Human ESC-sEVs alleviate age-related bone loss by rejuvenating senescent bone marrow-derived mesenchymal stem cells. J. Extracell. Vesicles 9, 1800971. doi:10.1080/20013078.2020.1800971
 Hade, M. D., Suire, C. N., and Suo, Z. (2021). Mesenchymal stem cell-derived exosomes: applications in regenerative medicine. Cells 10, 1959. doi:10.3390/cells10081959
 Han, G., Cho, H., Kim, H., Jang, Y., Jang, H., Kim, D. E., et al. (2022). Bovine colostrum derived-exosomes prevent dextran sulfate sodium-induced intestinal colitis via suppression of inflammation and oxidative stress. Biomater. Sci. 10, 2076–2087. doi:10.1039/d1bm01797g
 Han, Y., Gong, T., Zhang, C., and Dissanayaka, W. L. (2020). HIF-1α stabilization enhances angio-/vasculogenic properties of SHED. J. Dent. Res. 99, 804–812. doi:10.1177/0022034520912190
 Haraszti, R. A., Miller, R., Stoppato, M., Sere, Y. Y., Coles, A., Didiot, M. C., et al. (2018). Exosomes produced from 3D cultures of MSCs by tangential flow filtration show higher yield and improved activity. Mol. Ther. 26, 2838–2847. doi:10.1016/j.ymthe.2018.09.015
 He, L., He, T., Xing, J., Zhou, Q., Fan, L., Liu, C., et al. (2020). Bone marrow mesenchymal stem cell-derived exosomes protect cartilage damage and relieve knee osteoarthritis pain in a rat model of osteoarthritis. Stem Cell Res. Ther. 11, 276. doi:10.1186/s13287-020-01781-w
 Heris, R. M., Shirvaliloo, M., Abbaspour-Aghdam, S., Hazrati, A., Shariati, A., Youshanlouei, H. R., et al. (2022). The potential use of mesenchymal stem cells and their exosomes in Parkinson's disease treatment. Stem Cell Res. Ther. 13, 371. doi:10.1186/s13287-022-03050-4
 Hofmann, L., Medyany, V., Ezić, J., Lotfi, R., Niesler, B., Röth, R., et al. (2022). Cargo and functional profile of saliva-derived exosomes reveal biomarkers specific for head and neck cancer. Front. Med. (Lausanne) 9, 904295. doi:10.3389/fmed.2022.904295
 Hu, H., Hu, X., Li, L., Fang, Y., Yang, Y., Gu, J., et al. (2022a). Exosomes derived from bone marrow mesenchymal stem cells promote angiogenesis in ischemic stroke mice via upregulation of MiR-21-5p. Biomolecules 12, 883. doi:10.3390/biom12070883
 Hu, H., Wang, D., Li, L., Yin, H., He, G., and Zhang, Y. (2021a). Role of microRNA-335 carried by bone marrow mesenchymal stem cells-derived extracellular vesicles in bone fracture recovery. Cell Death Dis. 12, 156. doi:10.1038/s41419-021-03430-3
 Hu, L., Guan, Z., Tang, C., Li, G., and Wen, J. (2022b). Exosomes derived from microRNA-21 overexpressed adipose tissue-derived mesenchymal stem cells alleviate spine osteoporosis in ankylosing spondylitis mice. J. Tissue Eng. Regen. Med. 16, 634–642. doi:10.1002/term.3304
 Hu, L., Xie, X., Xue, H., Wang, T., Panayi, A. C., Lin, Z., et al. (2022c). MiR-1224-5p modulates osteogenesis by coordinating osteoblast/osteoclast differentiation via the Rap1 signaling target ADCY2. Exp. Mol. Med. 54, 961–972. doi:10.1038/s12276-022-00799-9
 Hu, M., Xing, L., Zhang, L., Liu, F., Wang, S., Xie, Y., et al. (2022d). NAP1L2 drives mesenchymal stem cell senescence and suppresses osteogenic differentiation. Aging Cell 21, e13551. doi:10.1111/acel.13551
 Hu, Y., Li, X., Zhang, Q., Gu, Z., Luo, Y., Guo, J., et al. (2021b). Exosome-guided bone targeted delivery of Antagomir-188 as an anabolic therapy for bone loss. Bioact. Mater 6, 2905–2913. doi:10.1016/j.bioactmat.2021.02.014
 Huang, C. C., Kang, M., Lu, Y., Shirazi, S., Diaz, J. I., Cooper, L. F., et al. (2020a). Functionally engineered extracellular vesicles improve bone regeneration. Acta Biomater. 109, 182–194. doi:10.1016/j.actbio.2020.04.017
 Huang, J. P., Chang, C. C., Kuo, C. Y., Huang, K. J., Sokal, E. M., Chen, K. H., et al. (2022). Exosomal microRNAs miR-30d-5p and miR-126a-5p are associated with heart failure with preserved ejection fraction in STZ-induced type 1 diabetic rats. Int. J. Mol. Sci. 23, 7514. doi:10.3390/ijms23147514
 Huang, S., Li, Y., Wu, P., Xiao, Y., Duan, N., Quan, J., et al. (2020b). microRNA-148a-3p in extracellular vesicles derived from bone marrow mesenchymal stem cells suppresses SMURF1 to prevent osteonecrosis of femoral head. J. Cell Mol. Med. 24, 11512–11523. doi:10.1111/jcmm.15766
 Huang, Y., Xu, Y., Feng, S., He, P., Sheng, B., and Ni, J. (2021a). miR-19b enhances osteogenic differentiation of mesenchymal stem cells and promotes fracture healing through the WWP1/Smurf2-mediated KLF5/β-catenin signaling pathway. Exp. Mol. Med. 53, 973–985. doi:10.1038/s12276-021-00631-w
 Huang, Y., Zhang, X., Zhan, J., Yan, Z., Chen, D., Xue, X., et al. (2021b). Bone marrow mesenchymal stem cell-derived exosomal miR-206 promotes osteoblast proliferation and differentiation in osteoarthritis by reducing Elf3. J. Cell Mol. Med. 25, 7734–7745. doi:10.1111/jcmm.16654
 Ishihara, S., Inman, D. R., Li, W. J., Ponik, S. M., and Keely, P. J. (2017). Mechano-signal transduction in mesenchymal stem cells induces prosaposin secretion to drive the proliferation of breast cancer cells. Cancer Res. 77, 6179–6189. doi:10.1158/0008-5472.Can-17-0569
 Jiang, Y., Li, J., Xue, X., Yin, Z., Xu, K., and Su, J. (2022). Engineered extracellular vesicles for bone therapy. Nano Today 44, 101487. doi:10.1016/j.nantod.2022.101487
 Jiang, Y., Zhang, J., Li, Z., and Jia, G. (2020). Bone marrow mesenchymal stem cell-derived exosomal miR-25 regulates the ubiquitination and degradation of Runx2 by SMURF1 to promote fracture healing in mice. Front. Med. (Lausanne) 7, 577578. doi:10.3389/fmed.2020.577578
 Jin, Z., Ren, J., and Qi, S. (2020). Exosomal miR-9-5p secreted by bone marrow-derived mesenchymal stem cells alleviates osteoarthritis by inhibiting syndecan-1. Cell Tissue Res. 381, 99–114. doi:10.1007/s00441-020-03193-x
 Jing, X., Wang, S., Tang, H., Li, D., Zhou, F., Xin, L., et al. (2022). Dynamically bioresponsive DNA hydrogel incorporated with dual-functional stem cells from apical papilla-derived exosomes promotes diabetic bone regeneration. ACS Appl. Mater Interfaces 14, 16082–16099. doi:10.1021/acsami.2c02278
 Kalluri, R., and LeBleu, V. S. (2020). The biology, function, and biomedical applications of exosomes. Science 367, eaau6977. doi:10.1126/science.aau6977
 Kamerkar, S., LeBleu, V. S., Sugimoto, H., Yang, S., Ruivo, C. F., Melo, S. A., et al. (2017). Exosomes facilitate therapeutic targeting of oncogenic KRAS in pancreatic cancer. Nature 546, 498–503. doi:10.1038/nature22341
 Kang, M., Huang, C. C., Gajendrareddy, P., Lu, Y., Shirazi, S., Ravindran, S., et al. (2022a). Extracellular vesicles from TNFα preconditioned MSCs: effects on immunomodulation and bone regeneration. Front. Immunol. 13, 878194. doi:10.3389/fimmu.2022.878194
 Kang, Y., Xu, C., Meng, L., Dong, X., Qi, M., and Jiang, D. (2022b). Exosome-functionalized magnesium-organic framework-based scaffolds with osteogenic, angiogenic and anti-inflammatory properties for accelerated bone regeneration. Bioact. Mater 18, 26–41. doi:10.1016/j.bioactmat.2022.02.012
 Kim, G. U., Sung, S. E., Kang, K. K., Choi, J. H., Lee, S., Sung, M., et al. (2021). Therapeutic potential of mesenchymal stem cells (MSCs) and MSC-derived extracellular vesicles for the treatment of spinal cord injury. Int. J. Mol. Sci. 22, 13672. doi:10.3390/ijms222413672
 Kim, V. N., Han, J., and Siomi, M. C. (2009). Biogenesis of small RNAs in animals. Nat. Rev. Mol. Cell Biol. 10, 126–139. doi:10.1038/nrm2632
 Koh, Y. Q., Almughlliq, F. B., Vaswani, K., Peiris, H. N., and Mitchell, M. D. (2018). Exosome enrichment by ultracentrifugation and size exclusion chromatography. Front. Biosci. (Landmark Ed. 23, 865–874. doi:10.2741/4621
 Kong, J., Tian, H., Zhang, F., Zhang, Z., Li, J., Liu, X., et al. (2019). Extracellular vesicles of carcinoma-associated fibroblasts creates a pre-metastatic niche in the lung through activating fibroblasts. Mol. Cancer 18, 175. doi:10.1186/s12943-019-1101-4
 Kuang, M. J., Huang, Y., Zhao, X. G., Zhang, R., Ma, J. X., Wang, D. C., et al. (2019). Exosomes derived from Wharton's jelly of human umbilical cord mesenchymal stem cells reduce osteocyte apoptosis in glucocorticoid-induced osteonecrosis of the femoral head in rats via the miR-21-PTEN-AKT signalling pathway. Int. J. Biol. Sci. 15, 1861–1871. doi:10.7150/ijbs.32262
 Kuang, M. J., Zhang, K. H., Qiu, J., Wang, A. B., Che, W. W., Li, X. M., et al. (2021). Exosomal miR-365a-5p derived from HUC-MSCs regulates osteogenesis in GIONFH through the Hippo signaling pathway. Mol. Ther. Nucleic Acids 23, 565–576. doi:10.1016/j.omtn.2020.12.006
 Lai, G., Zhao, R., Zhuang, W., Hou, Z., Yang, Z., He, P., et al. (2022). BMSC-derived exosomal miR-27a-3p and miR-196b-5p regulate bone remodeling in ovariectomized rats. PeerJ 10, e13744. doi:10.7717/peerj.13744
 Lan, Y., Xie, H., Jin, Q., Zhao, X., Shi, Y., Zhou, Y., et al. (2022). Extracellular vesicles derived from neural EGFL-Like 1-modified mesenchymal stem cells improve acellular bone regeneration via the miR-25-5p-SMAD2 signaling axis. Bioact. Mater 17, 457–470. doi:10.1016/j.bioactmat.2022.01.019
 Lee, K. S., Lee, J., Kim, H. K., Yeom, S. H., Woo, C. H., Jung, Y. J., et al. (2021). Extracellular vesicles from adipose tissue-derived stem cells alleviate osteoporosis through osteoprotegerin and miR-21-5p. J. Extracell. Vesicles 10, e12152. doi:10.1002/jev2.12152
 Li, G., Liu, H., Zhang, X., Liu, X., Zhang, G., and Liu, Q. (2020a). The protective effects of microRNA-26a in steroid-induced osteonecrosis of the femoral head by repressing EZH2. Cell Cycle 19, 551–566. doi:10.1080/15384101.2020.1717043
 Li, L., Zhou, X., Zhang, J. T., Liu, A. F., Zhang, C., Han, J. C., et al. (2021a). Exosomal miR-186 derived from BMSCs promote osteogenesis through hippo signaling pathway in postmenopausal osteoporosis. J. Orthop. Surg. Res. 16, 23. doi:10.1186/s13018-020-02160-0
 Li, R., Li, D., Wang, H., Chen, K., Wang, S., Xu, J., et al. (2022a). Exosomes from adipose-derived stem cells regulate M1/M2 macrophage phenotypic polarization to promote bone healing via miR-451a/MIF. Stem Cell Res. Ther. 13, 149. doi:10.1186/s13287-022-02823-1
 Li, X., Chen, R., Li, Y., Wang, P., Cui, Y., Yang, L., et al. (2021b). miR-27a-5p-Abundant small extracellular vesicles derived from epimedium-preconditioned bone mesenchymal stem cells stimulate osteogenesis by targeting Atg4B-mediated autophagy. Front. Cell Dev. Biol. 9, 642646. doi:10.3389/fcell.2021.642646
 Li, X., Zheng, Y., Hou, L., Zhou, Z., Huang, Y., Zhang, Y., et al. (2020b). Exosomes derived from maxillary BMSCs enhanced the osteogenesis in iliac BMSCs. Oral Dis. 26, 131–144. doi:10.1111/odi.13202
 Li, Y., Huang, P., Nasser, M. I., Wu, W., Yao, J., and Sun, Y. (2022b). Role of exosomes in bone and joint disease metabolism, diagnosis, and therapy. Eur. J. Pharm. Sci. 176, 106262. doi:10.1016/j.ejps.2022.106262
 Li, Y., Wang, J., Ma, Y., Du, W., Feng, H., Feng, K., et al. (2020c). Retracted article: microRNA-15b shuttled by bone marrow mesenchymal stem cell-derived extracellular vesicles binds to WWP1 and promotes osteogenic differentiation. Arthritis Res. Ther. 22, 269. doi:10.1186/s13075-020-02316-7
 Li, Y., Wang, J., Ma, Y., Du, W., Feng, K., and Wang, S. (2021c). miR-101-loaded exosomes secreted by bone marrow mesenchymal stem cells requires the FBXW7/HIF1α/FOXP3 axis, facilitating osteogenic differentiation. J. Cell Physiol. 236, 4258–4272. doi:10.1002/jcp.30027
 Li, Y., Wu, J., Li, E., Xiao, Z., Lei, J., Zhou, F., et al. (2022c). TP53 mutation detected in circulating exosomal DNA is associated with prognosis of patients with hepatocellular carcinoma. Cancer Biol. Ther. 23, 439–445. doi:10.1080/15384047.2022.2094666
 Li, Z., Li, Q., Tong, K., Zhu, J., Wang, H., Chen, B., et al. (2022d). BMSC-derived exosomes promote tendon-bone healing after anterior cruciate ligament reconstruction by regulating M1/M2 macrophage polarization in rats. Stem Cell Res. Ther. 13, 295. doi:10.1186/s13287-022-02975-0
 Li, Z., Yang, B., Weng, X., Tse, G., Chan, M. T. V., and Wu, W. K. K. (2018). Emerging roles of MicroRNAs in osteonecrosis of the femoral head. Cell Prolif. 51, e12405. doi:10.1111/cpr.12405
 Liang, Y., Duan, L., Lu, J., and Xia, J. (2021). Engineering exosomes for targeted drug delivery. Theranostics 11, 3183–3195. doi:10.7150/thno.52570
 Liao, W., Ning, Y., Xu, H. J., Zou, W. Z., Hu, J., Liu, X. Z., et al. (2019). BMSC-derived exosomes carrying microRNA-122-5p promote proliferation of osteoblasts in osteonecrosis of the femoral head. Clin. Sci. (Lond) 133, 1955–1975. doi:10.1042/cs20181064
 Liu, A., Lin, D., Zhao, H., Chen, L., Cai, B., Lin, K., et al. (2021a). Optimized BMSC-derived osteoinductive exosomes immobilized in hierarchical scaffold via lyophilization for bone repair through Bmpr2/Acvr2b competitive receptor-activated Smad pathway. Biomaterials 272, 120718. doi:10.1016/j.biomaterials.2021.120718
 Liu, F., Hu, S., Yang, H., Li, Z., Huang, K., Su, T., et al. (2019a). Hyaluronic acid hydrogel integrated with mesenchymal stem cell-secretome to treat endometrial injury in a rat model of asherman's syndrome. Adv. Healthc. Mater 8, e1900411. doi:10.1002/adhm.201900411
 Liu, H., Zhang, M., Shi, M., Zhang, T., Lu, W., Yang, S., et al. (2021b). Adipose-derived mesenchymal stromal cell-derived exosomes promote tendon healing by activating both SMAD1/5/9 and SMAD2/3. Stem Cell Res. Ther. 12, 338. doi:10.1186/s13287-021-02410-w
 Liu, J., Yao, Y., Huang, J., Sun, H., Pu, Y., Tian, M., et al. (2022). Comprehensive analysis of lncRNA-miRNA-mRNA networks during osteogenic differentiation of bone marrow mesenchymal stem cells. BMC Genomics 23, 425. doi:10.1186/s12864-022-08646-x
 Liu, L., Liu, Y., Feng, C., Chang, J., Fu, R., Wu, T., et al. (2019b). Lithium-containing biomaterials stimulate bone marrow stromal cell-derived exosomal miR-130a secretion to promote angiogenesis. Biomaterials 192, 523–536. doi:10.1016/j.biomaterials.2018.11.007
 Liu, L., Yu, F., Li, L., Zhou, L., Zhou, T., Xu, Y., et al. (2021c). Bone marrow stromal cells stimulated by strontium-substituted calcium silicate ceramics: release of exosomal miR-146a regulates osteogenesis and angiogenesis. Acta Biomater. 119, 444–457. doi:10.1016/j.actbio.2020.10.038
 Liu, W., Huang, J., Chen, F., Xie, D., Wang, L., Ye, C., et al. (2021d). MSC-derived small extracellular vesicles overexpressing miR-20a promoted the osteointegration of porous titanium alloy by enhancing osteogenesis via targeting BAMBI. Stem Cell Res. Ther. 12, 348. doi:10.1186/s13287-021-02303-y
 Liu, W., Li, L., Rong, Y., Qian, D., Chen, J., Zhou, Z., et al. (2020a). Hypoxic mesenchymal stem cell-derived exosomes promote bone fracture healing by the transfer of miR-126. Acta Biomater. 103, 196–212. doi:10.1016/j.actbio.2019.12.020
 Liu, W., Rong, Y., Wang, J., Zhou, Z., Ge, X., Ji, C., et al. (2020b). Exosome-shuttled miR-216a-5p from hypoxic preconditioned mesenchymal stem cells repair traumatic spinal cord injury by shifting microglial M1/M2 polarization. J. Neuroinflammation 17, 47. doi:10.1186/s12974-020-1726-7
 Liu, W., Yu, M., Chen, F., Wang, L., Ye, C., Chen, Q., et al. (2021e). A novel delivery nanobiotechnology: engineered miR-181b exosomes improved osteointegration by regulating macrophage polarization. J. Nanobiotechnology 19, 269. doi:10.1186/s12951-021-01015-y
 Liu, Y., Lin, L., Zou, R., Wen, C., Wang, Z., and Lin, F. (2018). MSC-derived exosomes promote proliferation and inhibit apoptosis of chondrocytes via lncRNA-KLF3-AS1/miR-206/GIT1 axis in osteoarthritis. Cell Cycle 17, 2411–2422. doi:10.1080/15384101.2018.1526603
 Lou, G., Chen, L., Xia, C., Wang, W., Qi, J., Li, A., et al. (2020). MiR-199a-modified exosomes from adipose tissue-derived mesenchymal stem cells improve hepatocellular carcinoma chemosensitivity through mTOR pathway. J. Exp. Clin. Cancer Res. 39, 4. doi:10.1186/s13046-019-1512-5
 Lu, G. D., Cheng, P., Liu, T., and Wang, Z. (2020). BMSC-derived exosomal miR-29a promotes angiogenesis and osteogenesis. Front. Cell Dev. Biol. 8, 608521. doi:10.3389/fcell.2020.608521
 Luo, S., Xiao, S., Ai, Y., Wang, B., and Wang, Y. (2021). Changes in the hepatic differentiation potential of human mesenchymal stem cells aged in vitro. Ann. Transl. Med. 9, 1628. doi:10.21037/atm-21-4918
 Luo, Z., Wu, F., Xue, E., Huang, L., Yan, P., Pan, X., et al. (2019). Hypoxia preconditioning promotes bone marrow mesenchymal stem cells survival by inducing HIF-1α in injured neuronal cells derived exosomes culture system. Cell Death Dis. 10, 134. doi:10.1038/s41419-019-1410-y
 Lv, L. L., Feng, Y., Wen, Y., Wu, W. J., Ni, H. F., Li, Z. L., et al. (2018). Exosomal CCL2 from tubular epithelial cells is critical for albumin-induced tubulointerstitial inflammation. J. Am. Soc. Nephrol. 29, 919–935. doi:10.1681/asn.2017050523
 Ma, H., Li, M., Jia, Z., Chen, X., and Bu, N. (2022). MicroRNA-455-3p promotes osteoblast differentiation via targeting HDAC2. Inj. S0020- 1383, 3636–3641. doi:10.1016/j.injury.2022.08.047
 Ma, Q., Liang, M., Wu, Y., Dou, C., Xu, J., Dong, S., et al. (2021). Small extracellular vesicles deliver osteolytic effectors and mediate cancer-induced osteolysis in bone metastatic niche. J. Extracell. Vesicles 10, e12068. doi:10.1002/jev2.12068
 Ma, T., Chen, Y., Chen, Y., Meng, Q., Sun, J., Shao, L., et al. (2018). MicroRNA-132, delivered by mesenchymal stem cell-derived exosomes, promote angiogenesis in myocardial infarction. Stem Cells Int. 2018, 1–11. doi:10.1155/2018/3290372
 Macías, M., Rebmann, V., Mateos, B., Varo, N., Perez-Gracia, J. L., Alegre, E., et al. (2019). Comparison of six commercial serum exosome isolation methods suitable for clinical laboratories. Effect in cytokine analysis. Clin. Chem. Lab. Med. 57, 1539–1545. doi:10.1515/cclm-2018-1297
 Malekpour, K., Hazrati, A., Zahar, M., Markov, A., Zekiy, A. O., Navashenaq, J. G., et al. (2022). The potential use of mesenchymal stem cells and their derived exosomes for orthopedic diseases treatment. Stem Cell Rev. Rep. 18, 933–951. doi:10.1007/s12015-021-10185-z
 Mao, J. Y., Chen, L., Cai, Z. W., Qian, S. T., Liu, Z. M., Zhao, B. F., et al. (2022). Advanced biomaterials for regulating polarization of macrophages in wound healing. Adv. Funct. Mater. 32, 2111003. doi:10.1002/adfm.202111003
 Mashouri, L., Yousefi, H., Aref, A. R., Ahadi, A. M., Molaei, F., and Alahari, S. K. (2019). Exosomes: composition, biogenesis, and mechanisms in cancer metastasis and drug resistance. Mol. Cancer 18, 75. doi:10.1186/s12943-019-0991-5
 Mi, B., Chen, L., Xiong, Y., Yan, C., Xue, H., Panayi, A. C., et al. (2020). Saliva exosomes-derived UBE2O mRNA promotes angiogenesis in cutaneous wounds by targeting SMAD6. J. Nanobiotechnology 18, 68. doi:10.1186/s12951-020-00624-3
 Miura, M., Miura, Y., Padilla-Nash, H. M., Molinolo, A. A., Fu, B., Patel, V., et al. (2006). Accumulated chromosomal instability in murine bone marrow mesenchymal stem cells leads to malignant transformation. Stem Cells 24, 1095–1103. doi:10.1634/stemcells.2005-0403
 Nakao, Y., Fukuda, T., Zhang, Q., Sanui, T., Shinjo, T., Kou, X., et al. (2021). Exosomes from TNF-α-treated human gingiva-derived MSCs enhance M2 macrophage polarization and inhibit periodontal bone loss. Acta Biomater. 122, 306–324. doi:10.1016/j.actbio.2020.12.046
 Nan, K., Zhang, Y., Zhang, X., Li, D., Zhao, Y., Jing, Z., et al. (2021). Exosomes from miRNA-378-modified adipose-derived stem cells prevent glucocorticoid-induced osteonecrosis of the femoral head by enhancing angiogenesis and osteogenesis via targeting miR-378 negatively regulated suppressor of fused (Sufu). Stem Cell Res. Ther. 12, 331. doi:10.1186/s13287-021-02390-x
 Nojima, H., Freeman, C. M., Schuster, R. M., Japtok, L., Kleuser, B., Edwards, M. J., et al. (2016). Hepatocyte exosomes mediate liver repair and regeneration via sphingosine-1-phosphate. J. Hepatol. 64, 60–68. doi:10.1016/j.jhep.2015.07.030
 Peng, Z., Lu, S., Lou, Z., Li, Z., Li, S., Yang, K., et al. (2021). Exosomes from bone marrow mesenchymal stem cells promoted osteogenic differentiation by delivering miR-196a that targeted Dickkopf-1 to activate Wnt/β-catenin pathway. Bioengineered 1, 1996015. doi:10.1080/21655979.2021.1996015
 Pizzicannella, J., Diomede, F., Gugliandolo, A., Chiricosta, L., Bramanti, P., Merciaro, I., et al. (2019). 3D printing PLA/gingival stem cells/EVs upregulate miR-2861 and -210 during osteoangiogenesis commitment. Int. J. Mol. Sci. 20, 3256. doi:10.3390/ijms20133256
 Qian, C., Wang, Y., Ji, Y., Chen, D., Wang, C., Zhang, G., et al. (2022). Neural stem cell-derived exosomes transfer miR-124-3p into cells to inhibit glioma growth by targeting FLOT2. Int. J. Oncol. 61, 115. doi:10.3892/ijo.2022.5405
 Qiu, M., Zhai, S., Fu, Q., and Liu, D. (2021). Bone marrow mesenchymal stem cells-derived exosomal MicroRNA-150-3p promotes osteoblast proliferation and differentiation in osteoporosis. Hum. Gene Ther. 32, 717–729. doi:10.1089/hum.2020.005
 Ren, L. R., Yao, R. B., Wang, S. Y., Gong, X. D., Xu, J. T., and Yang, K. S. (2021). MiR-27a-3p promotes the osteogenic differentiation by activating CRY2/ERK1/2 axis. Mol. Med. 27, 43. doi:10.1186/s10020-021-00303-5
 Riazifar, M., Mohammadi, M. R., Pone, E. J., Yeri, A., Lässer, C., Segaliny, A. I., et al. (2019). Stem cell-derived exosomes as nanotherapeutics for autoimmune and neurodegenerative disorders. ACS Nano 13, 6670–6688. doi:10.1021/acsnano.9b01004
 Shen, K., Duan, A., Cheng, J., Yuan, T., Zhou, J., Song, H., et al. (2022). Exosomes derived from hypoxia preconditioned mesenchymal stem cells laden in a silk hydrogel promote cartilage regeneration via the miR-205-5p/PTEN/AKT pathway. Acta Biomater. 143, 173–188. doi:10.1016/j.actbio.2022.02.026
 Shojaati, G., Khandaker, I., Funderburgh, M. L., Mann, M. M., Basu, R., Stolz, D. B., et al. (2019). Mesenchymal stem cells reduce corneal fibrosis and inflammation via extracellular vesicle-mediated delivery of miRNA. Stem Cells Transl. Med. 8, 1192–1201. doi:10.1002/sctm.18-0297
 Stam, J., Bartel, S., Bischoff, R., and Wolters, J. C. (2021). Isolation of extracellular vesicles with combined enrichment methods. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 1169, 122604. doi:10.1016/j.jchromb.2021.122604
 Su, Y., Song, X., Teng, J., Zhou, X., Dong, Z., Li, P., et al. (2021). Mesenchymal stem cells-derived extracellular vesicles carrying microRNA-17 inhibits macrophage apoptosis in lipopolysaccharide-induced sepsis. Int. Immunopharmacol. 95, 107408. doi:10.1016/j.intimp.2021.107408
 Tkach, M., and Théry, C. (2016). Communication by extracellular vesicles: where we are and where we need to go. Cell 164, 1226–1232. doi:10.1016/j.cell.2016.01.043
 Tsai, H. I., Wu, Y., Liu, X., Xu, Z., Liu, L., Wang, C., et al. (2022). Engineered small extracellular vesicles as a FGL1/PD-L1 dual-targeting delivery system for alleviating immune rejection. Adv. Sci. (Weinh) 9, e2102634. doi:10.1002/advs.202102634
 Tsiapalis, D., and Zeugolis, D. I. (2019). Hypoxia preconditioning of bone marrow mesenchymal stem cells before implantation in orthopaedics. J. Am. Acad. Orthop. Surg. 27, e1040–e1042. doi:10.5435/jaaos-d-19-00044
 Turinetto, V., Vitale, E., and Giachino, C. (2016). Senescence in human mesenchymal stem cells: functional changes and implications in stem cell-based therapy. Int. J. Mol. Sci. 17, 1164. doi:10.3390/ijms17071164
 Vinaiphat, A., and Sze, S. K. (2020). Advances in extracellular vesicles analysis. Adv. Clin. Chem. 97, 73–116. doi:10.1016/bs.acc.2019.12.003
 Volarevic, V., Markovic, B. S., Gazdic, M., Volarevic, A., Jovicic, N., Arsenijevic, N., et al. (2018). Ethical and safety issues of stem cell-based therapy. Int. J. Med. Sci. 15, 36–45. doi:10.7150/ijms.21666
 Wang, G., Yuan, J., Cai, X., Xu, Z., Wang, J., Ocansey, D. K. W., et al. (2020). HucMSC-exosomes carrying miR-326 inhibit neddylation to relieve inflammatory bowel disease in mice. Clin. Transl. Med. 10, e113. doi:10.1002/ctm2.113
 Wang, J., Tang, W., Yang, M., Yin, Y., Li, H., Hu, F., et al. (2021a). Inflammatory tumor microenvironment responsive neutrophil exosomes-based drug delivery system for targeted glioma therapy. Biomaterials 273, 120784. doi:10.1016/j.biomaterials.2021.120784
 Wang, N., Liu, X., Tang, Z., Wei, X., Dong, H., Liu, Y., et al. (2022a). Increased BMSC exosomal miR-140-3p alleviates bone degradation and promotes bone restoration by targeting Plxnb1 in diabetic rats. J. Nanobiotechnology 20, 97. doi:10.1186/s12951-022-01267-2
 Wang, S. Z., Jia, J., and Chen, C. H. (2021b). lncRNA-KCNQ1OT1: A potential target in exosomes derived from adipose-derived stem cells for the treatment of osteoporosis. Stem Cells Int. 2021, 1–17. doi:10.1155/2021/7690006
 Wang, X., Li, X., Li, J., Zhai, L., Liu, D., Abdurahman, A., et al. (2021c). Mechanical loading stimulates bone angiogenesis through enhancing type H vessel formation and downregulating exosomal miR-214-3p from bone marrow-derived mesenchymal stem cells. Faseb J. 35, e21150. doi:10.1096/fj.202001080RR
 Wang, Y., Zhou, X., and Wang, D. (2022b). Mesenchymal stem cell-derived extracellular vesicles inhibit osteoporosis via MicroRNA-27a-induced inhibition of DKK2-mediated wnt/β-catenin pathway. Inflammation 45, 780–799. doi:10.1007/s10753-021-01583-z
 Wang, Z., Yan, K., Ge, G., Zhang, D., Bai, J., Guo, X., et al. (2021d). Exosomes derived from miR-155-5p-overexpressing synovial mesenchymal stem cells prevent osteoarthritis via enhancing proliferation and migration, attenuating apoptosis, and modulating extracellular matrix secretion in chondrocytes. Cell Biol. Toxicol. 37, 85–96. doi:10.1007/s10565-020-09559-9
 Wang, Z. X., Luo, Z. W., Li, F. X., Cao, J., Rao, S. S., Liu, Y. W., et al. (2022c). Aged bone matrix-derived extracellular vesicles as a messenger for calcification paradox. Nat. Commun. 13, 1453. doi:10.1038/s41467-022-29191-x
 Wei, Y., Ma, H., Zhou, H., Yin, H., Yang, J., Song, Y., et al. (2021a). miR-424-5p shuttled by bone marrow stem cells-derived exosomes attenuates osteogenesis via regulating WIF1-mediated Wnt/β-catenin axis. Aging (Albany NY) 13, 17190–17201. doi:10.18632/aging.203169
 Wei, Z., Chen, Z., Zhao, Y., Fan, F., Xiong, W., Song, S., et al. (2021b). Mononuclear phagocyte system blockade using extracellular vesicles modified with CD47 on membrane surface for myocardial infarction reperfusion injury treatment. Biomaterials 275, 121000. doi:10.1016/j.biomaterials.2021.121000
 Wu, D., Chang, X., Tian, J., Kang, L., Wu, Y., Liu, J., et al. (2021a). Bone mesenchymal stem cells stimulation by magnetic nanoparticles and a static magnetic field: release of exosomal miR-1260a improves osteogenesis and angiogenesis. J. Nanobiotechnology 19, 209. doi:10.1186/s12951-021-00958-6
 Wu, D., Qin, H., Wang, Z., Yu, M., Liu, Z., Peng, H., et al. (2021b). Bone mesenchymal stem cell-derived sEV-encapsulated thermosensitive hydrogels accelerate osteogenesis and angiogenesis by release of exosomal miR-21. Front. Bioeng. Biotechnol. 9, 829136. doi:10.3389/fbioe.2021.829136
 Xia, Q., Wang, Q., Lin, F., and Wang, J. (2021). miR-125a-5p-abundant exosomes derived from mesenchymal stem cells suppress chondrocyte degeneration via targeting E2F2 in traumatic osteoarthritis. Bioengineered 12, 11225–11238. doi:10.1080/21655979.2021.1995580
 Xu, H., and Xu, B. (2021). BMSC-derived exosomes ameliorate osteoarthritis by inhibiting pyroptosis of cartilage via delivering miR-326 targeting HDAC3 and STAT1//NF-κB p65 to chondrocytes. Mediat. Inflamm. 2021, 1–26. doi:10.1155/2021/9972805
 Xu, H. J., Liao, W., Liu, X. Z., Hu, J., Zou, W. Z., Ning, Y., et al. (2019). Down-regulation of exosomal microRNA-224-3p derived from bone marrow-derived mesenchymal stem cells potentiates angiogenesis in traumatic osteonecrosis of the femoral head. Faseb J. 33, 8055–8068. doi:10.1096/fj.201801618RRR
 Xu, K., Lu, C., Ren, X., Wang, J., Xu, P., and Zhang, Y. (2021). Overexpression ofHIF-1α enhances the protective effect of mitophagy on steroid-induced osteocytes apoptosis. Environ. Toxicol. 36, 2123–2137. doi:10.1002/tox.23327
 Xu, R., Shen, X., Si, Y., Fu, Y., Zhu, W., Xiao, T., et al. (2018). MicroRNA-31a-5p from aging BMSCs links bone formation and resorption in the aged bone marrow microenvironment. Aging Cell 17, e12794. doi:10.1111/acel.12794
 Xu, T., Luo, Y., Wang, J., Zhang, N., Gu, C., Li, L., et al. (2020). Exosomal miRNA-128-3p from mesenchymal stem cells of aged rats regulates osteogenesis and bone fracture healing by targeting Smad5. J. Nanobiotechnology 18, 47. doi:10.1186/s12951-020-00601-w
 Yahao, G., and Xinjia, W. (2021). The role and mechanism of exosomes from umbilical cord mesenchymal stem cells in inducing osteogenesis and preventing osteoporosis. Cell Transpl. 30, 096368972110574. doi:10.1177/09636897211057465
 Yan, C., Chen, J., Wang, C., Yuan, M., Kang, Y., Wu, Z., et al. (2022). Milk exosomes-mediated miR-31-5p delivery accelerates diabetic wound healing through promoting angiogenesis. Drug Deliv. 29, 214–228. doi:10.1080/10717544.2021.2023699
 Yang, B. C., Kuang, M. J., Kang, J. Y., Zhao, J., Ma, J. X., and Ma, X. L. (2020a). Human umbilical cord mesenchymal stem cell-derived exosomes act via the miR-1263/Mob1/Hippo signaling pathway to prevent apoptosis in disuse osteoporosis. Biochem. Biophys. Res. Commun. 524, 883–889. doi:10.1016/j.bbrc.2020.02.001
 Yang, J., Chen, Z., Pan, D., Li, H., and Shen, J. (2020b). <p&gt;Umbilical cord-derived mesenchymal stem cell-derived exosomes combined pluronic F127 hydrogel promote chronic diabetic wound healing and complete skin regeneration</p&gt;. Int. J. Nanomedicine 15, 5911–5926. doi:10.2147/ijn.S249129
 Yang, J., Gao, J., Gao, F., Zhao, Y., Deng, B., Mu, X., et al. (2022). Extracellular vesicles-encapsulated microRNA-29b-3p from bone marrow-derived mesenchymal stem cells promotes fracture healing via modulation of the PTEN/PI3K/AKT axis. Exp. Cell Res. 412, 113026. doi:10.1016/j.yexcr.2022.113026
 Yang, S., Guo, S., Tong, S., and Sun, X. (2020c). Exosomal miR-130a-3p regulates osteogenic differentiation of Human Adipose-Derived stem cells through mediating SIRT7/Wnt/β-catenin axis. Cell Prolif. 53, e12890. doi:10.1111/cpr.12890
 Yang, W., Zhu, W., Yang, Y., Guo, M., Qian, H., Jiang, W., et al. (2021). Exosomal miR-100-5p inhibits osteogenesis of hBMSCs and angiogenesis of HUVECs by suppressing the BMPR2/Smad1/5/9 signalling pathway. Stem Cell Res. Ther. 12, 390. doi:10.1186/s13287-021-02438-y
 Yang, X., Yang, J., Lei, P., and Wen, T. (2019). LncRNA MALAT1 shuttled by bone marrow-derived mesenchymal stem cells-secreted exosomes alleviates osteoporosis through mediating microRNA-34c/SATB2 axis. Aging (Albany NY) 11, 8777–8791. doi:10.18632/aging.102264
 Yang, Y., Yujiao, W., Fang, W., Linhui, Y., Ziqi, G., Zhichen, W., et al. (2020d). The roles of miRNA, lncRNA and circRNA in the development of osteoporosis. Biol. Res. 53, 40. doi:10.1186/s40659-020-00309-z
 You, M., Ai, Z., Zeng, J., Fu, Y., Zhang, L., and Wu, X. (2022). Bone mesenchymal stem cells (BMSCs)-derived exosomal microRNA-21-5p regulates Kruppel-like factor 3 (KLF3) to promote osteoblast proliferation in vitro. Bioengineered 13, 11933–11944. doi:10.1080/21655979.2022.2067286
 Yu, H., Zhang, J., Liu, X., and Li, Y. (2021). microRNA-136-5p from bone marrow mesenchymal stem cell-derived exosomes facilitates fracture healing by targeting LRP4 to activate the Wnt/β-catenin pathway. Bone Jt. Res. 10, 744–758. doi:10.1302/2046-3758.1012.Bjr-2020-0275.R2
 Zha, Y., Lin, T., Li, Y., Zhang, X., Wang, Z., Li, Z., et al. (2020). Exosome-mimetics as an engineered gene-activated matrix induces in-situ vascularized osteogenesis. Biomaterials 247, 119985. doi:10.1016/j.biomaterials.2020.119985
 Zhai, M., Zhu, Y., Yang, M., and Mao, C. (2020). Human mesenchymal stem cell derived exosomes enhance cell-free bone regeneration by altering their miRNAs profiles. Adv. Sci. (Weinh) 7, 2001334. doi:10.1002/advs.202001334
 Zhang, C., Huang, Y., Ouyang, F., Su, M., Li, W., Chen, J., et al. (2022a). Extracellular vesicles derived from mesenchymal stem cells alleviate neuroinflammation and mechanical allodynia in interstitial cystitis rats by inhibiting NLRP3 inflammasome activation. J. Neuroinflammation 19, 80. doi:10.1186/s12974-022-02445-7
 Zhang, D., Lee, H., Zhu, Z., Minhas, J. K., and Jin, Y. (2017). Enrichment of selective miRNAs in exosomes and delivery of exosomal miRNAs in vitro and in vivo. Am. J. Physiol. Lung Cell Mol. Physiol. 312, L110–l121. doi:10.1152/ajplung.00423.2016
 Zhang, L., Jiao, G., Ren, S., Zhang, X., Li, C., Wu, W., et al. (2020a). Exosomes from bone marrow mesenchymal stem cells enhance fracture healing through the promotion of osteogenesis and angiogenesis in a rat model of nonunion. Stem Cell Res. Ther. 11, 38. doi:10.1186/s13287-020-1562-9
 Zhang, L., Ouyang, P., He, G., Wang, X., Song, D., Yang, Y., et al. (2021a). Exosomes from microRNA-126 overexpressing mesenchymal stem cells promote angiogenesis by targeting the PIK3R2-mediated PI3K/Akt signalling pathway. J. Cell Mol. Med. 25, 2148–2162. doi:10.1111/jcmm.16192
 Zhang, S., and Jin, Z. (2022). Bone mesenchymal stem cell-derived extracellular vesicles containing long noncoding RNA NEAT1 relieve osteoarthritis. Oxid. Med. Cell Longev. 2022, 1–21. doi:10.1155/2022/5517648
 Zhang, X., Wang, W., Wang, Y., Zhao, H., Han, X., Zhao, T., et al. (2020b). Extracellular vesicle-encapsulated miR-29b-3p released from bone marrow-derived mesenchymal stem cells underpins osteogenic differentiation. Front. Cell Dev. Biol. 8, 581545. doi:10.3389/fcell.2020.581545
 Zhang, X., You, J. M., Dong, X. J., and Wu, Y. (2020c). Administration of mircoRNA-135b-reinforced exosomes derived from MSCs ameliorates glucocorticoid-induced osteonecrosis of femoral head (ONFH) in rats. J. Cell Mol. Med. 24, 13973–13983. doi:10.1111/jcmm.16006
 Zhang, Y., Chen, J., Fu, H., Kuang, S., He, F., Zhang, M., et al. (2021b). Exosomes derived from 3D-cultured MSCs improve therapeutic effects in periodontitis and experimental colitis and restore the Th17 cell/Treg balance in inflamed periodontium. Int. J. Oral Sci. 13, 43. doi:10.1038/s41368-021-00150-4
 Zhang, Y., Wang, X., Chen, J., Qian, D., Gao, P., Qin, T., et al. (2022b). Exosomes derived from platelet-rich plasma administration in site mediate cartilage protection in subtalar osteoarthritis. J. Nanobiotechnology 20, 56. doi:10.1186/s12951-022-01245-8
 Zhang, Y., Xie, Y., Hao, Z., Zhou, P., Wang, P., Fang, S., et al. (2021c). Umbilical mesenchymal stem cell-derived exosome-encapsulated hydrogels accelerate bone repair by enhancing angiogenesis. ACS Appl. Mater Interfaces 13, 18472–18487. doi:10.1021/acsami.0c22671
 Zhao, S., Mi, Y., Guan, B., Zheng, B., Wei, P., Gu, Y., et al. (2020). Tumor-derived exosomal miR-934 induces macrophage M2 polarization to promote liver metastasis of colorectal cancer. J. Hematol. Oncol. 13, 156. doi:10.1186/s13045-020-00991-2
 Zheng, L. W., Lan, C. N., Kong, Y., Liu, L. H., Fan, Y. M., and Zhang, C. J. (2022a). Exosomal miR-150 derived from BMSCs inhibits TNF-α-mediated osteoblast apoptosis in osteonecrosis of the femoral head by GREM1/NF-κB signaling. Regen. Med. 17, 739–753. doi:10.2217/rme-2021-0169
 Zheng, Q., Zhang, S., Guo, W. Z., and Li, X. K. (2021). The unique immunomodulatory properties of MSC-derived exosomes in organ transplantation. Front. Immunol. 12, 659621. doi:10.3389/fimmu.2021.659621
 Zheng, T., Li, Y., Zhang, X., Xu, J., and Luo, M. (2022b). Exosomes derived from miR-212-5p overexpressed human synovial mesenchymal stem cells suppress chondrocyte degeneration and inflammation by targeting ELF3. Front. Bioeng. Biotechnol. 10, 816209. doi:10.3389/fbioe.2022.816209
 Zhou, Y., Wen, L. L., Li, Y. F., Wu, K. M., Duan, R. R., Yao, Y. B., et al. (2022a). Exosomes derived from bone marrow mesenchymal stem cells protect the injured spinal cord by inhibiting pericyte pyroptosis. Neural Regen. Res. 17, 194–202. doi:10.4103/1673-5374.314323
 Zhou, Y., Zhang, X. L., Lu, S. T., Zhang, N. Y., Zhang, H. J., Zhang, J., et al. (2022b). Human adipose-derived mesenchymal stem cells-derived exosomes encapsulated in pluronic F127 hydrogel promote wound healing and regeneration. Stem Cell Res. Ther. 13, 407. doi:10.1186/s13287-022-02980-3
 Zhu, L., Shi, Y., Liu, L., Wang, H., Shen, P., and Yang, H. (2020). Mesenchymal stem cells-derived exosomes ameliorate nucleus pulposus cells apoptosis via delivering miR-142-3p: therapeutic potential for intervertebral disc degenerative diseases. Cell Cycle 19, 1727–1739. doi:10.1080/15384101.2020.1769301
 Zhu, W., Zhang, F., Lu, J., Ma, C., Shen, L., Hu, D., et al. (2022). The analysis of Modified Qing' E Formula on the differential expression of exosomal miRNAs in the femoral head bone tissue of mice with steroid-induced ischemic necrosis of femoral head. Front. Endocrinol. (Lausanne) 13, 954778. doi:10.3389/fendo.2022.954778
 Zhu, Y., Wang, Y., Zhao, B., Niu, X., Hu, B., Li, Q., et al. (2017). Comparison of exosomes secreted by induced pluripotent stem cell-derived mesenchymal stem cells and synovial membrane-derived mesenchymal stem cells for the treatment of osteoarthritis. Stem Cell Res. Ther. 8, 64. doi:10.1186/s13287-017-0510-9
 Zhuang, Y., Cheng, M., Li, M., Cui, J., Huang, J., Zhang, C., et al. (2022). : Small extracellular vesicles derived from hypoxic mesenchymal stem cells promote vascularized bone regeneration through the miR-210-3p/EFNA3/PI3K pathway, Acta biomaterialia . Online ahead of print. doi:10.1016/j.actbio.2022.07.015
 Zuo, R., Kong, L., Wang, M., Wang, W., Xu, J., Chai, Y., et al. (2019). Exosomes derived from human CD34(+) stem cells transfected with miR-26a prevent glucocorticoid-induced osteonecrosis of the femoral head by promoting angiogenesis and osteogenesis. Stem Cell Res. Ther. 10, 321. doi:10.1186/s13287-019-1426-3
GLOSSARY
 | 
[image: ]Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Liu, Wu, Liu, Wang, Dong and Niu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 07 September 2023
doi: 10.3389/fbioe.2023.1238181


[image: image2]
Median mandibular flexure—the unique physiological phenomenon of the mandible and its clinical significance in implant restoration
Jing Gao, Lulu Jiang and Baohong Zhao*
Center of Implantology School and Hospital of Stomatology, China Medical University, Liaoning Province Key Laboratory of Oral Diseases, Shenyang, China
Edited by:
Nora Bloise, University of Pavia, Italy
Reviewed by:
Anjali P. Kusumbe, University of Oxford, United Kingdom
Karthik Sivaraman, Manipal Academy of Higher Education, India
* Correspondence: Baohong Zhao, bhzhao@cmu.edu.cn
Received: 11 June 2023
Accepted: 29 August 2023
Published: 07 September 2023
Citation: Gao J, Jiang L and Zhao B (2023) Median mandibular flexure—the unique physiological phenomenon of the mandible and its clinical significance in implant restoration. Front. Bioeng. Biotechnol. 11:1238181. doi: 10.3389/fbioe.2023.1238181

Abstract
Mandibular flexure, characterized by unique biomechanical behaviors such as elastic bending and torsion under functional loading, has emerged as a crucial factor in oral clinical diagnosis and treatment. This paper presents a comprehensive review of the current research status on mandibular flexure, drawing insights from relevant studies retrieved from the PubMed database (www.ncbi.nlm.nih.gov/pubmed), including research conclusions, literature reviews, case reports, and authoritative reference books. This paper thoroughly explores the physiological mechanisms underlying mandibular flexure, discussing different concurrent deformation types and the essential factors influencing this process. Moreover, it explores the profound implications of mandibular flexure on clinical aspects such as bone absorption around dental implants, the precision of prosthesis fabrication, and the selection and design of superstructure materials. Based on the empirical findings, this review provides crucial clinical recommendations. Specifically, it is recommended to exert precise control over the patients mouth opening during impression-taking. Those with a high elastic modulus or bone-tissue-like properties should be prioritized when selecting superstructure materials. Moreover, this review underscores the significance of customizing framework design to accommodate individual variations in facial morphology and occlusal habits. Future research endeavors in this field have the potential to advance clinical diagnosis and treatment approaches, providing opportunities for improvement.
Keywords: median mandibular flexure, implant restoration, deformation, factors, clinical significance
1 INTRODUCTION
Weinmann and Sicher. (1955) demonstrated for the first time in 1955 that the cohesion of the traction condyle can cause the mandible to bend and deform due to the contraction of the lateral pterygoid muscle. In 1973, (Goodkind and Heringlake, 1973), designated this bending phenomenon as mandibular flexure (MF). In recent years, researchers interest in the physiological deformation of the mandible has gradually grown.
MF is a unique and complex physiological phenomenon of the mandible involving the interaction of numerous head and neck muscles (Sivaraman et al., 2016; Azpiazu-Flores et al., 2022). Generally, researchers (Regli and Kelly, 1967; Hylander, 1984) concur that the primary factor attributed to MF is the contraction of the pterygoid muscle; the platysma, mylohyoid, and superior constrictor also play a role in condyle convergence (Hylander, 1984). As the muscle attached to the mandible contracts, the tension it exerts on the mandible changes both the mandibles morphology and the teeth relative positioning. Hylanders experimental findings regarding the biological behavior of the mandible in adult rhesus monkeys reveal four jaw deformation types in MF (Hylander, 1984; Sivaraman et al., 2016) (As shown in Figure 1.).
1. Symphyseal bending associated with median convergence, or corporal approximation: this type of strain is associated with the contraction of the lateral pterygoid muscle during jaw opening movements.
2. Dorsoventral shear: this produces a shearing force in the sagittal plane and is a result of the vertical components of muscle forces from the lateral pterygoid muscles and their action forces at the condyles. The magnitude of the shear force depends on the points of application. The amount of shear force is equal on both sides of the mandible during symmetrical loading, while the amount of deformation differs between the working and balancing sides during unilateral loading.
3. Corporal rotation: this occurs during rotation of the body of the mandible, usually during the lower stroke of mastication. The resultant force causes narrowing of the dental arch.
4. Anteroposterior shear: this is induced by the contraction of the lateral components of the jaw-elevating muscles. It appears late in the power stroke, and the bending moment increases from the posterior to the anterior region.”
[image: Figure 1]FIGURE 1 | Medial rotation of the mandible and decrease in arch width during mandibular flexure caused by contraction of lateral pterygoid muscle (Sivaraman et al., 2016).
Among the various mandibular deformations, the median mandibular flexure (MMF) is the most influential mandibular deformation mode on implant restoration. Most researchers have reached an initial consensus on the mechanism of mandibular deformation: the “U”-shaped or horseshoe-shaped mandible functions as a curvilinear beam that supports bilateral and unilateral loads. The lateral pterygoid muscles contract to initiate mandibular movement. In conjunction with the sagittal movement of the posterior segment, the medial pull on the mandibular condyle facilitates mandibular flexion around the mandibular symphysis. As depicted in Figure 2, the tension exerted by these attached structures induces changes in the mandibular shape, resulting in a narrower arch and affecting the teeth relative positioning within the mandibular arch (Sivaraman et al., 2016). Therefore, functional flexure of the mandible is worthy of significant biomechanical consideration. Torsional stresses may develop within the mandibular dental arch due to the rigid splinting of natural teeth or the integration of implants via fixed trans-arch bridges. Due to the adaptable nature of the periodontal ligament, these stresses can be compensated for in the case of natural teeth. Significantly, such stresses may also manifest in the superstructure of restorations, potentially leading to ceramic fractures and adhesive failures (Fischman, 1990).
[image: Figure 2]FIGURE 2 | Bucco-lingual tipping of the teeth in lower arch and stress concentration at mandibular symphysis area during mandibular flexure (Sivaraman et al., 2016).
Clinicians must be aware of mandibular deformation, and while there have been notable advances in MF-related research, this area remains relatively understudied, primarily due to technical and methodological limitations. Thus, the authors comprehensively reviewed the literature from 1955 to 2023, including review papers, clinical trials, biomechanical experiments, and case reports. This review aimed to thoroughly explore the mechanisms of MMF and its clinical significance and shed light on the preventative measures clinicians should consider. Moreover, this review endeavored to present novel research ideas and avenues for advancing our understanding of MMF.
2 MMF
2.1 Deformation caused by MMF
The jaw deforms in at least three directions due to non-masticatory physiological movements, with a deformation range of a few microns to 1 mm and an average value of approximately 0.073 mm (Shinkai et al., 2004; Covani et al., 2011). Furthermore, approximately 2% of patients can experience more than 4 mm elastic displacement of the mandibular condyles during mandibular movement (Linkow and Ghalili, 1999).
During jaw opening and protrusion, the bilateral pterygoid muscles can narrow the mandibular arch by contraction (Manzi et al., 2013). In their study using oral impressions with varying degrees of mandibular opening, Regli CP et al. found that deformation had a positive correlation with opening degree and extension distance (Regli and Kelly, 1967). In addition, Ioanid N demonstrated no change in the width of the mandible up to a mouth opening of 28%, after which the change in width was directly proportional to the mouth opening (Ioanid et al., 2017). Using intraoral scanning, Gülsoy M. demonstrated that MMF values increased linearly from the anterior to the posterior mandible in both dentulous and edentulous individuals (Gülsoy et al., 2022). The posterior portion of the mandibular foramen is more susceptible to elastic deformation, whereas the region between the bilateral mental foramen is relatively stable and less prone to deformation (English, 1993). These findings align with Carl E. Mischs observations, indicating that the cohesive mobility of the first molar can reach 0.8 mm, while that of the mandibular ascending ramus can reach 1.5 mm (Carl, 2005).
In addition to opening and protrusion, flexural movement occurs during lateral and retrusion movements. Hobkirk JA et al. measured relative motion and force transmission between dental osseointegrated implants in the edentulous mandibular premolar region using sensors connected to the implants. It was observed that forces during lateral deflections were significantly less than during open-mouth and closed-mouth movements (Hobkirk and Schwab, 1991), with an average of approximately 0.243–0.257 mm (ElSyad et al., 2019). Moreover, centric relation position (C.R.) is also associated with some amount of mandibular flexure. The study by Omar and Wise measured mandibular flexure in the horizontal plane, recorded using an “anterior jig”, chin-point guidance and patient-exerted muscle forces. The study found that horizontal mandibular retraction forces in the centric relation recordings resulted in an increase in the width of the dental arch (Omar and Wise, 1981; Ioanid et al., 2017).
2.2 MMF concurrent deformation types
(Law et al., 2012) reported discovering three deformation patterns in the MMF: symphyseal bending, corporal rotation, and dorsoventral shear. (Abdel-Latif et al., 2000). adopted a displacement sensor to measure the displacement of the most distal implants in patients with the implant-supported fixed denture in the edentulous mandible during lateral, opening, and clenching movements. The distance between the most distal implants on the left and right sides was the variable of convergence between the condyles. Meanwhile, the relative rotation of the left and right mandibular bodies projected on the median sagittal plane was used as the dorsoventral shear, and the rotation of the most distal implant was taken as the corporals degree of rotation. They discovered that the cohesive deformation caused by MMF was 0.04 mm, the degree of body rotation was 60°, and the dorsal-ventral incision was 19°. In addition, (Sesma et al., 1996), placed a displacement sensor close to the implants midline to measure the mandible deformation caused by MMF. Table 1 demonstrates the results.
TABLE 1 | Deformation of the most distal implants in edentulous patients during mandibular movement (Sesma et al., 1996).
[image: Table 1]2.3 Factors influencing MMF
2.3.1 Gender
In forensic medicine, the accuracy of mandibular ramus flexure for gender judgment can range from 50% to 80% (Hazari et al., 2016). Remarkably, the Korean populations MF upper border (MFUB) has the highest accuracy in gender discrimination analysis. It has been used in forensic science and law to determine the gender of the Korean population (Lin et al., 2014). Experimentally, Johnson RB et al. observed gender differences in MF, with females generally exhibiting greater flexure than males. This disparity could be attributed to variations in bone density, hormonal influences, and masticatory musculature (Johnson et al., 2009). However, numerous researchers have stated that there is no significant correlation between gender and the deformation of MMF and that the influence of gender on MF may be negligible when compared to other factors, such as occlusal force magnitude, mandibular morphology, and dental occlusion (Wolf et al., 2019; Gülsoy et al., 2022). Also demonstrated that the difference is not statistically significant despite the MMF deformation degree observed in female subjects being greater than in male subjects (Gülsoy et al., 2022). Hence, the possible link between MF and gender remains a topic of ongoing research and discussion.
2.3.2 Age
Age plays a pivotal role in MF, as changes in mandibular bone composition and structure occur with age. Numerous studies have shown that aging is associated with many typical cell-intrinsic factors within the skeleton (Rebelo-Marques et al., 2018) and intrinsic changes in osteolymphatic endothelial cells leading to their lack of stress response to genotoxic agents in the aging skeleton (Biswas et al., 2023); age-dependent perturbation of the vascular niche can also affect skeletal and hematopoietic regeneration in aging animals (Chen et al., 2021). Due to decreased bone mineral density and changes in bone architecture, MF is frequently increased in the elderly (Hobkirk and Schwab, 1991). According to experimental studies, advanced age is associated with elevated levels of MF during functional movements, which impacts the stability and longevity of restorations and implants (Smith et al., 2005).
2.3.3 Bone density
Mandibular bone density is a critical factor influencing the extent of MF. Studies were conducted by (Hylander, 1984; White et al., 2016) to investigate the effect of bone density on MF during functional movements. A strain gauge was employed to measure the extent of MF during functional movement in both experiments involving a cohort of patients with varying bone density. The existence of an inverse correlation between bone density and MF was confirmed by the experiments. Individuals with greater bone density typically exhibit diminished flexure, as denser bones can better withstand mechanical stress during functional movements (Hylander, 1984).
2.3.4 Musculature strength
The ability of the mandible to flex under load is directly linked to the muscle forces exerted on it (Koolstra and van Eijden, 2005), and the direction and intensity of the muscle forces influence the pattern of MF during various functional activities (Lobbezoo et al., 2004). Strong masticatory muscles can generate greater chewing forces. As the muscles contract with greater force, the mandibles bending moment increases, leading to greater flexure (Rafferty et al., 2008). In addition, Green SE et al. examined the impact of muscle imbalances on MF. They found that weaker or unbalanced musculature could increase MF and potential complications in implant-supported prostheses (Green et al., 2020).
According to the positive correlation between masticatory muscle strength and occlusal force (van der Bilt et al., 2006; Ebadian et al., 2020) evaluated the relationship between mandibular occlusal force (MOF) and MMF in a cohort of adult participants, revealing that MOF and MMF are critical and effective factors in the success of prosthetic restorations. Nonetheless, (Canabarro Sde and Shinkai, 2006), employed a distinct methodology in their study, which collected bilateral MOF measurements using transarch force transducers positioned in the first molar region. The mandibular occlusal surface impressions were obtained at rest (R), maximal opening (O), and maximal inclination (P). The degree of MF was then computed using these impressions. This approach discovered no significant association between MMF and MOF in this group of dentate adults.
2.3.5 Symphyseal bone height
MF deformation is influenced by the height of the symphyseal bone, which represents the region where the two-halves of the mandible meet. (Chen et al., 2000) investigated the relationship between the symphyseal bone height and MF during functional movements. The study found a significant positive association between the symphyseal bone height and decreased MF. Individuals with a greater symphyseal bone height exhibited improved stability of the mandible during functional movements, leading to reduced flexure (Canabarro Sde et al., 2006).
2.3.6 Lower gonial angle
The lower gonial angle, formed between the mandibular ramus and the mandibular body, is another significant factor affecting MF. A smaller angle is associated with greater mandibular flexibility, contributing to higher MF levels (Shinkai et al., 2004). In contrast, a larger angle increases stability and decreases flexure during functional movements (Suresh, 2005).
2.3.7 Facial type
The population can be classified into three main facial types: short-faced, medium-faced, and long-faced. There is a significant correlation between the vertical facial pattern and the thickness of the masseter muscle, resulting in varying masticatory muscle strength among face types. Robust or thick masticatory muscles impose an increased mechanical load on the jaws, stimulating suture growth and bone alignment, ultimately leading to lateral jaw growth (Van Spronsen et al., 1992; Satiroğlu et al., 2005; Prasad et al., 2013) measured experimentally the variation in the distance between bilateral first molars at the maximum open and resting positions for three facial types in the South Indian population. The findings revealed a correlation between facial pattern variation and MMF values, with the short facial type displaying the highest MMF levels, followed by the medium and long facial types. Moreover, (Custodio et al., 2011), study involved measuring MMF values among three distinct facial types, concluding that vertical facial type affected MF. However, there are also contradictory studies. Shinkai RS et al. analyzed the correlation between the three facial types and MMF in a Brazilian population using impression-making and found no relationship between MMF and vertical facial morphology (Shinkai et al., 2007). In conclusion, the correlation between MMF and facial type is still debatable and requires further investigation.
3 THE IMPACT OF MMF ON IMPLANT RESTORATION
MMF is one of the essential clinical factors affecting the design of dentures and their subsequent clinical effects. Its undesirable consequences include 1) the inability to passively position the prosthesis due to an imprecise impression; 2) screw or superstructure fracture; 3) bone loss surrounding the distal implants; and 4) fatigue and fracture of metal materials due to repeated compression (Mijiritsky et al., 2022). Therefore, a comprehensive understanding of the clinical significance of this biological phenomenon in implant restorations and the precise diagnostic and therapeutic protocols followed are essential for prolonging denture longevity and improving patient satisfaction.
3.1 Accuracy of making impressions
In order to create a clinical impression, a certain degree of opening is required. The traditional wide-opening impression technique will cause muscle contraction, resulting in the cohesion of the mandible and the reduction of the dental archs width, which ranges between 0.011 mm and 0.232 mm (Wolf et al., 2019). Furthermore, the teeth will be positioned more lingually than the intercuspal position (ICP). Additionally, the pressure placed on a patients jaw by dentists during an impression can cause changes to the mandibles width. If the mandibular impression is made at the opening stage, the restoration made on the corresponding working model can only achieve a proper fit at the opening stage. The mismatches will induce significant differences between the final restoration and the patients oral condition, preventing the passive fit of the final fixed and removable dentures. When the denture is worn to perform functions, the teeth and restorations are susceptible to undesirable stress, causing occlusal interference, pain and discomfort, bone resorption, gingivitis, and other complications.
Therefore, when making impressions, controlling the patients extent of opening is crucial. Using the closed-mouth technique to make an impression can minimize the contraction of the masticatory muscles and reduce mandibular deformation. When making an impression, (Gates and Nicholls, 1981), believed that applying a horizontal retraction force to the mandible could prevent width reduction. (Omar and Wise, 1981). suggested that any opening and protrusive movements exceeding 20 mm should be avoided when making impressions to minimize the amount of change in the width of the mandibular arch.
3.2 Recording centric relation
During patient-guided Centric Relation (C.R.) registration or functional procedures, MF may impact the restorations fit, leading to challenges in achieving proper occlusal contact (Sivaraman et al., 2016). The horizontal plane MF can cause a discrepancy between the cusp indentation in the jaw registration record and the cusp position on the dental cast (Kan et al., 1999). Due to the lingual movement of the mandibular teeth, the occlusal relationship may be inaccurately represented, and prostheses fabricated from such records may exhibit occlusal interference. The results of Omar and Wise’s study showed greater mandibular flexure when centric relationships are recorded by patient-guided muscular movements (Omar and Wise, 1981). To minimize this discrepancy, it is advisable to utilize the “closed mouth” impression technique and the C.R. technique, as the dentist directs, for recording. Additionally, the closed-mouth occlusal double arch method, supported by (Tylman, 1989), can help in avoiding the MF effect associated with the open-mouth technique.
3.3 Implant supported overdenture
MF, which can impact the fit of removable implant-supported overdentures, should be considered during fabrication. For the fabrication of implant frameworks, computer-aided design/computer-aided manufacturing (CAD/CAM) is a superior option. However, it is also susceptible to MF (Kan et al., 1999; Torsello et al., 2008) due to its large camera head, which may necessitate a wide lower jaw opening for insertion. Future mitigation of the impact of MF on the CAD/CAM technique may be possible due to ongoing progress in this aspect (Sivaraman et al., 2016).
3.4 The segmented design of the fixed implant-supported superstructure
In the context of fixed prostheses, MF can pose particular challenges. The segmented design of the superstructure for implant-supported fixed dentures in edentulous patients is currently debated. (Martin-Fernandez et al., 2018). experiments revealed that a one-piece superstructure provides the optimal biomechanical environment for mandibular movement. In contrast, the two-piece and three-piece models exert greater stress on restoration components during protrusion and opening, respectively. Moreover, a study utilized three-dimensional finite element analysis to investigate the impact of MF on the segmental design of fixed frameworks for edentulous implants. According to the study, the greatest stress in one-piece framework restorations occurred around the distal implants on both sides, progressively decreasing toward more mesial positions. In two-piece framework restorations, the greatest stress was observed surrounding the lateral incisor location. The three-piece framework restorations exhibited greater stress than the one-piece and two-piece frameworks, where the maximum stress was observed around the canine location. Thus, patients with edentulous implant-supported fixed restorations may benefit from a non-segmented framework without a cantilever, as it provides an optimal biomechanical environment (Gao et al., 2022). These findings support the theory that an inflexible full-arch prosthesis can provide additional resistance, thereby offsetting the effects of MF, particularly in cases with a single unilateral posterior framework (Naini and Nokar, 2009; Zaugg et al., 2012).
However, more researchers prefer a segmented superstructure design for edentulous patients. Zarone F et al. suggested that the flexibility of the implant-restored mandible is affected by at least two factors: the position of the implants and the type of prosthetic superstructure. As a result of mandibular functional flexure in mandibular full-arch fixed prostheses supported by osseointegrated implants, a substantial amount of stress develops in the more distal implants and the superstructure at the symphysis (Zarone et al., 2003). In this way, the segmented framework can better adapt to the physiologic curvature characteristics of the mandible, guarantee accurate and passive implant placement, and increase the restorations service life (Suedam et al., 2009; Marin et al., 2015; Azpiazu-Flores et al., 2022). When using a cross-arch implant-supported fixed denture to restore edentulous jaws, failure to consider MMF can lead to mechanical and biological complications, resulting in pain and discomfort for the patient. With more implants connected by rigid splints and a longer dental arch, the risk of MMF negatively affecting implant or restoration prognosis increases. (Marin et al., 2015). demonstrated that dividing the superstructure into two parts at the symphyseal region only reduces stress caused by MMF, whereas dividing it into three parts is more effective in mitigating the effect of mandibular rotation and achieving superior clinical outcomes. Other clinical trials (Paez et al., 2003) demonstrated that separating the superstructure from the midline reduces patient pain and discomfort, further improving when the superstructure is divided into three parts. Furthermore, (Nokar and Baghai Naini, 2010), confirmed that stress on each restoration component and the jaw differs between two-segment and three-segment superstructures when occlusal forces are applied at different positions (two static bites of the incisal and right molar clenching). Table 2 summarizes the findings. Consequently, the authors propose that a two-piece superstructure provides a more favorable biomechanical environment for molar occlusion, whereas a three-piece superstructure is more suited for incisor occlusion.
TABLE 2 | When the bite force is loaded at different positions (two static bites of incisal and right molar clenching), the maximum stress point and deformation of the two-piece and three-piece superstructure (Nokar and Baghai Naini, 2010).
[image: Table 2]The segmental design of the superstructure remains controversial in light of these findings. In addition, it is essential to tailor the restorations design to the patients occlusal habits, including group functional occlusion, canine protection, and balanced occlusion, to maximize the restorations longevity. Therefore, additional exhaustive and in-depth research is required to confirm the results.
3.5 Bone resorption
Studies have shown that MMF is a major factor in implant and superstructure loosening in implant-supported fixed dentures (Sivaraman et al., 2016). This phenomenon is caused primarily by the differences between natural teeth and dental implants (Azpiazu-Flores et al., 2022). Through the periodontal ligament, natural teeth have a close integration with the alveolar bone, which allows for the adjustment and buffering of bite forces and provides sensory feedback to protect the alveolar bone. During functional movement, teeth exhibit a degree of physiological activity (approximately 28 µm vertically (Borg and Grondahl, 1996) and 56–75 µm horizontally (Wenzel and Gröndahl, 1995)). Dental implants, on the other hand, integrate directly with the alveolar bone via osseointegration (Varthis et al., 2019), resulting in limited mobility (with a maximum vertical and horizontal range of only 2–3 µm) (Borg and Grondahl, 1996). These differences decrease peri-implant tissue adaptability and tolerance compared to natural teeth.
Due to micromovements, MMF may cause microdamage at the crestal region and suboptimal osseointegration around implants. During mandibular movement, MMF flexes and twists with the median joint as the pivot; considerable stress is generated in the neck of the implant and the midline of the superstructure (Hobkirk and Havthoulas, 1998), leading to bone compression and subsequent loss (Zarone et al., 2003; Hobkirk and Schwab, 1991) discovered posterior implants in cantilever situations may experience stress-induced microdamage at the bone-implant interface due to MF. Lindquist et al., using stereoscopic intra-oral radiography, discovered pronounced crestal bone loss around anterior implants compared to posterior implants in the symphysis region. It was primarily due to the restricting effect of the splint at the primary point of flexure (Lindquist et al., 1988). Moreover, it has been observed that using fewer implants can result in localized force distribution patterns (Marin et al., 2015). To address this, researchers advocate increasing the number of implants in edentulous jaws, with feasible placement in the posterior regions based on anatomical and surgical considerations, to minimize cantilever situations and excessive spacing between implants (Gao et al., 2022). Fixed implants and flexible connectors are discouraged in the anterior region, and two or more independent restorations are preferred (Borg and Grondahl, 1996). It is recommended to use freestanding mandibular posterior osseointegrated implants with fixed restorations featuring shorter spans or stress relievers attached to the abutment to optimize the treatment outcome when implant size or bone quality is problematic.
3.6 Selection of superstructure materials
MMF plays a crucial role in selecting materials for implant denture superstructures. Implant-supported rigid splints can limit the extent of MF, and the degree of inhibition is proportional to the number of connected implants and the materials stiffness (Favot et al., 2014; Abadzhiev et al., 2017) reported that MMF contributes to chronic pain syndrome in edentulous patients with implant-supported fixed restorations. (Favot et al., 2014). conducted three-dimensional finite element analysis to compare mandibular deformations in edentulous patients with restored occlusion using four different materials (zirconia, titanium, gold, and nickel-titanium (NiTi)). The results indicated that mandibular deformation decreases with increasing material stiffness, with NiTi exhibiting the best adaptation to MF throughout all chewing stages, followed by gold, titanium, and zirconium oxide. Matching the elastic modulus of the superstructure material to that of bone tissue or employing a material with a high elastic modulus comparable to that of bone tissue is crucial for avoiding stress on the bone tissue around the distal implant and minimizing potential complications such as discomfort, pain, and bone resorption caused by excessive stress.
4 CONCLUSION
Clinicians must implement appropriate preventive measures and precise clinical techniques to minimize mandibular flexure during diagnosis and treatment of implant restorations. A careful regulation of the degree of a patients mouth opening during impression-taking and consideration of a superstructure material with a high elastic modulus comparable to the elastic modulus of bone tissue can contribute to the achievement of optimal restorations while preserving the health of periodontal tissue and bone tissue. However, there are ongoing discussions regarding the choice of segmental design for the superstructure of implant-supported fixed dentures in edentulous patients. Exploring adjustments to implant denture design based on different facial types and occlusal habits can yield valuable insights and references that can be used to optimize clinical diagnosis and treatment.
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The purpose of this study was to evaluate the treatment potential of a human-derived demineralized scaffold, Spongioflex® (SPX), in partial meniscal lesions by employing in vitro models. In the first step, the differentiation potential of human meniscal cells (MCs) was investigated. In the next step, the ability of SPX to accommodate and support the adherence and/or growth of MCs while maintaining their fibroblastic/chondrocytic properties was studied. Control scaffolds, including bovine collagen meniscus implant (CMI) and human meniscus allograft (M-Allo), were used for comparison purposes. In addition, the migration tendency of MCs from fresh donor meniscal tissue into SPX was investigated in an ex vivo model. The results showed that MCs cultured in osteogenic medium did not differentiate into osteogenic cells or form significant calcium phosphate deposits, although AP activity was relatively increased in these cells. Culturing cells on the scaffolds revealed increased viability on SPX compared to the other scaffold materials. Collagen I synthesis, assessed by ELISA, was similar in cells cultured in 2D and on SPX. MCs on micro-porous SPX (weight >0.5 g/cm3) exhibited increased osteogenic differentiation indicated by upregulated expression of ALP and RUNX2, while also showing upregulated expression of the chondrogen-specific SOX9 and ACAN genes. Ingrowth of cells on SPX was observed after 28 days of cultivation. Overall, the results suggest that SPX could be a promising biocompatible scaffold for meniscal regeneration.
Keywords: meniscus lesion, biocompatible scaffold, allograft, collagen meniscus implant, knee
1 INTRODUCTION
Human menisci are cartilaginous structures that provide cushioning to the knee joint by increasing the contact area of the tibiofemoral joint. The meniscus is composed of chondrocytes and fibroblasts that are embedded in an extracellular matrix composed of collagen, proteoglycans, glycoproteins and elastin (Chevrier et al., 2009; Makris et al., 2011). Meniscal lesions are a frequent occurrence in the workplace, during sports, and in daily activities. This may arise from the amalgamation of axial loading and rotational force, resulting in a shear load on the meniscus (Hede et al., 1990; Messner and Gao, 1998; Mather et al., 2015; Cao and Chen, 2022). The symptoms of meniscus lesions include pain, swelling, and difficulty moving the knee joint. In certain instances, the tear may result in the knee locking or catching when bent (Cao and Chen, 2022). A diagnosis is typically made through a physical exam and imaging, such as X-rays or MRI scans (Laible et al., 2013; Zhang, 2022).
Due to their poor vascularization particularly in their innermost regions, the menisci have a limited capacity for healing in the event of injury. In the past, a complete meniscectomy was performed as the standard of care. This would temporarily relieve symptoms, but in the long run, it would carry a higher risk of osteoarthritis (McDermott and Amis, 2006). Modern arthroscopic treatments typically focus on meniscal sutures or repairs, with a meniscectomy reserved for cases where such repairs are not possible. Some of the conventional treatment options for meniscus lesions include fixation devices, which are utilized to repair the meniscus tear and stabilize the joint (Brucker et al., 2010; Seo et al., 2020) and abrasion, which is a technique used to remove damaged tissue from the meniscus (Longo et al., 2012).
Over the past decades, regenerative medicine has come into focus to restore the specialized functions of the menisci. Several studies were conducted to develop and test materials for meniscus regeneration including hydrogels, polymer based fibers and scaffolds (Ronge et al., 2014; Vadodaria et al., 2019). The hydrogels can provide a supportive environment for the cells to regenerate (Romanazzo et al., 2018; Sasaki et al., 2018; Bansal et al., 2021), while the nanofibers can facilitate cell adhesion and proliferation (Hutmacher, 2001; Holloway et al., 2010; Holloway et al., 2014; Vadodaria et al., 2019). Additionally, the scaffolds provide a structure for the cells to attach to while allowing for the growth of new tissue (Whitehouse et al., 2017; Winkler et al., 2020; Angele et al., 2021; Hutchinson and Rodeo, 2022; Winkler et al., 2022). Each of these materials has the potential to improve the healing process and to restore the functionality of the meniscus. Only a few materials have been approved for human use. These include meniscal allografts (Cavendish et al., 2020) and cell-free biocompatible meniscus scaffolds (Scotti et al., 2013; Lombardo et al., 2021; Hutchinson and Rodeo, 2022).
Allograft transplantation is a procedure where healthy donor tissue is transplanted into the patient’s knee joint. The utilization of allogeneic materials for the treatment of meniscal lesions has been practiced for a considerable period of time (Kean et al., 2017). These materials are believed to serve as a scaffold for tissue regeneration and repair. However, the long-term outcomes of this technique, particularly in terms of chondroprotection and osteoarthritis prevention, have not yet been demonstrated (Bilgen et al., 2018). The potential disadvantages of this method include concerns about the availability of tissue, the immunological response, disease transmission, and the size of the graft (Scotti et al., 2013).
The use of a cell-free biomaterial for the restoration and replacement of a portion of the meniscus is supported by the potential for cell repopulation within the scaffold. The potential migration of cells from the synovium and meniscal residues, and the subsequent tissue integration, can lead to a post-implantation cell-based outcome (Scotti et al., 2013; Lu et al., 2022; Taghiyar et al., 2023). Veronesi et al. summarized the preclinical and clinical studies on the use of scaffolds for the treatment of partial meniscus lesions (Veronesi et al., 2021). Based on this review, only two scaffolds are approved for human use. The synthetic Actifit® and the organic bovine collagen meniscus implant (CMI). As the initial regenerative technique, CMI was proposed as a treatment option for meniscal tissue regeneration in clinical practice (Stone et al., 1992; Zaffagnini et al., 2015). Initially, the clinical results of CMI implantation for partial meniscal regeneration were described as satisfactory (Buma et al., 2007). However, some studies have reported long-term shrinkage of the CMI, complete degradation, or the formation of scar tissue (Martinek et al., 2006; Scotti et al., 2013; Zaffagnini et al., 2015). A recent systematic review has revealed that the use of CMI as a singular effective treatment option for meniscal defects cannot be recommended for routine clinical application due to a lack of supporting evidence and a relatively high failure rate (Kohli et al., 2022).
The complexities and limitations of treating meniscal lesions, as well as the unsatisfactory outcomes of current procedures, necessitate the application of improved technologies and the use of biocompatible materials for innovative treatments. In this study, we investigated in vitro the suitability of a human-derived demineralized cancellous bone scaffold, called Spongioflex® (SPX) for the treatment of partial meniscal lesions. Due to the different porosities of the native cancellous bone, SPX can be produced with different porosities. The SPX with a lower porosity has a higher weight (>0.5 g/cm3), while the SPX with higher porosity has a lower weight (<0.5 g/cm3). Demineralization of cancellous bone leads to elastic and flexible tissue properties. These properties give SPX a sponge like behavior which allows it to act as a shock absorber in addition to the scaffold properties. A recent case study on a patient with bilateral medial meniscal lesions revealed that SPX block implants resulted in rapid implant integration with good radiographic and functional outcomes after a short term follow up of 6 and 12 months respectively (right and left meniscus) (Behrendt, 2023). In the present study, we first investigated the differentiation of fresh meniscal cells (MCs) isolated from human donors in different culture and differentiation media. Secondly, we aimed to determine whether SPX provides a biocompatible scaffold that is capable of accommodating MCs for their regeneration while still preserving their fibroblastic and chondrocytic characteristics. Moreover, the migration tendency of MCs from fresh donor meniscal tissue into SPX was investigated in an ex vivo model.
2 MATERIALS AND METHODS
2.1 Scaffolds
The commercially available human bone allograft tissues used in this study were provided by the German Institute for Cell and Tissue Replacement (DIZG, gemeinnützige GmbH, Berlin, Germany). All human tissues were acquired from nonprofit tissue recovery partners after informed consent. Grafts were sterilized using a validated, GMP-compliant process and were approved as medicinal products under §21 and §21a of the German Medicinal Products Act. For sterilization, tissues were fully submerged in a validated tissue-preserving sterilization solution (2% peracetic acid, 96% ethanol, water for injection; ratio v/v/v 2/1/1) and incubated with constant agitation at low pressure and room temperature for 4 h (Pruss et al., 2001). Subsequently, tissues were rinsed in a washing process using water for injection. Prior to sterilization, SPX was cut from cancellous bone and freed from bone marrow and lipids. The density was then measured in the mineralized state. A hydrochloric acid-based demineralization step renders SPX suitable for sterilization. Demineralization of cancellous bone leads to elastic and flexible tissue properties. These properties give SPX a sponge like behavior which allows it to act as a shock absorber as well as a scaffold. Meniscal allograft tissue was prepared from human donor knees (Donors: 7 males, aged between 40 and 73 years). After opening the knee capsule, remnants of blood, fat, muscle and connective tissue were removed. Subsequently, the menisci were visually evaluated, and the intact menisci underwent sterilization. Commercially, SPX is available in a freeze-dried state and meniscal allografts are in a deep-frozen state. In this study, the meniscal allografts were thawed and SPX was rehydrated prior to use.
The bovine Collagen Meniscus Implant, CMI (Stryker, MI, United States), served as control scaffold.
The following scaffolds were used:
• SPX with macro pores: SPX (<0.5 g/cm3)
• SPX with micro pores: SPX (>0.5 g/cm3)
• Meniscus allograft: M-Allo
• Collagen Mencius Implant: CMI
2.2 Tissue harvest, cell isolation, and cell culture
Menisci (complete or parts) from 25 donors were harvested: 15 male and 10 female donors (22 patients with gonarthrosis and three patients with post-traumatic gonarthrosis) aged between 56 and 84 years. According to the Pauli classification (Pauli et al., 2011) the menisci used were grade 2–4, without calcium deposits. Approval was obtained from the ethics committee of Jena University Hospital (Umbrella Application: 2018_1158_1-Material, Addendum: 21.08.2020) and written informed consent was obtained from all patients. To isolate meniscal cells (MC), tissues were washed with phosphate-buffered Dulbecco’s saline (DPBS, Sigma-Aldrich, Darmstadt, Germany) and sliced into tiny fragments measuring 1–2 mm³ using a surgical scalpel. They were then treated with Pronase E (Merck, Darmstadt, Germany) for 30 min followed by Collagenase P (Sigma-Aldrich, Darmstadt, Germany) overnight, filtered through a cell strainer, centrifuged, and washed three times with DPBS. Cells were re-suspended in DMEM (PanBiotech, Aidenbach, Germany) supplemented with 10% v/v FBS (Capricorn Scientific, Ebsdorfergrund, Germany), 100 U/mL penicillin and 100 μg/mL streptomycin (Pen/Strep, Gibco, Thermo Fisher Scientific GmbH, Karlsruhe, Germany), counted, and cultured at 37°C in an incubator with 5% CO2 for 1–2 weeks until the confluency reached more than 80%. Cells were then trypsinized, harvested, counted, and re-suspended in cryomedium (consisting of 10% DMSO, 20% FBS, and 1% Pen/Strep) for cryopreservation. Cells in passage three to four were used for the following experiments.
2.3 Cell differentiation
MCs (4 × 104 per well) were cultured in 24-well plates using four different culture media, namely, normal culture medium (DMEM supplemented with 10% FBS and 1% Pen/Strep), fibroblast medium/DMEM-AS (DMEM supplemented with 10% FBS, 1% Pen/Strep, and 0.17 mM L-Ascorbic acid (Sigma-Aldrich, Darmstadt, Germany), Chondrogenic culture medium (Chondrocyte Basal Medium with 10% FCS supplemented with 10% Chondrocyte growth medium SupplementMix (PromoCell, Heidelberg, Germany, and 1% Pen/Strep), and Osteogenic medium (DMEM supplemented with 0.5 mM L-Ascorbic acid, 10 mM β-Glycerophosphate disodium salt hydrate from Sigma-Aldrich, Darmstadt, Germany, 10 µM Calciumchlorid from Roth, Karlsruhe, Germany, 100 nM Dexamethasone from Sigma-Aldrich, Darmstadt, Germany). Media were changed at days 1, 4, 7, and 10. The viability of cells was measured using PrestoBlue® Cell Viability Reagent (Invitrogen, Life Technologies Corporation, CA, United States) following the manufacturer protocol at days 1, 7, and 14. The old medium was removed from the wells, and 500 µL per well of PrestoBlue® Cell Viability Reagent, diluted 1:10 with the same medium, was added. MCs were incubated for 2 h at 37°C. Measurements were performed in triplicates in a 96-well plate at 570 nm using a plate reader (Epoch, BioTek, CA, United States). The Alkaline Phosphatase (AP) activity of MCs at day 14 was assessed by measuring the absorbance of 4-Nitrophenol at a wavelength of 405 nm, which was released from MCs into the culture supernatants following the incubation with p-nitrophenylphosphate substrate for 30 min at 37°C. Calcium phosphate deposits were assessed by staining the fixed MCs with Alizarin Red S 0.5% (v/v diluted in distilled water) for 10 min at room temperature. Subsequently a solution of 1 g sodium dodecyl sulfate dissolved in 20 mL of 5 mM hydrochloric acid was added, and incubated for 10–20 min to solubilize the stain for quantitation. The absorbance of the solution was measured at 405 nm wavelength using a plate reader (Epoch, BioTek, CA, United States). Human osteosarcoma SAOS-2 cell line served as positive control for the AP-activity measurement and Alizarin Red staining. Cell viability and AP activity experiments were performed in triplicate and repeated with cells from 4 donors. The Alizarin Red staining was performed in duplicate and repeated with cells from 2 donors.
2.4 Flow cytometry
Fresh isolated MCs cultured at 37°C in a humidified 5% CO2 environment were trypsinised when they reached 80% confluency. MCs (5 × 105) were incubated (30–45 min at room temperature in the dark) with mouse anti-human fluorochrome-conjugated antibodies (from Human Mesenchymal Stem Cell Multi-Color Flow Kit, R&D SYSTEMS, MN, United States) targeting surface markers, namely, CD105/Endoglin-PerCP, CD146/MCAM-CFS, and CD90/Thy1-APC. As a negative marker, a mouse anti-human antibody against CD45 was used. Mouse IgG1 and IgG2A served as isotype controls. Following the incubation, excess antibody was removed by washing the cells with 2 mL of Staining Buffer from the same kit mentioned above. The final cell pellet was resuspended in 200–400 μL of the staining buffer from the kit for flow cytometric analysis using the BD FACSAria™ Fusion (BD Bioscience, Belgium) with FSC/SSC gating and FlowJo v10.8.1 software.
2.5 MC on scaffold culture
For each replication, MCs from three different donors in their second to third passages were pooled in equal numbers. SPX (<0.5 g/cm3 or >0.5 g/cm3), Meniscus Allograft (M-Allo) and CMI underwent shaping into a cylindrical form by employing a surgical biopsy punch with a 5 mm diameter. Samples were placed in a 48-well plate and pretreated overnight in DMEM culture medium supplemented with 10% FBS, 1% Pen/Strep. MCs (4 × 104 per well) suspended in 10 µL culture medium were gently added on top of the scaffolds and the wells were filled with DMEM culture medium supplemented with 10% FBS, 1% Pen/Strep up to 100 µL. The 48-well plate was incubated at 37°C for 1 h, after which 400 µL culture medium was added to each well. After 24 h, the scaffolds were carefully removed from the wells and transferred into a new one. This step was performed to exclude the cells that were not attached to the scaffolds. Cells with grafts were cultured for 7 days with a medium change every 2–3 days. Cells in 2D culture served as a control. Cell viability experiments were performed in triplicate and repeated with 3 pools of cells from 9 donors.
2.6 Scaffolds tight-fit in meniscus blocks, ex vivo model for partial meniscus repair
Fresh meniscal tissues (4 donors) were cut into wedge-shaped pieces of almost equal size and punched using a 5 mm diameter surgical biopsy punch. Four different scaffolds (SPX <0.05 g/cm3, >0.05 g/cm3, SPX, M-Allo, and CMI) were tight-fit added into the punched meniscus blocks and placed in 24-well plates filled with culture medium (DMEM supplemented with 10% FBS, 1% Pen/Strep). Meniscus cylinders taken from the biopsy punches of the fresh menisci were also cultured in the same medium as a control. The cultivation lasted for 7 or 28 days, with the medium being changed every 2–3 days. Cell viability experiments were performed in triplicate.
2.7 Enzyme-linked immunosorbent assay (ELISA)
The concentrations of human Pro-Collagen I α 2 (Pro-Col1) and human Pro-Collagen II α 1 (Pro-Col2) in supernatants from MCs cultured in different differentiation media (from day 14 post cultivation) and MCs cultured with scaffolds (from days 1 and 7 post cultivation) were measured using the Human Pro-Collagen I alpha 1 DuoSet ELISA kit, Human Pro-Collagen II DuoSet ELISA kit and DuoSet ELISA Ancillary Reagent Kit 2 (R&D SYSTEMS, MN, United States). The procedure of the assay was conducted according to the manufacturer’s instructions.
2.8 RNA extraction, cDNA synthesis, and quantitative real-time polymerase chain reaction (qPCR)
RNA from monolayer-cultured MCs was extracted using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). MCs cells cultured on scaffolds were extracted with a combination of the Trizol method (Invitrogen, Life Technologies Corporation, CA, United States) and chloroform extraction, followed by using RNeasy Plus Mini Kit. The concentration of the RNA was determined by measuring the absorbance of a diluted sample of the RNA at 260 and 280 nm using a NanoDrop™ 2000c (Thermo Fisher Scientific GmbH, Karlsruhe, Germany) after re-suspending it in RNase-free water. The RNA was placed in liquid nitrogen and stored at −80°C. Reverse transcription of 100 ng of RNA from each sample into cDNA was conducted with the qScript® cDNA SuperMix reverse transcription kit (from Quantabio, Beverly, MA, United States) using a polymerase chain reaction (PCR) method, as per the manufacturer’s protocol.
The gene expression levels of Beta actin (ACTB), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Aggrecan (ACAN), Runt-related transcription factor 2 (RUNX2), Alkaline phosphatase (ALP), Collagen Type I Alpha 2 (COL1), Collagen Type II Alpha 1 (COL2), SRY-Box Transcription Factor 9 (SOX9) were determined using the PerfeCTa SYBR Green SuperMix kit (Quantabio, Beverly, MA, United States) and human-specific primers from TIB MOLBIOL Syntheselabor GmbH, Berlin, Germany (Table 1). The qRT-PCR was performed on Rotor-Gene Q (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Relative expression was calculated according to the 2−ΔΔCT method, and results were normalized to the arithmetic average of ACTB and GAPDH expression.
TABLE 1 | List of primer sequences for the target genes used for qRT-PCR.
[image: Table 1]2.9 Histology
After 7 or 28 days of MC culture on scaffolds or within the meniscus, samples were fixed in 4% Paraformaldehyde for 24–48 h and were paraffin embedded. Samples were cut into 5 μm sections. The samples were then stained with DAPI (Thermo Fisher Scientific GmbH, Karlsruhe, Germany) and assessed under the microscope (Keyence BZ-810 Fluorescence Microscope). Experiments were replicated four times. For quantitative analysis, two slides per sample were used and all stained cells within the scaffolds were counted.
2.10 Statistical analyses
All data were presented as median with interquartile range (IQR) or mean ± standard error of the mean (SEM). Due to the small sample size and the non-parametric distribution of the data, statistical differences between samples were analyzed using nonparametric One-Way ANOVA test with GraphPad Prism software version 9.3.1 (San Diego, CA, United States). The effect size was calculated using Cohn´s d (Cohen, 1988) and for all statistically significant differences this was d > 0.8, meaning a large effect.
3 RESULTS
3.1 Viability of MCs cultured in different culture media (differentiation media)
The viability assay, which was also used as an indirect measure of cell number, showed the viability/cell number of MCs, cultured in four different media (DMEM, DMEM-AS, chondrogenic and osteogenic) at four time points (day 1, 3, 7 and 14, Figure 1A). Viability values were normalized to the viability of MCs cultured in DMEM at day 1. The results showed that MCs grew at a similar rate. A significant increase in MCs viability was observed in all four media at day 14 compared to day 1 (p ≤ 0.0385, see figure for exact p-values). Moreover, the morphology of MCs in differentiation media was visualized by light microscopy at different time intervals (Figure 1B). No morphological changes were observed over time.
[image: Figure 1]FIGURE 1 | MCs viability and morphology in differentiation media. The viability of MCs increased over time when cultured in various media (A), and their morphology stayed consistent (B). The bar graph is based on the results of four experiments (n = 4) with the median (IQR) displayed in the bars.
3.2 Osteogenic differentiation
MCs cultured in osteogenic medium had a relatively higher alkaline phosphatase (AP) activity than the MCs cultured in other media at day 14 (Figure 2A). Alizarin Red staining showed that calcium phosphate deposition (evidence of osteogenic differentiation) of SAOS-2 cells cultured in osteogenic medium was higher than that of MCs cultured in DMEM, DMEM-AS, chondrogenic, and osteogenic media at day 14 (Figure 2B). In contrast, MCs exhibited no major difference in the amount of calcium phosphate deposits when cultured in different media.
[image: Figure 2]FIGURE 2 | The AP-activity of MCs and their production of calcium phosphate deposits measured when cultured in various media. Osteogenic medium resulted in a relatively higher AP-activity of MCs compared to other media (A). The calcium phosphate deposits produced by MCs cultured in the different media were less than those produced by SAOS-2 cells in osteogenic medium (B). The data is based on four (n = 4) and two (n = 2) experiments respectively. The bars represent median (IQR). AP: alkaline phosphatase, MC: meniscal cell.
3.3 Pro-Col1 and 2 production by MCs cultured in differentiation media and MCs surface markers
MCs cultured in osteogenic medium for 14 days produced significantly more Pro-Col1 than MCs cultured in DMEM and chondrogenic medium (p ≤ 0.0313, exact p-values see Figure 3). Culturing MCs in DMEM-AS resulted in greater amounts of Pro-Col1 than MCs cultured in chondrogenic medium (p = 0.045). The levels of Pro-Col2 were below the detection limit in all samples as determined by ELISA. Flow cytometric analysis revealed that CD90 was expressed on the majority of cells (88.1%), whereas CD105 and CD146 were expressed on only 7.5% and 0.7% of cells, respectively (surface markers for mesenchymal stromal cells). CD 45 (marker for nucleated hematopoietic cells) was expressed on 0.4% of cells (n = 4).
[image: Figure 3]FIGURE 3 | Cultivation of MCs in osteogenic medium resulted in higher production of Pro-Col1 compared with MCs cultured in other media. Bar graph showing the median (IQR) of results from four experiments (n = 4).
3.4 Expression of osteogenic and chondrogenic genes in MCs cultured in differentiation media
The qPCR analysis of MCs cultured in differentiation media revealed no notable alterations in the expression of osteogenic and chondrogenic genes after 14 days of culture (Figure 4). It should be mentioned that not all genes were expressed in all samples and that the results showed a high variation. COL2 expression was not detected.
[image: Figure 4]FIGURE 4 | qPCR analysis of cDNA of RUNX2, ALP, COL1, SOX9, ACAN, and COL2 genes in monolayer MCs culture in various media (n = 3). Data all presented as median (IQR).
3.5 Viability of MCs cultured on scaffolds and their Pro-Col1 and 2 production levels
The viability/cell number of MCs cultured in 2D, on SPX with micropores, SPX with macropores, M-Allo, and CMI at different time intervals (days 1, 4, and 7) indicated a time-dependent increase in the viability of MCs cultured in 2D and on both SPX porosities (Figure 5A). In contrast, cells cultured on M-Allo and CMI displayed reduced viability by day 7. On day 1, the viability/cell number of 2D cultured MCs was significantly higher than that of MCs cultured on M-Allo, and CMI scaffolds (p = 0.0082 and p = 0.009, respectively). Only 16% ± 2% (mean ± SEM) viability was detected when measuring the viability of the cells in the “transferred” wells (the wells in which the scaffolds had been inserted into on day 0) of the scaffolds on day 1 (n = 3). Meaning, approximately 16% of cells were lost during the transfer of the scaffold between day 0 and day 1. Furthermore, the viability of 2D-cultured MCs was significantly higher than the viability of MCs cultured on CMI (day 7; p = 0.014). The Pro-Col1 concentration in the supernatants of MCs cultured in 2D conditions and on SPX (both porosities) was higher at day 7 compared with day 1, although the differences were not statistically significant (Figure 5B). Moreover, Pro-Col1 levels in 2D cultured MCs were significantly higher than those of MCs cultured on M-Allo and CMI at day 7 (exact p-values see figure). In addition, the levels of Pro-Col1 in the supernatant of micro- and macro-pores SPX were also significantly higher than in the supernatant of MCs cultured on CMI. In all samples, the Pro-Col2 levels were below the detection limit.
[image: Figure 5]FIGURE 5 | (A) Viability results show an increase in MCs cultured on SPX and in 2D culture for 7 days. (B) MCs cultured on SPX produced higher amounts of Pro-Col1 than MCs cultured on CMI. Viability values are normalized to the viability of 2D-culture MCs at day 1, n = 3, bars represent median (IQR). SPX: spongioflex®, M-Allo: meniscus allograft, CMI: collagen meniscus implant, Col1: collagen 1, MCs: meniscal cells.
3.6 Expression of osteogenic and chondrogenic genes in MCs cultured on scaffolds
The expression of osteogenic and chondrogenic related genes showed that MCs cultured on micro-pores SPX have the highest expression of analyzed genes (e.g., RUNX2, ALP and SOX9 significantly higher compared to 2D culture, see Figure 6 for exact p-values). The expression level of Col1 in MCs on SPX (both porosities) was significantly higher than in fresh meniscus. SOX9 expression level was highest in fresh meniscus. Low expression values or no gene expression was observed when MCs were cultured on CMI. This is due to the low cell number and RNA values in these cultures. Further details on the gene expression and significant differences are shown in Figure 6.
[image: Figure 6]FIGURE 6 | qPCR analysis of cDNA of RUNX2, ALP, COL1, SOX9, ACAN, and COL2 genes in monolayer MCs culture, MCs in fresh meniscus, and MCs cultured on SPX, M-Allo, and CMI (n = 3–5). Data all presented as median (IQR). SPX: spongioflex®, M-Allo: meniscus allograft, CMI: collagen meniscus implant.
3.7 Histological DAPI staining of MCs cultured on scaffolds
DAPI staining of paraffin-embedded sections of various scaffolds cultured with MCs showed the presence of MCs in SPX (both porosities) (Figure 7). No cells were seen in CMI with MCs after 7 days of cultivation. It was not possible to distinguish whether MCs grew on M-Allo because the DAPI staining was seen in M-Allo without culture with MCs.
[image: Figure 7]FIGURE 7 | Fluorescent images of MCs in fresh meniscus and cultured on different scaffolds stained with DAPI. Scale bars in the images equal 40 µm. SPX: spongioflex®, M-Allo: meniscus allograft, CMI: collagen meniscus implant, MC: meniscal cell, w/o: without.
3.8 Viability of meniscal tissues cultured with scaffolds (ex vivo meniscus model)
The viability of fresh human meniscal tissue blocks (cultured with micro-pores SPX, macro-pores SPX, M-Allo, and CMI) was measured using the PrestoBlue® viability assay. Although the viability values were not directly comparable due to the differences in size and cell numbers of the fresh meniscus blocks, the findings suggest that, at least within a 7-day timeframe, the scaffolds do not exhibit cytotoxic effects on the meniscal cells (Figure 8). This was determined by observing that the viability of the tissue blocks was not altered over the 7 days in culture.
[image: Figure 8]FIGURE 8 | Viability of meniscus blocks cultured with different scaffolds over a period of 7 days in DMEM culture medium. Viability values are normalized to the viability of the meniscal cylinder at day 1. n = 4, bars represent mean ± SEM. SPX: spongioflex®, M-Allo: meniscus allograft, CMI: collagen meniscus implant.
3.9 Expression of osteogenic and chondrogenic genes in ex vivo meniscus with scaffolds
To analyze the gene expression, the scaffolds were removed from the menisci and the RNA was separately isolated. Osteogenic and chondrogenic genes were expressed in the cultured fresh meniscal tissue (Figure 9). The expression of these genes was found to be low or not detectable in the separated scaffold samples after 7 days of culture, partially due to the low amount of isolated RNA. On the other hand, the expression of RUNX2, ALP, SOX9, and ACAN in migrated cells in SPX (both porosities) and CMI after 28 days of co-cultivation was higher than that after 7 days of cultivation.
[image: Figure 9]FIGURE 9 | qPCR analysis of cDNA of RUNX2, ALP, COL1, SOX9, ACAN, and COL2 genes in MCs in fresh meniscus and in migrated MCs into SPX, M-Allo, and CMI (n = 7 for fresh meniscus and n = two to five for scaffold). Data all presented as median (IQR). SPX: spongioflex®, M-Allo: meniscus allograft, CMI: collagen meniscus implant.
3.10 Histological DAPI staining of ex vivo meniscus with scaffolds
DAPI staining demonstrated that not until 28 days after culturing the scaffolds in the meniscus, MCs migrate from the meniscus to the SPX. (Figure 10). Quantification of the number of cells that migrated into the scaffolds showed ingrowth of cells in SPX (both micro- and macro-pores) and in CMI (60 ± 46 cells for macro-pores SPX, 57 ± 53 cells for micro-pores SPX, and 53 ± 19 for CMI, n = 4).
[image: Figure 10]FIGURE 10 | Fluorescent images of MCs in meniscus blocks containing SPX for 7 (A) and 28 (B) days stained with DAPI. The arrows indicate the migration of MCs from the surrounding meniscal tissue. Scale bars in the images equal 50 µm in A and B respectively. SPX: spongioflex®.
4 DISCUSSION
The meniscus has a low regeneration potential and the current regenerative therapies are limited, often resulting in an unsatisfactory treatment or, as a last resort, to the resection of the meniscus. This in vitro and ex vivo study aimed to investigate a possible grafting material for meniscus regeneration. Human meniscal cells or meniscal tissue was cultured with different grafting materials to invesitgate cell ingrowth and differentiation. Two types of human allografts were used: SPX (demineralized cancellous bone) with different porosities (porosity approximated by the weight, macro-pores: <0.5 g/cm³ and micro-pores: >0.5 g/cm³) and M-Allo. CMI served as the control material, as it is also made of collagen. Cells cultured on SPX showed an increase in viability over 7 days, whereas those on M-Allo or CMI were less viable. The synthesis of the extracellular matrix protein collagen I was comparable between cells in 2D and cells on SPX. Cell ingrowth was only detectable for cells cultured on SPX. Ex vivo organ culture showed that cells had not grown into the scaffolds after 7 days, resulting in no detectable gene expression. However, MCs were able to migrate from the meniscal tissue to the SPX within 28 days. Gene expression analysis showed that the expression of RUNX2, ALP, SOX9, and ACAN increased in cells that migrated from meniscal tissue to SPX (both micro- and macro-pores) and CMI after 28 days of co-cultivation. The porous scaffold provided attractive conditions for cell growth within 7 days, but a longer time (28 days) was required to stimulate cell migration from the surrounding tissue in an ex vivo culture.
The cells used in this study were isolated from human donor menisci (complete or parts). The menisci were harvested from patients with gonarthrosis and the menisci were grade 2–4 without calcium deposits based on the Pauli classification (Pauli et al., 2011). This resulted in an inhomogeneous cell population as seen in the different areas of the meniscus. Verdonk et al. published one of the first studies on human meniscal cell characteristics and demonstrated their distinct phenotype and improved fibrochondogenic properties when cultured in 3D (Verdonk et al., 2005). Using flow cytometry, they characterized human meniscal cells and the cell-associated extracellular matrix and distinguished different cell types. Depending on the donor, they found a high variability of collagen I, II and aggrecan. A high variability in gene expression was also seen in other studies (Liang et al., 2017; Crawford et al., 2020) and might further be explained by the inhomogeneous structure of the meniscus. According to Zheng et al., different cell sources such as bone marrow mesenchymal stem cells, adipose-derived stem cells, and articular chondrocytes demonstrate diverse proliferative behaviors, distinct biochemical and biomechanical attributes, and varying gene expression profiles (Zheng et al., 2023). The variations in gene expression seen in these experiments can therefore be explained by the different donors and different regions of the meniscus. In addition, the natural structural differences in the meniscus with varying proportions of different cell types in distinct regions could influence our results. As a limitation of this study, no mechanical stimulation of the constructs was performed. Mechanical loading has a proven role in enhancing fibrochondrocyte differentiation and might affect the cells in the scaffolds as summarized in a review by Ma et al. (Ma et al., 2022a). It impacts the cell behavior and especially the gene expression, particularly of extracellular matrix proteins. For instance, it has been demonstrated to enhance the differentiation of fibrochondrocytes derived from Bone Marrow Mesenchymal Stem cells (BMSCs) in fibrin constructs, leading to an upregulation of COL1 expression (Connelly et al., 2010). Furthermore, studies have indicated that mechanical stimulation can increase the levels of aggrecan, COL1, and COL2 in chondrocytes (Shadi et al., 2022). Sex-specific differences were seen in the reaction of engineered menisci depending in the mechanical stimuli (Ma et al., 2022b).
Liang et al. investigated the expression of osteogenic genes after 21 days of culturing meniscus fibrochondrocytes, discovering no differences in the modified culturing environment. Similarly, their cells were negative for the Alizarin red stain, as was the case in this study (Liang et al., 2017). In contrast, Fu et al. found an osteogenic differentiation of meniscal cells 14 days after culturing under osteogenic conditions (Fu et al., 2016). Both studies used cells at passage 3 but with different time points and Liang et al. also added TGFβ1 and FGF-2 to the medium. Culturing the MCs for 7 days in osteogenic medium resulted in no osteogenic differentiation, although the control cells (SAOS2) showed a strong Alizarin red stain in this study. Osteogenic differentiation is an important aspect, and the reason for the different osteogenic gene expression should be investigated further, as an osteogenic differentiation of the cells within the meniscus graft would be an unwanted effect. Furthermore, the lack of COL2 expression in MCs cultured in the different media might be due to the cultivation period being too short.
Analyzing cell surface markers showed that almost all cells isolated from the meniscus expressed CD90, but only a few cells were positive for CD105 or CD146. Recent studies investigated the phenotype of meniscal cells using flow cytometry and single cell sequencing. They found regional differences with high amounts of CD90-positive cells and up to seven independent cell clusters (Sun et al., 2020; Wang et al., 2022). The low amount of CD146-positive cells in this study might indicate towards a special phenotype found in degenerated menisci: degenerated meniscus progenitor cells (DegP) (Sun et al., 2020). Interestingly, Verdonk et al. found a low amount of CD105 and CD44 positive cells but an increase in this surface marker when cells were cultured in alginate (Verdonk et al., 2005). Cellular properties are different depending on the localization, the degeneration of the meniscus (Fu et al., 2022), and culture conditions (fibronectin coating, physioxia vs. hyperoxia) that can be modified to enhance the progenitor phenotype of isolated meniscal cells (Pattappa et al., 2022). The cells used in this study were isolated from the entire meniscal tissue obtained without separation of different meniscal areas and further isolation of the progenitor cells. Moreover, the meniscal tissue was obtained from surgery and the menisci showed signs of alterations. Attention was paid to using only tissue areas with fewer alterations for cell isolation and the ex vivo meniscus model, but it cannot be excluded that the cells were affected and do not fully resemble healthy meniscal cells. The variation in the results can be explained by the variations described for affected meniscal tissue (Bradley et al., 2023). This would also be the case in the clinical situation where the scaffold would be implanted into injured meniscus at different regions. However, this approach might explain the high variation in the data as the cell populations might be very inhomogeneous.
The majority of the extracellular matrix of a native meniscal tissue is composed mainly of collagen I and a smaller amount of collagen II and glycosaminoglycans, which serve as a substrate for cell migration and proliferation (Chen et al., 2015; Lyons et al., 2019; Ruprecht et al., 2019; Zhong et al., 2020; Bansal et al., 2021). Biocompatible materials have been shown to facilitate cell adhesion, promote cell growth, and stimulate collagen deposition (Murakami et al., 2017; Baek et al., 2019). Despite large interconnected pores of the porous SPX, only a few of the suspended cells were actually able to pass through, and the majority of the cells remained stuck in the scaffolds. Nevertheless, the cell viability assay indicated that not all of the trapped cells were able to adhere to the inner surfaces of the scaffolds and were possibly unable to form the intercellular connections and extracellular matrix necessary for survival.
Our results showed that despite many of the cells being able to adhere to the scaffolds on day 0, a proportion died and were consequently removed from the scaffolds. This was likely due to the increased stress caused by the transfer of the scaffolds into a new well and the medium exchange procedure. Additionally, the cells were not able to produce an adequate amount of extracellular matrix within 24 h of seeding. In this study, we demonstrated that as opposed to M-Allo and CMI, SPX also promotes meniscal cell growth and proliferation and stimulates the synthesis of the extracellular matrix protein collagen I. One possible explanation for the lack of cell growth on M-Allo could be the high density of this scaffold, which prevented the cells from initially penetrating inside. Previous studies have also reported high collagen synthesis when different types of stem cells were cultured on biocompatible scaffolds, including bone marrow-derived mesenchymal stem cells, primary MCs, and peripheral blood-derived mesenchymal stem cells (Lyons et al., 2019; Mao et al., 2022; Barceló et al., 2023). The ability of these scaffolds to promote collagen I production is an important finding that could have significant clinical implications. These results suggest that biocompatible materials might be a promising approach for meniscal tissue development and regeneration.
Culturing MCs on SPX with low porosity appears to enhance differentiation of the cells into an osteogenic phenotype, as might be expected from the upregulation of the ALP and RUNX2 genes. However, the expression of the ACAN gene, which is considered a chondrogen-specific gene in these cells, was also relatively upregulated. One possible explanation for the upregulation of osteogenic genes could be the influence of scaffold architecture and pore size on the cells. Studies have reported the effects of architectural or topographical factors on the gene and protein expressions of mesenchymal stem/stromal cells, the tendency of the cells to have a specific phenotype and on the cell proliferation (Zhang et al., 2016; Olvera et al., 2017; Barceló et al., 2023). One has to keep in mind that the cells used in this study were from menisci with a degeneration grade of two to four according to the Pauli classification (Pauli et al., 2011), without calcium deposition. It can be speculated that a proportion of the cells are already primed for osteogenic differentiation might be isolated and cultured, which could explain the higher expression of the osteogenic marker.
A recent study investigated the suitability of a scaffold made out of polyglycolic acid (PGA) fibers as a meniscus graft in vitro (Cojocaru et al., 2020). The human meniscal cells cultured on the scaffolds revealed a good viability/proliferation until day 7, with a slight decrease at day 14. This is in accordance with the cells showing an increase in cell viability when cultured on SPX for 7 days. Culturing the cells in 2D or on PGA with human serum or platelet concentrate resulted in the regulation of gene expression. A clear comparison with the present data is not possible due to the different conditions, but it displays the effects of culturing conditions and scaffolds on the cells.
For the ex vivo meniscus model the scaffolds were used in a tight-fit manner to ensure a tight contact between scaffold and donor meniscus. In the clinical situation of partial meniscus repair, the surgeon would also aim for a very close contact between the scaffold and the meniscal tissue to allow the invasion of the cells into the scaffold and therefore the regeneration procedure. The ex vivo meniscus model showed no ingrowth of cells into the scaffolds over a period of 7 days. The time frame might have been too short to let the cells migrate out of the meniscus matrix into the scaffold. The decision for the 7-day time point was made to reduce the risk of cell death in the ex vivo meniscal tissue and is a time point previously used in comparable experiments (Kang et al., 2006; Freymann et al., 2012; Zhang et al., 2016; Kwak et al., 2017; Ruprecht et al., 2019). In contrast, the 28-day cultivation of SPX in meniscal tissue resulted in ingrowth of MCs into SPX. The higher cell migration from the meniscus into the scaffolds from day 7 to day 28 is in accordance with previous observations using porcine menisci and porcine meniscus-derived matrix (Ruprecht et al., 2019). The lack of cell migration on day 7 might be explained by too weak or absent migration-stimulating signals during the 7 days and therefore the cells embedded in the dense extracellular matrix of the meniscus were not stimulated to grow out. However, the 28-day period was sufficient to stimulate cell ingrowth into the SPX. The analysis of gene expression showed that the expression of RUNX2, ALP, SOX9, and ACAN was increased in cells that migrated from meniscal tissue to SPX (both micro- and macro-porous) and CMI after 28 days of co-cultivation. This indicates that a greater number of cells were able to migrate into the scaffolds. However, it remains uncertain whether the cells differentiated into an osteogenic or chondrogenic lineage, and it appears that more time might be required for the cells to undergo this process.
5 CONCLUSION
In conclusion, this study investigated the potential of meniscal regeneration using graft materials by in vitro and ex vivo experiments. The results indicate that the use of SPX as a graft material is promising for meniscal tissue regeneration. Consistent with our findings, a case study indicated that the utilization of SPX block implants in a patient with bilateral medial meniscal lesions resulted in rapid integration of the implant, along with favorable radiographic and functional outcomes (Behrendt, 2023). Cells cultured on SPX showed increased viability and synthesis of the extracellular matrix protein collagen I compared with other materials. Consistent with this, the ex vivo organ culture demonstrated that meniscal cells exhibited migration from the surrounding tissue and successfully grew on the SPX scaffold within a 28-day period.
The study also highlights the importance of donor variation and the inhomogeneous structure of the meniscus, which may contribute to differences in gene expression and the cellular properties. The results suggest that meniscal cell phenotype and behavior may be influenced by factors such as cultivation conditions, scaffold architecture, and pore size.
Overall, the biocompatible materials show potential to promote cell growth, proliferation, and collagen production, which are critical for meniscal tissue regeneration. Further studies are required to optimize scaffold design, culturing conditions, and migration-stimulating signals to improve the efficacy of meniscal regeneration therapies.
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Reducing the prosthesis modulus by inclusion of an open space lattice improves osteogenic response in a sheep model of extraarticular defect
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Introduction: Stress shielding is a common complication following endoprosthetic reconstruction surgery. The resulting periprosthetic osteopenia often manifests as catastrophic fractures and can significantly limit future treatment options. It has been long known that bone plates with lower elastic moduli are key to reducing the risk of stress shielding in orthopedics. Inclusion of open space lattices in metal endoprostheses is believed to reduce the prosthesis modulus potentially improving stress shielding. However, no in vivo data is currently available to support this assumption in long bone reconstruction. This manuscript aims to address this hypothesis using a sheep model of extraarticular bone defect.
Methods: Initially, CT was used to create a virtual resection plan of the distal femoral metaphyses and to custom design endoprostheses specific to each femur. The endoprostheses comprised additively manufactured Ti6Al4V-ELI modules that either had a solid core with a modulus of ∼120 GPa (solid implant group) or an open space lattice core with unit cells that had a modulus of 3–6 GPa (lattice implant group). Osteotomies were performed using computer-assisted navigation followed by implantations. The periprosthetic, interfacial and interstitial regions of interest were evaluated by a combination of micro-CT, back-scattered scanning electron microscopy (BSEM), as well as epifluorescence and brightfield microscopy.
Results: In the periprosthetic region, mean pixel intensity (a proxy for tissue mineral density in BSEM) in the caudal cortex was found to be higher in the lattice implant group. This was complemented by BSEM derived porosity being lower in the lattice implant group in both caudal and cranial cortices. In the interfacial and interstitial regions, most pronounced differences were observed in the axial interfacial perimeter where the solid implant group had greater bone coverage. In contrast, the lattice group had a greater coverage in the cranial interfacial region.
Conclusion: Our findings suggest that reducing the prosthesis modulus by inclusion of an open-space lattice in its design has a positive effect on bone material and morphological parameters particularly within the periprosthetic regions. Improved mechanics appears to also have a measurable effect on the interfacial osteogenic response and osteointegration.
Keywords: stress shielding, endoprosthesis, osteointegration, Ti6Al4V-ELI, lattice, additive manufacturing, load bearing
1 INTRODUCTION
Endoprosthetic reconstruction is one of the cornerstones of limb salvage surgery requiring extensive resection of bone. Current indications include osseous or soft-tissue tumors encroaching on bone, periprosthetic infections as well as the surgical management of arthritic and trauma patients (Hennessy et al., 2020). Based on current projections, by 2040, annual hip and knee replacement surgeries, in the US alone, are predicted to reach over 1.4 and 3.4 million respectively (Singh et al., 2019). Endoprostheses are commonly affected by complications such as mechanical and soft-tissue failure, periprosthetic infection and fractures as well as aseptic loosening, which may lead to subsequent revisions or limb amputation (Abu El Afieh et al., 2022). While the rate of complications associated with endoprostheses is not dissimilar to alternatives such as allogenic reconstructions (Albergo et al., 2017), it is beneficial to explore the possibility of limiting these adverse events. This is paramount especially when considering patients requiring chemo- and/or radiotherapeutic treatments who are at a higher risk of such complications (Novikov et al., 2019; Fujiwara et al., 2020; Abu El Afieh et al., 2022).
Early data suggests that altering the implant design to introduce porosity is the key to alleviating some of the risk (Ji et al., 2020; Guder et al., 2021). Effective incorporation of a surface lattice can improve post-operative soft-tissue and bone integration reducing surgical dead space and thus the risk of infection (Chen et al., 2009; Guder et al., 2021). The resulting improved soft tissue integration is thought to be associated with improved function and a reduced risk of soft tissue failure (Chen et al., 2009; Guder et al., 2021).
It has been suggested previously that titanium implants that incorporate open space lattice architectures in their design, have favorable osteoconductive properties, yielding excellent osteointegration when used in the reconstruction of long bones (Li et al., 2016; Crovace et al., 2020). Good quality osteointegration improves load sharing with the periprosthetic bone protecting the device from mechanical failure and premature loosening (Mavrogenis et al., 2009; Apostu et al., 2018; Ji et al., 2020). Moreover, the engineered porosity (if substantial) reduces device’s elastic modulus, which has been suggested to result in enhanced osteogenesis and reduced stress shielding of the periprosthetic bone (Huiskes et al., 1992; Sumner and Galante, 1992; Nouri and Hodgson, 2010; Moghaddam et al., 2016; Caffrey et al., 2018). Stress shielding is a common complication of endoprosthetic reconstruction surgery and is significant not only because of associated surgical failure, but also due to the resulting periprosthetic osteopenia, which significantly limits future treatment options (Nagels et al., 2003; Tagliero et al., 2020; Braig et al., 2021; Cho et al., 2021; Bendich et al., 2022). Selecting an appropriate prosthesis modulus is crucial to achieving the best possible functional and long-term outcomes for patients with medical implants because it ensures that the mechanical properties of the artificial implant closely match those of the surrounding natural tissues and bones, preventing issues like stress shielding and subsequent implant loosening, or implant failure that may arise if the prosthesis is too rigid or too flexible compared to the natural tissue.
Notwithstanding this rationale, many legislative agencies around the world still do not allow for routine incorporation of lattices into implants due to a dearth of in vivo and clinical data on their effectiveness and safety. Thus, further research is required to establish the therapeutic profile and safety of this approach in the design and manufacturing of endoprostheses. This work was undertaken to test the hypothesis that reducing the prosthesis modulus by incorporating a three-dimensional (3D) open-space lattice into its core structure, will improve host osteogenic response in load bearing locations and prevent stress shielding of the periprosthetic bone. To our knowledge, there are no previous studies that have directly investigated this hypothesis using a controlled in vivo model in a long bone.
Here, we describe our findings following experimental reconstruction of distal femoral extraarticular defects in a sheep model where two distinct structural designs of different moduli are compared. A sheep model was selected due to the relatively large size of bones in sheep and thus similar biomechanics to humans. To overcome the challenges associated with surgical planning and fitting of highly customized and geometrically complex endoprostheses, bone resections were performed using a robot-assisted approach followed by manual fitting of the prostheses. Our research questions were:
(1) Is a reduction in prosthesis modulus associated with an improved quantity and quality of periprosthetic cortical bone?
(2) Is a reduction in prosthesis modulus associated with an improved osteointegration, i.e., quantity and quality of interfacial and interstitial bone?
2 MATERIALS AND METHODS
2.1 Animals
A total of nine 2-year-old castrated male Merino sheep (42–56 kg body weight on arrival) were used for this study which were housed and maintained in the animal house facility of the Melbourne Veterinary School, The University of Melbourne, Victoria, Australia. Sheep were kept in groups of maximum 4 animals per pen and provided with a once-a-day ratio of pellets. Dry hay and water were provided ad libitum. An acclimatization period of at least 2 weeks was observed before subjecting the animals to any procedures. Four animals were randomly assigned to each of the two groups receiving either the solid- or lattice-core prostheses. Each holding pen contained a mix of sheep from both experimental groups. One of the animals in the lattice group was euthanized early on due to the incidence of a spiral fracture distal to the implant during the recovery period and had to be replaced by an additional animal (hence nine animals were used in total). The use of all animals in this study was approved by the Animal Ethics Committee of the Faculty of Veterinary and Agricultural Sciences, the University of Melbourne (Infonetica # 10442). All work was conducted in compliance with the Australian Code for the Care and Use of Animals for Scientific Purposes (2013).
Each animal was anaesthetized twice, once at the time of the initial CT scans for planning purposes and once at the time of surgery. All intravenous drugs and fluids were administered via an 18G over-the-needle catheter placed in a cephalic vein. For the surgeries, following an intravenous administration of midazolam (0.3 mg/kg), general anesthesia was induced using an intravenous bolus of propofol (4–6 mg/kg). A prophylactic antibiotic (cefazolin, 20 mg/kg IV) was administered at this time and repeated every 90 min thereafter. This was followed by IM administration of procaine penicillin G (15 mg/kg once daily) for 3 postoperative days.
Anesthetic maintenance was provided with isoflurane in oxygen (20–50 mL/kg/min) via an endotracheal tube. Intraoperative analgesia consisted of intravenous methadone (0.2 mg/kg) every 4 h, a constant rate infusion (CRI) of ketamine (10 mg/kg/min) and epidural morphine (0.1 mg/kg). The CRI was preceded by a bolus of ketamine (1 mg/kg, IV) at the time of surgical site preparation. The first dose of methadone was also given at this stage. At the end of the procedure and before turning off the isoflurane, a subcutaneous dose of meloxicam (1 mg/kg) was administered. A fentanyl patch (0.2 mg/kg/h) was placed on the antebrachium at this time and kept for 72 h. Following recoveries, animals were individually housed in a divided pen for 5 days (2 animals per pen) before being returned to the flock. Further postoperative pain management was provided by buprenorphine (0.01 mg/kg IM q12 h) and meloxicam (1 mg/kg PO q24 h) for a total of 5 days. Sheep were provided with a rubber matting postoperatively for the duration of the study.
The anesthesia protocol for the planning CT scans were similar to the surgeries, but methadone was replaced with butorphanol (0.2 mg/kg IV) with no further intraprocedural or postprocedural analgesia. All animals were subjected to intravital fluorochrome labelling of bone using alizarin red (25 mg/kg IV) and calcein (10 mg/kg IV), 20 and 5 days respectively before being euthanized at 12 weeks. Euthanasia was performed by a lethal IV administration of pentobarbital.
2.2 Imaging and pre-planning
For each animal, computed tomography (CT) using a Siemens Somatom Emotion 16 (Siemens Healthineers, Germany) was used to scan the right hind limbs. The CT images were then used to create a representative 3D map of the distal femur in a custom surgical planning software based on the MITK framework (DKFZ, Germany). A “reference” plan was created based on an average femoral bone geometry (lateral aspect), on which a curved osteotomy geometry was defined. For each sheep, the generated femur geometry was aligned to the reference plan, as to create a curvilinear lateral metaphyseal defect that was identical in all 9 femora (one sheep was excluded from the study due to a postoperative fracture).
2.3 The design of the endoprostheses
Two types of endoprostheses were used in this study. Both designs had an identical convex bone interface matching the curvature of the pre-planned osteotomies. The curvature of the interface tapered into a proximal and distal flange each accommodating two fixation screws (total of 4 screws) resembling a bone plate with an expanded middle segment (Figure 1). The implants were designed to either have a solid core with a unit cell size of 2 mm as interfacial lattice (which faced the bone defect) or a lattice core within an identical interfacial lattice. The core lattice consisted of a gradient face-centered cubic with z-strut (FCCZ) lattice structure with a unit cell size of 4 × 4 × 4 mm. The surface-intersecting unit cells were modified to fit the geometric boundaries of the core. Strut diameter was linearly graded (0.7 mm–0.325 mm) as to avoid strut distortion from an excessive thermal gradient at the points of their connection with the flanges and to avoid stress concentrations when under loading. The interfacial lattice comprised a FCCZ lattice structure with a unit cell size of 2 × 2 × 2 mm. The strut diameter had a similar gradient (0.7 mm–0.325 mm in diameter). The solid core was estimated to have a 120 GPa modulus whereas the unit cells of the lattices had a 3–6 GPa modulus. For reference, the modulus of the ovine femur is about 22 GPa (Erickson et al., 2002).
[image: Figure 1]FIGURE 1 | The solid and open-lattice prostheses within the surgically created defects. An identical interfacial lattice was incorporated into the bone facing aspects of both prosthesis designs.
Each endoprosthesis was additively manufactured out of Ti6Al4V-ELI (grade 23 titanium) powder in a SLM®125 machine (SLM Solutions, Germany) using a layer thickness of 30µm, scan speed of 375 mm/s, laser power of 100 W and a hatch distance of 130 µm. Following the manual removal of all support beams and a light deburring, implants were cleaned by dry-ice blasting (60 s per side). Further cleaning was performed using three 1-h cycles of ultrasonic cleaning in deionized water at 80°C and a diluted alkaline cleaning solution (Micro-90®, Cole-Parmer®, Illinois, United States). Each cycle was followed by a rinse in deionized water and submersion in a fresh batch of water and detergent. A fourth and final 1-h cycle in deionized water concluded the post-processing of implants.
2.4 Robotic resection and implantation
Surgical access to the distal femur was achieved via a lateral approach. To synchronize the pre-planned resection map with the actual bone, intra-operative registration was carried out to link four identifiable landmarks (medial and lateral condyles, trochlear groove, and part way up the femoral shaft) with corresponding fiducial points in the virtual 3D map of the same animal using a custom software. This was followed by the surgeon “painting” the surface of the bone with 50–150 additional fiducial points for the iterative closest point (ICP)-based final registration. Following registration and robotic osteotomies, prostheses were manually fit into each defect. Two 3.5 mm cortical screws (Stryker AxSOS 3 3.5 mm cortex screw, self-tapping, Stryker, United States) were used proximally, and two 4 mm trabecular screws (Stryker AxSOS 3 4.0 mm cancellous screw, full thread self-tapping, Stryker, United States) were used distally to secure each implant (Figure 1). The surgical site was then irrigated and closed in multiple layers. We set and adhered to a 2-week time limit for the whole process, from the planning CT to implantations, to simulate the realistic requirements of a clinical setting.
2.5 Microcomputed tomography
Following euthanasia at 12 weeks, femora were resected en bloc following perfusion fixation with 10% neutral buffered formalin (NBF) through a femoral artery catheter. Samples were defleshed as necessary, downsized and subjected to further fixation by submersion in 10% NBF for 7 days. Next, samples were washed using 3 changes of PBS while being agitated on a shaking plate (<60 RPM) for a total of 2 h. They were then placed in 50% ethanol at 4°C for 3 nights before being transferred to 70% ethanol. Micro-computed tomography (micro-CT) was performed using a Phoenix v|tome|x s240 CT system (GE Research, New York, USA) at an isometric resolution of 34.5 µm/voxel, with a peak voltage of 180 kV, current of 130 μA, integration time of 500 m, frame averaging of 3, image skip of 2, and a copper filter of 0.1 mm to reduce beam hardening. Datasets were rotated and cropped based on consistent landmarks in DataViewer version 1.5.6.2 64-bit (Bruker Micro CT, Aartselaar, Belgium) before being imported into CT Analyzer software version 1.13.11.0 (Bruker Micro CT, Aartselaar, Belgium Bruker, RRID:SCR_021338) for analysis. Volumes of interest (VOIs) were defined within the caudal and cranial periprosthetic cortices using similar criteria as those shown for histomorphometry in Figure 2. Due to the presence of metal related artefacts, the interfacial and interstitial VOIs were deemed unsuitable for quantitative analysis.
[image: Figure 2]FIGURE 2 | Regions of interest (ROIs) were defined for one-dimensional (perimeter) and two-dimensional (surface area and pixel density) measurements using an identical method for both BSEM (shown) and brightfield microscopy images. A similar method was used for volumetric analyses using micro-CT datasets (where measurements were performed). The interfacial ROI demarcated by the yellow box spanned the axial perimeter of the implant and extended for an extra 3 mm in both caudal and cranial directions and measured 1 mm in width. This region was further divided into cranial (Cr.Ax) and caudal (Cd.Ax) ROIs (dashed line depicts border). To take account of the periosteal reaction, the small caudal and cranial perimeters of the interfacial lattice were also analyzed; each started from the respective caudal or cranial end of the implant to the corresponding abaxial extent of the interfacial lattice. Area shaded in red depicts the interstitial ROI drawn by tracing the interior of the interfacial lattice. These ROIs were divided into cranial (Cr) and caudal (Cd) parts and were separately analyzed (dashed line depicts border). In the case of the full-lattice prostheses, a second interstitial ROI was defined by tracing the abaxial open lattice. The latter did not have an equivalent ROI in the solid prosthesis. The highlighted circles (1.5 mm in diameter) are periprosthetic ROIs (5 mm away from the prostheses) within the center of the original caudal and cranial cortices ignoring the periosteal and endosteal calluses. The full thickness of the caudal and cranial periprosthetic cortices were also traced (new cortex) and separately analyzed. Marrow diameter was measured within the area depicted by the dotted red lines. Scale bar equals 5 mm.
2.6 Histological processing
Following micro-CT, dehydration was carried out at 4°C using graded concentrations of ethanol with 15 min of vacuum applied after each change to remove trapped air bubbles. Dehydration took a total of 5 weeks. Clearing was performed using two changes of toluene for a total of 7 days. Samples were embedded using a modified method previously described (Emmanual et al., 1987). Briefly, cleared samples were infiltrated with the thin methyl methacrylate (MMA) solution (destabilized MMA + 1% dibutyl phthalate + 0.05% [w/v] benzoyl peroxide) for 3 weeks followed by the thick MMA solution (destabilized MMA + 1% dibutyl phthalate + 3% [w/v] benzoyl peroxide) before being polymerized at 15°C. Polymerized blocks were incubated overnight at 35°C and 40°C on separate days before further processing.
Embedded samples were orientated and trimmed as necessary to allow reproducible identification of sample landmarks and the proximal and distal limits of the implants. Further trimming was performed to remove the medial cortices. Blocks were marked at 2 mm intervals starting proximally at the level of the first screw closest to the center (histological section 1) all the way to the level of the corresponding screw in the distal flange (histological section 9). Blocks were glued to chucks and cut perpendicular to the long axis of bone using an IsoMet low speed saw (Buehler, Illinois Tool Works Inc., IL, United States) fitted with an IsoMet precision blade (IsoMet Blade, 15HC, 127 mm). Sections selected for brightfield, and fluorescence microscopy (histological sections 3, 5, 8) were glued to plexiglass and ground to a 50 µm thickness on a series of silicone carbide sandpapers and diamond suspensions using a custom-built planar microgrinder (Sanaei, 2023). Prepared sections were polished using diamond suspensions on polishing cloths using the same setup. When backscattered electron microscopy (BSEM) was intended (histological sections 4, 6), 2 mm blocks were ground until planar followed by polishing and carbon coating.
2.7 Microscopy
Sections prepared for BSEM were coated with a 20 nm carbon layer under a high vacuum (Safematic CCU-010 HV, Safematic Switzerland). BSEM images were obtained using a backscattered detector and electron beam setting of 10 kV voltage and 20 nA current at 10 mm working distance and 300X magnification (FEI Teneo Volumescope, Thermo Fisher Scientific, Hillsboro, OR, United States). BSEM image tiles were stitched using MAPS (ThermoFisher Scientific, MA, United States, RRID:SCR_024446). Stitched image files were downsized eighty percent for further analysis.
To identify the fluorochrome labels (histological sections 5, 8), unstained sections were scanned using the ×10 objective lens in a ZEISS Axioscan 7 slide scanner (Carl Zeiss AG, Oberkochen, Germany). FITC and Cy3 filters were used to detect calcein and alizarin labels respectively. Brightfield microscopic images (histological sections 3, 5, 8) were obtained following Masson-Goldner staining using the ×10 objective lens in the same slide scanner.
2.8 Static histomorphometry
ImageJ (National Institutes of Health, Bethesda, MD, United States, RRID:SCR_003070) was used for morphometric analysis of prepared BSEM and brightfield images by first defining standardized regions of interest (ROIs) within the periprosthetic, interfacial (bordering the implant) and interstitial regions (within implant pores) as shown in Figure 2. Bone area fraction and porosity were measured following segmentation of bone tissue as previously described (Dempster et al., 2013). Pixel intensity of bone tissue within each ROI (BSEM) was measured following identification by segmentation and expressed as cortical density (Ct.Dn). The percentage of implant surfaces spanned by bone tissue was also determined for the axial (facing the long axis of bone) as well as caudal and cranial interfacial perimeters (Figure 2).
2.9 Dynamic histomorphometry
Dynamic histomorphometry using the fluorescent labels alizarin red (red) and calcein (green) was performed to determine the extent and rates of mineralization and bone formation in the interfacial and interstitial ROIs shown in Figure 2 using histological sections 5, 8. Fluorescent images from each of the regions of interest were imported into ImageJ. Random fields from each ROI were exported as Tiff files after merging red and green channels, which were read into OsteoMeasure System, Version 4.10 (OsteoMetrics, Decatur, GA, USA, RRID:SCR_024447). The total bone surface, along with the bone surfaces labelled with either alizarin red or calcein (single labelled surfaces; sLS) and the bone surfaces labelled with both alizarin red and calcein (double labelled surfaces; dLS) were traced for each ROI. The dynamic histomorphometric parameters were derived by the OsteoMeasure software from the primary indices using the standard ASBMR nomenclature (Dempster et al., 2013).
2.10 Statistics
All measurements were performed by blinded operators where possible. Data analysis was performed by a different group of authors than those who conceptualized, allocated animals or ran the experiments. SPSS Statistics version 28 (IBM Corp©, Armonk, NY, United States, RRID:SCR_016479) was used for all analyses. Graphs were prepared using the Python (RRID:SCR_008394) data visualization libraries, Matplotlib and Seaborn (Hunter, 2007; Waskom et al., 2017). For each variable, the group means were compared using an Independent Samples t-Test. No significance threshold was set due to the exploratory nature of this work, a small sample size (n = 4) and current recommendations (Leopold and Porcher, 2017; Amrhein et al., 2019; Vail and Avidan, 2022). For effect size, Hedge’s g is reported which has been automatically corrected for the small sample size bias by SPSS Statistics. An effect size < 0.2 was considered small, > 0.5 was considered moderate and > 0.8 was considered large. Standard Error of Mean and Standard Error of Difference have been presented in graphs and tables respectively.
3 RESULTS
Other than the one sheep that sustained a fracture during the immediate postoperative period, the recoveries were without incident. All animals were fully weight bearing on the operated limb within 2–3 weeks of surgeries. All prostheses were highly stable and well-integrated into the host bone during histological preparations and downsizing. The periosteal callus was usually more pronounced in the caudal region except for one animal in the solid implant group where it was more pronounced in the cranial region. In one case (lattice implant group), an ossicle was found within the caudal region which might have been caused by the lodgment of bone chips and particles produced at the time of osteotomies (osteotomies were always accompanied and followed by irrigation).
3.1 Periprosthetic ROIs
3.1.1 Micro-CT
Data from the caudal and cranial periprosthetic VOIs is presented in Figure 3. The main differences observed between the two groups related to bone material density measurements (tissue mineral density; TMD). TMD appeared to be higher in the lattice group in all four caudal and cranial VOIs when compared to the control solid implant group. However, while similar between the two groups in the caudal VOI, cortical area (Ct.Ar) appeared to be lower in the cranial VOI of the lattice group.
[image: Figure 3]FIGURE 3 | Volumetric data based on four periprosthetic VOIs following micro-CT imaging. The VOIs were defined using similar landmarks to those used for BSEM and brightfield analyses (Figure 2). Original cortical VOIs are a subset of the new cortical VOIs. Cortical area (Ct.Ar) was calculated by dividing the primary cortical bone volume values (Ct.V) by stack height (voxel size X number of slices per stack). As such, the presented Ct.Ar is a 3D driven index and is used as a proxy for the single dimensional cortical thickness (Bouxsein et al., 2010). TMD, tissue mineral density; Ct.Po, cortical porosity; n = 4; error bars represent SEM.
3.1.2 Back-scattered SEM
Back-scattered scanning electron microscopy (BSEM) was used to evaluate the periprosthetic cortical ROIs within histological section 4 (section 6 images shown in Figure 4). Analysis of pixel greyscale intensities (used as a proxy for cortical mineral density; Ct.Dn) indicated that here too, the lattice group had higher values in all 4 periprosthetic ROIs which was however only notable in histological section 6 (Figures 5A, B). Interestingly, cortical porosity (Ct.Po) values complemented this finding, being lower in the lattice group, this time, only in histological section 4 (Figure 5). Cortical thickness (Ct.Th), like micro-CT, appeared to be lower in the cranial cortex of the lattice implant group in histological section 4 with similar values in all other three ROIs.
[image: Figure 4]FIGURE 4 | BSEM images from histological section 6. Grey signal indicates mineral. Cranial cortex is to the right side of each image. (A–D) solid implant group. (E–H) lattice implant group. Scale bar = 5 mm.
[image: Figure 5]FIGURE 5 | Morphological parameters based on four periprosthetic ROIs defined for BSEM images. (A, C) Data from histological section 4. (B, D) Data from histological section 6. Ct.Dn, cortical density; Ct.Po, cortical porosity; Ct.Th, cortical thickness. Data analyzed using a one-tailed Independent Samples t-Test; Hedges’ g values indicate effect size; n = 4; error bars represent SEM.
3.2 Osteointegration: interfacial ROIs
To evaluate the effect of reduced modulus on osteointegration, interfacial ROIs (Figure 2) were histologically assessed and various area and perimeter as well as dynamic indices measured (Tables 1, 2). Static parameters were measured using BSEM images from histological sections 4 and 6 as well as Masson-Goldner-stained histological sections 3, 5 and 8 (section 3 images shown in Figure 6). Where BSEM was used, pixel intensity is also reported. Histological section 3 was only used for perimeter measurements. Osteoid measurements were only completed for histological section 5. Dynamic histomorphometry was completed for histological sections 5 and 8.
TABLE 1 | Comparison of derived static interfacial parameters between the lattice and solid implant groups.
[image: Table 1]TABLE 2 | Comparison of dynamic interfacial parameters between the lattice and solid implant groups.
[image: Table 2][image: Figure 6]FIGURE 6 | Photomicrographs from histological section 3 (Masson-Goldner Trichrome; original magnification ×10). Sections are from the boundary between the interfacial lattice and the implant core (lattice core is exposed in the bottom right image). Regions stained in blue are mineralized bone whereas regions stained in red are either osteoid or bone tissue that is partially mineralized. Cranial cortex is to the right side of each image. (A–D) solid implant group; (E–H) lattice implant group. Scale bar equals 5 mm.
Histology showed that the interfacial lattices in both implant groups were overall in contact with the host bone, marrow or fibrous tissue depending on location. Periosteal and endosteal callus was being remodeled and replaced with mature lamellar bone. A fibrous tissue capsule was found surrounding all abaxial surfaces which was continuous with the callus and occasionally continued onto the axial interface of the implants (facing the osteotomy defects). In many areas, evidence of intramembranous ossification could be seen at the interface of this layer and the newly formed bone. In some areas of the implant site, calcified cartilage was observed, indicating the presence of endochondral ossification in the newly formed bone. There was no evidence of inflammation or foreign body reaction in any of the sections.
While many indices were similar between the two groups, it was found that the axial interfacial perimeters were more thoroughly covered by bone in the solid implant group in histological sections 3 and 8 (Table 1). The cranial interfacial perimeters, on the other hand, were more extensively spanned by bone in the lattice implant group in histological section 8. Of the dynamic derived parameters, while mineral apposition rate (MAR) was higher in the lattice implant group, statistical analysis remained unequivocal (Table 2).
3.3 Osteointegration: interstitial ROIs
Static histomorphometry was performed for histological sections 4, 5 and 6 (Table 3). Dynamic histomorphometry was performed for histological sections 5 and 8 (Table 4). Our analyses did not point to any clear differences between the two groups here. Evidence of bony ingrowth into the core of the lattice implant group was apparent in 3 instances across 2 sections that were evaluated for this purpose. This could not be directly compared with the solid group for obvious reasons.
TABLE 3 | Comparison of derived static interstitial parameters between the lattice and solid implant groups.
[image: Table 3]TABLE 4 | Comparison of dynamic interstitial parameters between the lattice and solid implant groups.
[image: Table 4]4 DISCUSSION
Our study reveals that that at the 12-week mark post-surgery, both open-lattice and solid core prostheses remain intact and are well integrated with the host tissues largely to the same extent. This points to a favorable characteristic of titanium lattices that when strategically incorporated into endoprostheses, can help minimize surgical dead space and improve both bone and soft tissue integration (research question 2). Notably, the results of our analyses suggest that modifying the prosthesis modulus of elasticity has a measurable effect on the periprosthetic and interfacial bone. The incorporation of an open lattice structure to minimize the implant modulus effectively reduces stress shielding of the surrounding bone, as predicted (research question 1).
Overall, the small sample size made statistical interpretations challenging. We have reported all p values in conjunction with the corresponding effect sizes (Hedge’s g) and have avoided flagging any results as statistically significant or otherwise as suggested by other groups (Leopold and Porcher, 2017; Amrhein et al., 2019; Vail and Avidan, 2022). We felt that this is appropriate due to the exploratory nature of this work and the small group size that would have led to a high risk of type II errors (Leopold and Porcher, 2017; Amrhein et al., 2019; Vail and Avidan, 2022). In this respect, the effect sizes should be paid special attention to. Given the early evaluations (12 weeks), and considering the reported effect sizes, these results are indeed promising.
4.1 The periprosthetic ROIs
Our micro-CT and BSEM evaluations suggest that the periprosthetic cortices in the lattice implant group had a higher mineral density/pixel intensity than the equivalent regions in the solid implant group. BSEM-derived porosity measurements complemented this finding, being lower in the lattice implant group. Micro-CT-derived porosity, nevertheless, did not appear to follow any meaningful patterns. To resolve this conflict, it must be noted that micro-CT of large metallic implants is frequently affected by photon starvation and beam hardening artefacts, which was also the case in our study so much so that we were unable to use our datasets for the purpose of interfacial and interstitial evaluations without risking significant error. BSEM, on the other hand, has far greater resolution and is not at all impacted by the presence of metals. As such, more weight is placed on BSEM-derived porosity measurements in interpreting the results. Specifically, in the caudal cortex, one of the two sections evaluated by BSEM showed markedly higher mean pixel intensity (a proxy for tissue mineral density) in the lattice implant group, indicating denser bone formation (p = 0.035, Hedges’ g = −1.358). Additionally, both caudal and cranial cortices in one of the two evaluated sections exhibited lower porosity in the lattice implant group (caudal: p = 0.091, Hedges’ g = 0.929; cranial: p = 0.074, Hedges’ g = 1.115). Furthermore, the central ROI within the caudal cortex, excluding the callus, also showed less porosity in the lattice implant group (p = 0.040, Hedges’ g = 1.583). These findings suggest that the lattice implant’s open structure may contribute to greater bone density and reduced porosity, potentially indicating improved bone integration and remodeling around the implant site.
The above-mentioned differences in pixel intensity and porosity support our hypothesis that an implant with a lattice architecture and thus lower modulus shares more load with the host bone and therefore stimulates the osteogenic response when compared to a similarly designed higher modulus solid implant. This notion is in accord with previous studies describing the effects of stress shielding associated with bone plates (Tonino et al., 1976; Moyen et al., 1978; Uhthoff and Finnegan, 1983; Uhthoff et al., 1993).
A perplexing aspect of our findings was the observed differences between the cranial and caudal VOIs/ROIs. Importantly, despite bone density and porosity differences supporting our hypothesis, the cranial periprosthetic Ct.Ar (micro-CT) and Ct.Th (BSEM–histological section 4) values were smaller in the lattice implant group in comparison to the control group. Previously, a biomechanical study by Woo et al. proposed that bone plate induced stress shielding manifests in the form of cortical thinning rather than diminished mechanical properties of the bone tissue per se (Woo et al., 1976). It must, however, be noted that based on current understanding, the latter characteristic is attributed to bone mineralization and bone porosity (Hart et al., 2017), both of which allude to the onset of a gradual bone loss in the solid implant group in our study. Contrary to the conclusion proposed by Woo et al., other experimental results confirm our opinion that porosity is a key variable that increases by stress shielding (Tonino et al., 1976; Moyen et al., 1978; Uhthoff and Finnegan, 1983; Uhthoff et al., 1993). Bone mineralization is also thought to respond to strain based on available data (Skedros et al., 1994; Isaksson et al., 2009).
Under physiological conditions, the disparities in loading conditions between different regions in bone often result in regional differences in cortical thickness, structural organization and/or mineralization (Skedros et al., 1994; Skedros et al., 2019). Of note, the natural curvature of the femur in this distal location results in the generation of eccentric axial compression and bending when loaded during normal weight bearing and locomotion exposing the caudal and cranial cortices to compressive and tensile strains respectively. The current observation that the cranial cortex was thinner in the lattice implant group than the solid implant group may be partially explained if one assumes a more pronounced host response to compressive than tensile strains. Zhong et al. have previously shown that in vitro, compressive strains are significantly more potent than tensile strains in stimulating Wnt signaling in osteoblasts (Zhong et al., 2013). Wnt signaling is a well-known pro-osteoblastic pathway that positively regulates bone formation and accrual (Kim et al., 2013).
That said, it has been suggested that in the sheep tibia, loading-induced regional changes in bone mass are not closely linked to local strain magnitude and as such inference of functional loading history from bone shape should be done judiciously (Wallace et al., 2014). It is also possible that the complex contour of the prostheses used here introduces a different strain distribution pattern to these assumptions. Callus buttressing is another factor that should be considered when interpreting these results. All femora evaluated had a more extensive callus caudally. It must be also noted that from the viewpoint of biomechanics, a sole reduction in cortical thickness or area can sometimes be associated with an increase in flexural and torsional rigidity (Uhthoff et al., 1993). As we did not complete a mechanical study, this remains to be determined by future investigations. Finite element analysis may also be useful to shed light on these findings.
4.2 Osteointegration
Evaluation of the interfacial ROIs seemed to indicate that osteointegration varied slightly across the interface; a better bone-prosthesis contact was observed in the axial perimeter for the solid implant group and in the cranial perimeter for the lattice implant group. No difference was observed between the two groups within the interstitial ROIs though the lattice core allowed for some bone ingrowth which could be considered an advantage of this design. While the difference in modulus and the resulting change in mechanics can help explain the subtle differences observed, the presence of an identical interfacial lattice in both prosthesis designs may be the key in understanding these findings. This interfacial lattice was included in both designs to take advantage of osteointegration and better load sharing in both groups hence a more relevant comparison. Variation of congruence at implant-bone interface is a well-known issue impacting the validity of research on the biomechanics of bone plate-type implants (Pilliar et al., 1979; Uhthoff et al., 1993). Having a similar interface across the groups also enabled us to assess the effect of modulus on osteointegration. This, however, has likely minimized the gap between the two groups as the interfacial lattice has a lower modulus than the solid core. Thus, a modulus gradient in the solid prosthesis is expected with lower modulus aspects being in direct contact with the host bone which can explain the observed overall similarities between the two groups in this region.
4.3 Limitations
Other than the small sample size, the similarity between the two implant designs, both having an identical interfacial lattice, can be considered a limiting factor in the current model as discussed before. Additionally, this study includes observations following a 12-week period. This is a short timeline considering the permanent nature of endoprostheses in an actual clinical setting. We based our 12-week time point for this study on the report that most of the loss in bone rigidity occurs within the first 8 weeks following plate buttressing with histological changes becoming more and more obvious in the subsequent weeks (Uhthoff et al., 1993). While invaluable insight is gained from this study, longer observations are required to thoroughly investigate our hypothesis.
4.4 Conclusion
The study demonstrates that reducing the prosthesis modulus by inclusion of a load-bearing open-space lattice in its design can effectively reduce stress shielding of the periprosthetic bone. This can potentially reduce the risk of periprosthetic osteopenia long term hence the risk of fractures. The modified biomechanical profile can also change the interfacial osteogenic response and the resulting osteointegration. This has significant implications for orthopedic implant design, suggesting that strategically incorporating load-bearing open-lattice structures into endoprostheses could enhance surgical outcomes and long-term stability by optimizing bone-implant interactions. Combined with the advantages of 3D computer aided design and additive manufacturing in patient customization and therefore the resulting improved bone fit, it is our opinion that use of lattices should be an indispensable part of many future applications of the technology in joint and bone reconstruction surgeries.
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Articular cartilage regeneration is still a difficult task due to the cartilage’s weak capacity for self-healing and the effectiveness of the available therapies. The engineering of cartilage tissue has seen widespread use of stem cell-based therapies. However, efficient orientation of line-specific bone marrow mesenchymal stem cells (BMSCs) to chondrogenesis and maintenance of chondrogenic differentiation challenged stem cell-based therapy. Herein, we developed a Fe-based metal-organic framework (MOF) loaded with hematoporphyrin monomethyl ether (HMME) and cartilage-targeting arginine-aspartate-glycine (RGD) peptide to form MOF-HMME-RGD sonosensitizer to regulate BMSCs chondrogenic differentiation for cartilage regeneration via the modulation of reactive oxygen species (ROS). By using sonodynamic therapy (SDT), the MOF-HMME-RGD demonstrated favorable biocompatibility, could generate a modest amount of ROS, and enhanced BMSCs chondrogenic differentiation through increased accumulation of glycosaminoglycan, an ECM component specific to cartilage, and upregulated expression of key chondrogenic genes (ACAN, SOX9, and Col2a1). Further, transplanted BMSCs loading MOF-HMME-RGD combined with SDT enhanced cartilage regeneration for cartilage defect repair after 8 weeks into treatment. This synergistic strategy based on MOF nanoparticles provides an instructive approach to developing alternative sonosensitizers for cartilage regeneration combined with SDT.
Keywords: articular cartilage regeneration, stem cell therapy, metal-organic framework, sonosensitizers, sonodynamic therapy
1 INTRODUCTION
Articular cartilage, a thin tissue layer, effectively distributes loads by its unique extracellular matrix components, including collagen and chondroitin sulfate. This structural composition serves to safeguard the subchondral bone from excessive stress. (Gao et al., 2021). Due to its aneural, avascular, and alymphatic nature, severe cartilage damage or trauma is difficult to self-repair (Dai et al., 2015; Liu et al., 2021). The stem cell-based treatment using multipotent stem cells, which can be guided towards chondrogenic development, has found extensive use in the field of cartilage tissue engineering (Gugjoo et al., 2016; Lee and Wang, 2017). However, the efficient orientation of line-specific BMSCs to chondrogenesis and maintenance of chondrogenic differentiation challenged stem cell-based therapy (Shi et al., 2019).
It has been reported that moderate ROS is important for cell growth and differentiation. During the process of chondrogenesis, the involvement of ROS is of significant importance as they actively contribute to the stimulation of cell proliferation and the facilitation of differentiation in BMSCs while simultaneously preventing the onset of an inflammatory response (Kim et al., 2010; Lu et al., 2019; Wu et al., 2023a). Previous studies showed that the ROS level was specifically high in developing chondrocytes of the embryonic limb, and chondrocyte maturation was accompanied by a progressive decrease in catalase activity in growing cartilage (Salas-Vidal et al., 1998; Schnabel et al., 2006). Regarding in vitro chondrogenic differentiation, ROS generation was increased during induction (Jallali et al., 2007; Heywood and Lee, 2017). In addition, varieties of nanomaterials and hydrogels were capable of effectively promoting the chondrogenic differentiation of BMSCs due to the increasing generation of ROS (Lu et al., 2019; Cai et al., 2020; Wu et al., 2023b). Sonodynamic therapy (SDT) is a promising therapeutic modality that utilizes ultrasound (US) to induce sonoluminescence. This process activates sonosensitizers, leading to the generation of ROS, including hydroxyl radicals and singlet oxygen. SDT represents an ultrasound-based approach for the treatment of cartilage-related conditions, offering a new paradigm in the field of cartilage therapy (Uddin et al., 2016; Truong Hoang et al., 2022). The use of sonosensitizer-enabled SDT has been shown to effectively enhance the repair of articular cartilage lesions (Wu et al., 2023b). This approach has many advantages, including non-invasiveness, the ability to penetrate deep into the tissue, high therapeutic efficacy, and little occurrence of adverse effects (Vahedi et al., 2021). For SDT, the selection of appropriate sonosensitizers is critical.
Organic sonosensitizers like porphyrins, phthalocyanines, fluoroquinolone (FQ) antibiotics, phenothiazine compounds, etc., with special groups producing sonosensitive activity by the US, have attracted much attention because of their easy monitoring, clear structure, stable chemical and physical properties, and evaluation of drug metabolism (Li et al., 2021). In particular, the porphyrins derivatives hematoporphyrin monomethyl ether (HMME) which is a second-generation hematoporphyrin (HP)-related sensitizer can produce a sensitive reaction to convert oxygen into ROS under US irradiation and has been continuously used as US-responsive sonosensitizer in SDT with the advantage of high quantum yield in the ROS generation, good selective retention and long-term retention in tissue (Huang et al., 2018; Li et al., 2021; Song et al., 2023). Furthermore, HMME was a hydrolysis product of endogenous hemoglobin with good biocompatibility, sonosensitizing ability, and emissive properties. Previous research has confirmed that HMME has been widely used in SDT by US irradiation for medication of ROS-related diseases, including antitumor treatment, sonodynamic antimicrobial chemotherapy, and neovascularization theranostics. It can easily control the amount of ROS production by regulating the concentration of HMME and several the sonodynamic parameters including ultrasonic intensity, irradiation duration and frequency. Wen et al. successfully synthesized polymeric nanoparticles, namely, CAT@HA-HMME NPs, whereby HMME was used as a representative organic sonosensitize (Wen et al., 2022). These nanoparticles were designed to exhibit prolonged blood circulation and disintegration inside tumor sites, hence enhancing the efficacy of sonodynamic treatment. Yao et al. constructed ferrite-encapsulated nanoparticles that are sensitive to low-intensity focused ultrasoun (Yao et al., 2021). These nanoparticles were created via HMME-mediated SDT and were designed for theranostics targeting neovascularization in atherosclerotic plaques. Xu reported the synthesis of Fe-HMME coordination particles (FeCPs) by the assembly of HMME with Fe (III) ions (Xu et al., 2020). These particles were then loaded with the anticancer medication doxorubicin to enable a combination therapy approach using SDT and chemotherapy for the treatment of deep-seated tumors. Nonetheless, HMME-based nanoparticles remain unsatisfactory because of poor water solubility, poor light stability, low efficient delivery, rapid metabolism, fast clearance, etc., resulting in reduced bioavailability and restricted absorption into the body (Huang et al., 2018; Wen et al., 2022). These aforementioned limitations give rise to suboptimal pharmacokinetics and a lack of therapeutic efficacy in the context of SDT. Hence, the development of novel techniques is important to get optimal SDT using organic sonosensitizers.
Metal-organic frameworks (MOFs) are a category of porous coordination polymers that have garnered significant attention due to their growing and practical applications. The formation of coordination bonds is facilitated by the coordination of metal ions or clusters with functional organic ligands, resulting in the creation of these frameworks (Wen et al., 2023). MOFs have attracted extensive research interest and have been widely used in drug delivery due to the unique features of facile synthesis, diverse compositions, adjustable porosity, high surface areas, easy surface functionalization, good dispersibility, high loading capacities, and tunable biocompatibility (Jiang et al., 2023). In our previous studies, we developed pH-responsive MOFs modified by hyaluronic acid (HA) loaded with anti-inflammatory protocatechuic acid (PCA) for osteoarthritis therapy (Xiong et al., 2020) and zinc-based MOFs with antibacterial and anti-inflammatory properties for promoting wound healing (Chen et al., 2022). It was found that the porous structure of MOFs can prevent the self-quenching of organic acoustic molecules and promote the rapid diffusion of ROS, thus increasing the quantum yield of ROS by leveraging the benefits offered by the linker-to-metal charge transfer mechanism (Xie et al., 2022). Thus, MOFs may be promising carriers for HMME in SDT applications.
Herein, we developed MOF-based multifunctional therapeutic nanoparticles loading with HMME and arginine-aspartate-glycine (RGD) (MOF-HMME-RGD) with a combination of SDT for cartilage regeneration in an attempt to regulate chondrogenic differentiation of BMSCs by producing moderate ROS (Scheme 1). HMME can serve as sonosensitizers to produce ROS (e.g., singlet oxygen) via US stimulation. The RGD peptide is well recognized as a particular binding site for integrin receptors, which are key regulators of cell-extracellular and cell-cell microenvironment communication (Koh et al., 2022). Therefore, it is anticipated that MOF-HMME-RGD would enhance cell viability, stimulate the production of proteoglycans, and facilitate the restoration of cartilage by expediting the lineage-specific differentiation of BMSCs towards chondrogenic lineage and cartilage regeneration. This strategy based on MOF nanoparticles provides an instructive approach to developing alternative sonosensitizers for cartilage regeneration combined with SDT.
[image: Scheme 1]SCHEME 1 | Schematic illustrations of MOF-HMME-RGD synthesis and the potential therapeutic mechanisms of the multifunctional combined strategy.
2 MATERIALS AND METHODS
2.1 Synthesis of MOF-HMME-RGD nanoparticles (NPs)
2.1.1 Preparation of metal-organic frameworks (MOFs) NPs
Metal-organic frameworks nanoparticles were synthesized utilizing a technique that was derived from prior research, with some adjustments made to the procedure (Cai et al., 2017). A mixture was prepared by combining 40 mL of a 2 mM FeCl3 solution (dissolved in methanol) with 40 mL of 1.2 mM 1, 3, 5-benzene tricarboxylic acid (trimesic acid, BTC) solution (also dissolved in methanol). The mixture was subjected to vigorous stirring for 10 min. The solution was put into a heated oil bath maintained at a temperature of 50°C and allowed to undergo a reaction for 90 min. Subsequently, the solution underwent centrifugation for 12 min at a rotational speed of 12,000 revolutions per minute (rpm) using a centrifuge (Eppendorf 5810R, Germany). Following centrifugation, the resulting pellet was subjected to three consecutive washes with deionized water. The MOFs NPs were ultimately acquired by the process of freeze-drying in a freeze dryer and kept at a temperature of 4°C.
2.1.2 Preparation of modified MOF-HMME NPs
5 mL MOF methanol solution (1.0 mg/mL) and 5 mL HMME methanol solution (1.0 mg/mL) were mixed under ultrasonic conditions. Then, the aforementioned solution was subjected to agitation at ambient temperature for 12 h. Subsequently, the obtained mixtures were subjected to centrifugation at a rotational speed of 10,000 rpm for 5 min, and followed by a triple rinsing procedure using ethanol and deionized water. The resultant product was obtained via the process of centrifugation and then designated as MOF-HMME. Thereafter, the resulting product was reconstituted by adding 5 mL ultrapure water and stored at 4°C.
2.2 Preparation of modified MOF-HMME-RGD NPs
The methanol solution containing 5 mg MOF-HMME NPs and the solution containing 0.5 mg RGD (5 mg/mL) were mixed under sonication conditions and placed at a constant temperature of 37°C for 12 h in a shaker. The MOF-HMME-RGD was obtained by centrifugation to remove the unloaded RGD. Finally, MOF-HMME-RGD NPs were resuspended with 5 mL ultrapure water and stored at 4°C.
2.3 Characterization of MOF-HMME-RGD
The morphology and structure of MOF-HMME-RGD nanoparticles were examined using transmission electron microscopy (TEM) and X-ray diffraction (XRD) techniques, respectively. The TEM analysis was conducted using a Hitachi instrument from Japan, while the XRD analysis was performed using a MiniFlex 600 instrument, also from Japan. The absorption spectra of nanoparticles (NPs) in phosphate-buffered saline (PBS) were measured using a UV-visible spectrophotometer (Shimadzu, UV-2700, Japan). The average particle size and zeta potential of nanoparticles in a PBS solution were measured using Nano-ZS equipment manufactured by Malvern Panalytical in China. The HMME releasing behaviors from MOF-HMME-RGD were investigated. 200 μg MOF-HMME-RGD was dissolved in 1 mL of PBS buffer and then placed at 37°C with or without ultrasound stimulation under thermostatic shaking. The HMME concentration in the buffer was measured uniformly using a UV spectrophotometer at 0, 10, 30, 60, 120, 180 min, and the drug release rate (Q) was further calculated.
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Ct and Ci in equation represent the concentration of HMME in the tth and ith collected samples, respectively. V0 and Vi represent the original volume in the simulated system and the volume of the ith sampling, respectively (V0 = 1 mL; Vi = 1 mL), and W is the total amount of drug HMME in the simulated system.
2.4 Detection of singlet oxygen
The single oxygen generated by MOFs, HMME, MOF-HMME, MOF-HMME-RGD was measured by a chemical probe 1, 3-diphenylisobenzofuran (DPBF). Typically, 10 μL 10 mM DPBF ethanol solution was added to 1.0 mL of PBS, and MOFs, HMME, MOF-HMME, and MOF-HMME-RGD were immersed into the above solution under ultrasound stimulation with a frequency of 1.0 MHz, a sound intensity of 0.35 W/cm2, a duty cycle of 60%. Finally, the absorbance of DPBF at a wavelength of 410 nm was assessed using a microplate reader.
2.5 Cell isolation and culture
The animal experiments conducted in this study were approved by the Animal Ethics Committee standards of Guangxi Medical University, by Protocol Number 201903034. The animals were euthanized with the administration of sodium pentobarbital. BMSCs were obtained from the femoral marrow of neonatal Sprague-Dawley (SD) rats, as described in previous work. (Gao et al., 2023). BMSCs were cultivated in α-minimal essential medium (α-MEM, Biosharp, China) with 1% penicillin/streptomycin antibiotics (Biosharp, China) and 10% fetal bovine serum (Tianhang, China). The cells were subjected to incubation at a temperature of 37°C under an atmosphere containing 5% carbon dioxide. The medium was replenished at regular intervals of every 3 days.
2.6 Intracellular ROS detection
The measurement of intracellular ROS generation was conducted using a probe kit containing 2′,7′-dichlorofluorescein diacetate (DCFH-DA) obtained from Thermo Fisher Scientific, located in the United States. The BMSCs were cultured in 6-well plates with a density of 2 × 105 cells per well. The fluorescent probe DCFH-DA can enter cells and undergo cleavage upon oxidation by ROS. Subsequently, it is de-esterified by endogenous esterases and transformed into the fluorescent molecule 2′,7′-dichlorofluorescein (DCF). In summary, the cells that had undergone treatment were gathered and reconstituted with a diluted solution of DCFH-DA (10 μM). Subsequently, the cells had an incubation phase of 20 min at a temperature of 37°C inside a regulated cell incubator. The cells underwent centrifugation, followed by three rounds of washing, and were then resuspended using a serum-free cell culture medium. The quantification of ROS inside the intracellular environment was conducted utilizing a fluorescence spectrophotometer. The excitation wavelength used was 488 nm, while the emission wavelength utilized was 525 nm.
2.7 Cell viability and cell apoptosis assay
The optimal concentration of HMME incorporated in MOF-HMME-RGD, along with the ultrasonic intensity, irradiation duration, and frequency, were determined based on the results obtained from the cell viability analysis performed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay provided by Gibco, United States. The BMSCs were cultured in 6-well plates with a density of 2×105 cells per well. The absorbance value at 490 nm was measured using the microplate reader from Thermo Fisher Scientific, United States. Subsequently, the computation of cell viability was conducted. The treatment parameters which the most substantial support for cells proliferation were chosen for the subsequent experiment. The experiment was divided into five groups: (1) Control group; (2) T group: BMSCs were cultured in the chondrogenic medium; (3)TU group: BMSCs were cultured in chondrogenic medium with ultrasound stimulation; (4)TMU group: BMSCs were cultured in chondrogenic medium containing MOF-HMME-RGD (CHMME = 1 μg/mL) with ultrasound stimulation; (5) Nac-TMU group: BMSCs were cultured in chondrogenic medium containing MOF-HMME-RGD (CHMME = 1 μg/mL) and NAC (a ROS scavenger) with ultrasound stimulation. The cultured BMSCs were carried out with ultrasound stimulation by a medical ultrasound physiotherapy instrument (WELLD, China). The treatment parameters of LIPUS were: free mode, switching ratio of 60%, frequency of 1 MHz, ultrasound intensity of 0.35 W/cm2, irradiation time of 60 s, and irradiation frequency of once a day. The apoptosis of the BMSCs with ultrasound stimulation was determined with the Annexin V-EGFP/PI apoptosis kit (KeyGEN BioTECH, Nanjing, China) by a flow cytometer (BD FACSCalibur, USA).
2.8 Intracellular uptake of MOF-HMME-RGD
The BMSCs were cultured in 6-well plates with a density of 3×104 cells per well. After 12 h of incubation, the cells were cultured with 3 mL medium containing FITC-labeled MOF-HMME-RGD (CHMME = 1 μg/mL). Samples were collected and observed using fluorescence microscopy at 4h, 1d, and 3d.
2.9 Biochemical assays
To further explore the synergistic effect of MOF-HMME-RGD on BMSCs chondrogenesis with SDT, the cells were cultured in chondrogenic medium containing 10 ng mL−1 transforming growth factor-β1 (TGF-β1, PeproTech, USA), 50 μg mL-1 ascorbic acid (Solarbio, China), 50 mg mL-1 insulin-transferrin-selenium (Gibco, USA), 100 nmol mL−1 dexamethasone (Solarbio, China) at 5% CO2, 37°C for 14 days. The BMSCs were cultured in 6-well plates with a density of 2×105 cells per well. The experiment was divided into five groups: (1) Control group; (2) T group: BMSCs were cultured in the chondrogenic medium; (3)TU group: BMSCs were cultured in chondrogenic medium with ultrasound stimulation; (4)TMU group: BMSCs were cultured in chondrogenic medium containing MOF-HMME-RGD (CHMME = 1 μg/mL) with ultrasound stimulation; (5) Nac-TMU group: BMSCs were cultured in chondrogenic medium containing MOF-HMME-RGD (CHMME = 1 μg/mL) and NAC (a ROS scavenger) with ultrasound stimulation. The treatment parameters of LIPUS were: free mode, switching ratio of 60%, frequency of 1 MHz, ultrasound intensity of 0.35 W/cm2, irradiation time of 60 s, and irradiation frequency of once a day.
The cells were subjected to a series of procedures at each time point. Firstly, they were washed three times with a PBS solution. Subsequently, the cells were digested with a 1.0 mL solution of proteinase K, which had a concentration of 20 mg/mL. This digestion process took place at a temperature of 56°C for 10 h. The purpose of these procedures was to quantify the levels of DNA and glycosaminoglycan (GAG) present in the cells. DNA contents were measured using the Hoechst 33,258 dye with DNA from the calf thymus as a standard. The GAG contents were quantified using dimethyl methylene blue (DMMB) chloride methods, and optical density was tested at 525 nm. The quantification of GAG secretion was performed using a calibration curve based on the absorbance of chondroitin sulfate, and the results were normalized to account for the total DNA content.
2.10 Quantitative real-time polymerase chain reaction (qRT-PCR) analysis
Quantitative real-time polymerase chain reaction (qRT-PCR) was used to evaluate the expression levels of cartilage-specific genes (Acan, Sox9, Col2a1, Col1a1) in BMSCs. The BMSCs were cultured in 6-well plates with a density of 2 × 105 cells per well in chondrogenic medium for 14 days. The treatment parameters of LIPUS were: free mode, switching ratio of 60%, frequency of 1 MHz, ultrasound intensity of 0.35 W/cm2, irradiation time of 60 s, and irradiation frequency of once a day. The process of reverse transcription (RT) was conducted to convert total RNA into complementary DNA (cDNA) using a Prime Script RT kit manufactured by Takara in Japan. The qRT-PCR experiment was performed using the Fast Start universal SYBR Green Master Mix (Roche, Germany) on a detection system. The PCR cycling protocol included an initial denaturation step at a temperature of 95°C for 180 s, followed by a series of 40 cycles, including denaturation at 95°C for 3 s and annealing at 60°C for 30 s. The primer sequences for both the forward and reverse directions were documented in Table 1. The quantification of mRNA expression levels was conducted by using GAPDH as an internal control and using the threshold cycle (Ct) technique to determine the values represented as R = 2−ΔΔCT.
TABLE 1 | Primers in qRT-PCR analysis.
[image: Table 1]2.11 Animal procedure
The animal experiments conducted in our research were conducted according to the ethical guidelines established by the Animal Ethics Committee of Guangxi Medical University (Protocol Number: 201,903,034). In this investigation, a cohort of 24 Sprague-Dawley rats, aged between 8 and 10 weeks and weighing around 200 g, was used. Following the administration of general anesthesia using a 2% solution of sodium pentobarbital at a dosage of 30 mg/kg, a controlled experiment was conducted to create a defect only inside the cartilage tissue. The observed defect had a diameter of 3 mm and a depth of 2 mm, and it was located inside the articular cartilage area of the distal femoral condyle in the knee joint. The Sprague-Dawley rats were allocated into four groups using a random assignment method. The study consisted of four experimental groups: (1) Control group: untreated cartilage defect model, (2) BMSCs group: treated with implantation of 10 × 10 6 BMSCs, (3) BMSCs + US group: treated with implantation of 10 × 10 6 BMSCs and ultrasound stimulation, (4) SDT group: treated with implantation of 10 × 10 6 BMSCs uptaking MOF-HMME-RGD NPs and ultrasound stimulation. The treatment parameters of LIPUS were: free mode, switching ratio of 60%, frequency of 1 MHz, intensity of 0.35 W/cm2, 1 min per exposure, and one exposure every other day.
2.12 Gross observation, histological staining, and grading
The femoral condyle’s articular cartilage, which had undergone repair, was collected for macroscopic examination and grading at two specific time intervals: 4 weeks and 8 weeks after the surgical intervention. A morphological evaluation of cartilage regeneration was performed by three impartial assessors who were blinded to the experimental groups. The evaluation was completed in accordance with the grading method established by the International Cartilage Repair Society (ICRS).
After doing a first visual inspection, the femoral condyles were fixed by immersing them in a 4% paraformaldehyde solution for 48 h. Subsequently, decalcification was carried out using an aqueous solution with a pH of 7.2, consisting of 10% (v/v) ammonium hydroxide and 14% (w/v) EDTA. This decalcification process was facilitated by an ultrasonic machine manufactured by Medite in Germany and lasted for 2 weeks. Following the process of dehydration using graded ethanol, the samples underwent paraffin embedding and were then sectioned into slices measuring 3 mm in thickness. The samples underwent staining using safranin O/fast green and the hematoxylin-eosin (HE) kit (Solarbio, Peking, China). The immunohistochemical staining technique was used to analyze the expression of Col2a1 using a specific Col2a1 antibody (Bioss, Peking, China) and the Biotin-Streptavidin HRP Detection System. The specimens were visually examined and collected using an optical microscope (BX 63, Olympus, Japan). The articular cartilage that underwent repair in each experimental group was evaluated and rated using the Modified O'Driscoll Score (MODS). Three independent observers who were unaware of the research settings, assessed the histological evaluation scale. (Betz et al., 2017).
2.13 Statistical analysis
The data underwent analysis using SPSS 22.0 (SPSS Inc., Chicago, Illinois, USA) and were afterward published as mean ± standard deviation. The statistical significance between groups was assessed using a significance level of p < 0.05. The study used a one-way analysis of variance (ANOVA) to investigate the differences between two cohorts, followed by a post hoc analysis using the Least Significant Difference (LSD) approach.
3 RESULTS
3.1 Preparation and characterization of MOF-HMME-RGD
The synthesis of the multifunctional MOF-HMME-RGD was carried out according to the methodology depicted in Scheme 1. We obtained MOF-HMME-RGD by stepwise stirring reaction under mild conditions. The compound [Fe (BTC)] (BTC: 1,3,5-benzene dicarboxylate) consists of clusters of iron octahedra that are connected by a shared vertex μ3-O, with the connection facilitated by the BTC moieties. The TEM images (Figure 1A) revealed that the MOF, MOF-HMME, and MOF-HMME-RGD samples exhibited a distinct spherical morphology with uniform size distribution. The mean diameters of the MOF, MOF-HMME, and MOF-HMME-RGD were 131.12 ± 4.59 nm,169.41 ± 19.16 nm, and 236.44 ± 20.34 nm (Figure 1B), respectively, which indicates that all three samples exhibited a reasonably narrow size distribution, with no statistically significant differences observed between them. In addition, the average zeta potentials of MOF, MOF-HMME, and MOF-HMME-RGD were −5.03 ± 0.23 mV, −17.87 ± 2.22 mV and −34.93 ± 0.67 mV (Figure 1C), respectively. Figure 1D presented the XRD pattern of the MOF, MOF-HMME, and MOF-HMME-RGD. The X-ray diffraction patterns exhibited distinct diffraction peaks, all of which were successfully attributed to a cubic crystal structure. This observation aligns with the findings documented in previous studies. The introduction of HMME and RGD did not induce any alterations in the crystalline structure of Fe-BTC nanoparticles (metal-organic framework). In order to conduct a more comprehensive examination of the optical characteristics, UV-visible spectroscopy was employed to ascertain the loading quantities of HMME within the MOF NPs. The absorption spectra of MOF, MOF-HMME, and MOF-HMME-RGD were shown in Figure 1E. The MOFs had no obvious photoabsorption in a wide range (300–500 nm). The MOF-HMME and MOF-HMME-RGD NPs had maximum absorption peaks at 390 nm after the incorporation of HMME due to π-π stacking, and loading RGD did not affect the absorption peak of MOF-HMME-RGD. The HMME releasing behaviors from MOF-HMME-RGD were investigated in Figure 1F. The HMME releasing from MOF-HMME-RGD under ultrasonic stimulation reached the maximum in 180 min and the cumulative release was 77.41%, while that in the MOF-HMME-RGD without ultrasonic stimulation was 13.18%.
[image: Figure 1]FIGURE 1 | The characterizations of MOF-HMME-RGD. (A) TEM images, scale bar = 100 nm. (B) Particle size and (C) zeta potentials were tested by a Malvern particle size analyzer. (D) X-ray diffraction (XRD) analysis. (E) UV spectra of MOF-HMME-RGD. (F) The HMME releasing behaviors from MOF-HMME-RGD.
3.2 Cell viability assessment of MOF-HMME-RGD
The determination of the ideal concentration of HMME loaded in MOF-HMME-RGD, as well as the ultrasonic intensity, irradiation time, and frequency, was based on the results of cell viability assessed via the MTT assay. The cellular viability exhibited an upward trend as the concentration of HMME encapsulated within MOF-HMME-RGD remained below 1.0 μg, after which they decreased significantly (Figure 2A). For the optimal treatment time, the cellular viability was increased when the ultrasound intensity was maintained at 0.35 W/cm2 (Figure 2B), and the irradiation time was less than 60 s (Figure 2C), which dropped considerably afterward. When different ultrasound frequencies were performed each day, there was the highest cell viability when cells were treated with ultrasound once a day (Figure 2D), and cell viability was greatly reduced in 2 days of irradiation compared to only 1 day of irradiation (Figure 2E). Thus, ultrasound intensity of 0.35 W/cm2, irradiation time of 60 s, and irradiation frequency of once a day, which provided the most substantial support for the proliferation of cells, were chosen for the subsequent experiment.
[image: Figure 2]FIGURE 2 | Cell viability assay (A) Viability of BMSCs cultured in different concentrations of HMME loaded in MOF-HMME-RGD for 24 h. (B) Viability of BMSCs with different ultrasound intensities. (C) Viability of BMSCs with different ultrasound times (0.35 W/cm2 ultrasound intensity). (D) Viability of BMSCs with different irradiation frequencies once a day. (E) Viability of BMSCs at different ultrasound intervals. (F) Viability of BMSCs cultured in optimal conditions. Mean ± SD, n = 3. * symbol compared with control group, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
As shown in Figure 2F, the TMU group had the highest cell viability under ultrasound stimulation, and cell viability was significantly reduced after the addition of ROS scavenger NAC in the Nac-TMU group. This result indicated that the MOF-HMME-RGD with ultrasound stimulation significantly increased the cell viability.
3.3 Intracellular ROS generation of MOF-HMME-RGD
To explore the source of ROS, the capability of singlet oxygen generation by MOF-HMME-RGD was detected by a chemical probe 1, 3-diphenylisobenzofuran (DPBF) at 410 nm. As illustrated in Figure 3A, the production level of singlet oxygen in MOF-HMME-RGD and MOF-HMME is much higher than that in MOF when irradiated by ultrasound, as demonstrated by the characteristic absorption peak of DPBF decreased with the increase of irradiation time. Besides, the decrease in absorbance of the MOF-HMME-RGD group was quicker than that of the MOF-HMME group, which may be due to the synergistic effect of HMME and RGD to produce more singlet oxygen. In contrast, MOF cannot decline the absorption of DPBF, indicating that MOFs are not able to generate singlet oxygen.
[image: Figure 3]FIGURE 3 | ROS generation of MOF-HMME-RGD. (A) The capability of singlet oxygen generation was tested by a chemical probe DPBF under different ultrasound times. (B) Cellular uptake of MOF-HMME-RGD (MOF-HMME-RGD/FITC: green, DAPI: blue). (Scale bar = 200 μm). (C) Intracellular ROS production was assessed with a DCFH-DA probe. (D) The apoptosis of the BMSCs with ultrasound stimulation was determined by flow cytometry. Mean ± SD, n = 3. * symbol compared with control group, **p < 0.01, ***p < 0.001, and ****p < 0.0001, and # symbol compared between groups, #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001.
The cellular uptake behavior of MOF-HMME-RGD was investigated in BMSCs for 3 days. The nucleus was subjected to blue fluorescence staining using 4′,6-diamidino-2-phenylindole (DAPI), whereas the MOF-HMME-RGD was labeled with green fluorescence using FITC. As shown in Figure 3B, the cytoplasm exhibited a distribution of MOF-HMME-RGD at the 4-h time point, indicating the effective endocytosis of MOF-HMME-RGD by BMSCs.
During chondrogenesis, appropriate ROS are required for cell growth and differentiation of BMSCs. In order to verify the ROS generation capacity of MOF-HMME-RGD mediated by ultrasound, intracellular ROS production in BMSCs was measured using a chemical probe DCFH-DA. The compound DCFH-DA has the ability to undergo a reaction with ROS, resulting in the formation of 2′,7′-dichlorofluorescein (DCF). This reaction leads to the emission of green fluorescence. As shown in Figure 3C, there was lower fluorescence in the control group and the T group. However, the highest green fluorescence was found in the TMU group and decreased in the Nac-TMU group, which was treated with a ROS scavenger, the N-acetyl cysteine (NAC), indicating that the intracellular ROS can be produced by MOF-HMME-RGD nanoparticles and ROS generation capacity of MOF-HMME-RGD can be enhanced with ultrasound irradiation.
The apoptosis of the BMSCs with ultrasound stimulation was determined to investigate the effect of ROS generation by MOF-HMME-RGD nanoparticles on cell apoptosis. As shown in Figure 3D, the percentage of cell apoptosis in the MOF-HMME + US irradiation (6.48%) and MOF-HMME-RGD + US irradiation (5.54%) was lower than that in the MOF-HMME (8.79%) and MOF-HMME-RGD (8.21%), indicating ROS generation by MOF-HMME-RGD nanoparticles was not cause more apoptosis.
3.4 MOF-HMME-RGD combined with SDT promoted chondrogenic differentiation of BMSCs
The evaluation of GAG, a key component of the ECM present in cartilage, was conducted through the utilization of the DMMB test. As shown in Figure 4A and Figure 4B, MOF-HMME-RGD increased the GAG content via ultrasound by 73.1% and 68.4% on days 7 and 14 compared to the T group, respectively. However, GAG secretion was significantly decreased with the amount by 12.5% and 17.8% on days 7 and 14, respectively, in the Nac-TMU group treated with NAC. Thus, MOF-HMME-RGD could promote the secretion of GAG in BMSCs under ultrasound treatment.
[image: Figure 4]FIGURE 4 | MOF-HMME-RGD combined with SDT promoted chondrogenic differentiation of BMSCs. (A,B) Secretion of GAG was evaluated by using DMMB assay for 7 days (B) and 14 days (C). (C–F) The expression levels of ACAN, SOX9, Col2a1, and Col1a1 in BMSCs were examined by qRT-PCR for 7 and 14 days. Mean ± SD, n = 3, * symbol compared with control group, **p < 0.01, ***p < 0.001, and ****p < 0.0001, and # symbol compared between groups, #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001.
To further explore the synergistic effect of MOF-HMME-RGD on BMSCs chondrogenesis with SDT, the cartilage-specific genes of BMSCs were examined by qRT-PCR (Figures 4C–F). The levels of chondrogenic markers ACAN, SOX9, and Col2a1 exhibited a notable increase in the T, TU, Nac-TMU, and TMU groups as compared to the control group. This increase was more pronounced in the TMU group. However, the gene expression of fibrocartilage marker Col1a1 was significantly downregulated in the TMU group.
3.5 MOF-HMME-RGD and BMSCs combined with SDT promoted cartilage defect repair in vivo
In order to assess the potential for cartilage regeneration, a study was conducted using MOF-HMME-RGD and BMSCs as therapeutic agents to repair cartilage lesions of 3 mm × 3 mm×2 mm on the distal femoral condyle surface of Sprague-Dawley rats (Figure 5A). The cartilage regeneration was evaluated comprehensively after 4 weeks or 8 weeks of treatment, respectively. As shown in Figure 5B, there was nearly no inflammation, and synovial hyperplasia was observed for all implanted BMSCs compared to the control group, only with neo-cartilage tissue regenerated. Thin fibrous tissue with distinct borders was observed in the control group, indicating poor cartilage self-healing ability. Gross examination of knee joints (Figure 5C) showed that fibrous cartilage tissue formed within the defective area both in the BMSCs and BMSCs + US groups after 4 weeks and 8 weeks of repair. In contrast, smooth white repair tissue with indistinguishable borders could be observed in the SDT group, indicating a superior therapeutic effect. The ICRS macroscopic scores at 4 weeks and 8 weeks post-repair indicated that the SDT group had scores of 18.3 and 21.7, respectively. These values were found to be greater than those observed in the other groups. (Figure 5C).
[image: Figure 5]FIGURE 5 | Macroscopic observation and scores of therapeutic effects of cartilage defect in vivo. (A) Animal operation at the articular cartilage site of the distal femoral condyle of the knee in adult SD rats. (B) Macroscopic observation of repaired cartilage after 4 weeks and 8 weeks of treatment. (C) The corresponding International Cartilage Repair Society (ICRS) macroscopic score. Mean ± SD, n = 3, * symbol compared with control group, **p < 0.01, ***p < 0.001, and ****p < 0.0001, and # symbol compared between groups, #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001.
In addition, the diseased sections underwent analysis by various staining techniques, including HE staining, safranin O/fast green staining, and immunohistochemistry staining, in order to assess the efficacy of cartilage repair. It found that the control group formed fibrous tissue in the defect area, creating a large residual gap with the original cartilage. A small number of round or oval depressed cells with the characteristics of chondrocytes and predominantly fibrous tissue were visible on the irregular surface of specimen sections from the BMSCs group. However, a large amount of newly formed cartilage tissue could be observed in specimen sections from the SDT group, whereas neo-cartilage tissue and a small amount of fibrous tissue could be observed in the BMSCs + US group (Figure 6A). In a similar vein, the SDT group exhibited the presence of tissue resembling hyaline cartilage, displaying favorable integration with the surrounding tissues as seen by safranin O/fast green staining in comparison to the other groups (Figure 6B). The technique of immunohistochemical staining was employed to ascertain the presence of Col2a1 expression within the neo-cartilage tissue. As shown in Figure 6C, the repair area of the control group exhibited negative staining, whereas the group treated with BMSCs displayed a small amount of positive staining. However, the BMSCs + US group and SDT group stained strongly positive, indicating the formation of hyaline cartilage-like tissue. The histological grade was used to assess cartilage healing using histological investigation, hence corroborating the obtained findings (Figure 6D). The histology score in the SDT group at 8 weeks after surgery was 22.33 ± 0.82 scores, which exhibited a statistically significant increase compared to the other three groups.
[image: Figure 6]FIGURE 6 | Histological observation of therapeutic effects of cartilage defect in vivo. (A) HE staining, (B) Safranin O/fast green staining, and (C) Immunohistochemical staining of tissue sections of knee joints with different magnifications. The black arrows show the edges of the repaired cartilage. N: normal cartilage; R: repaired cartilage. (D) The histological score of repaired cartilage. Mean ± SD, n = 3, * symbol compared with control group, **p < 0.01, ***p < 0.001, and ****p < 0.0001, and # symbol compared between groups, #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001.
4 DISCUSSION
It has been reported that moderate ROS are important for cell growth and differentiation (Liu et al., 2023). During chondrogenesis, ROS are required for cell growth and differentiation of BMSCs (Lu et al., 2019). SDT has emerged as a potentially effective therapeutic modality that has garnered significant interest in recent years. It involves the use of ultrasound to induce sonoluminescence and activate sonosensitizers. The process of activation results in the generation of highly detrimental ROS, such as singlet oxygen and hydroxyl radicals. SDT has developed as a potential US-based treatment option for cartilage-related conditions, offering a new paradigm in cartilage therapy (Vahedi et al., 2021). In our study, we synthesized a good biodegradable, biocompatible sonosensitizer MOF-HMME-RGD to regulate chondrogenic differentiation of BMSCs for cartilage regeneration via the modulation of ROS.
The use of sonosensitizers in the context of SDT has been shown to effectively enhance the treatment of articular cartilage abnormalities (Cook et al., 2001; Xia et al., 2017; He et al., 2024). This approach has many advantages, including non-invasiveness, the ability to penetrate deep into the tissue, high therapeutic efficacy, and little occurrence of adverse effects. However, many sonosensitizers in clinical applications are still limited by the difficulties of non-biodegradation, poor water solubility, low efficient delivery, and potential biosafety issues (Nguyen Cao et al., 2023). We synthesized a good biodegradable, biocompatible sonosensitizer MOF-HMME-RGD, which significantly promoted the cell viability of BMSCs under ultrasound stimulation (Figure 3F). This is mainly due to the composition of MOF-HMME-RGD, including MOFs, hydrolysis products of endogenous hemoglobin HMME, and RGD peptide, which had good biocompatibility and biodegradability. On day 14, the expression levels of chondrogenic genes (ACAN, SOX9, and Col2a1) were found to be 1.21, 1.99, and 6.46-fold higher, respectively, in the MOF-HMME-RGD group (Figures 4C–E). The histological observations provided further confirmation of the regeneration of tissue resembling hyaline cartilage inside the intra-articular setting (Figures 6A–C), as well as the enhanced repair of cartilage defects after damage. The findings suggested that MOF-HMME-RGD exhibited good biocompatibility and low cytotoxicity, hence promoting cellular proliferation and differentiation towards the hyaline cartilage phenotype, which is crucial for chondrogenesis.
The regulation of ROS is an additional significant element that influences the process of chondrogenic differentiation (Bai et al., 2019). In recent years, accumulating studies indicated that ROS were signaling molecules, and a regulated basal level of ROS was necessary and had the advantage of cell functions, such as cell survival, proliferation, and differentiation (Li et al., 2017). ROS are essential for chondrogenesis, and ROS generation was increased in the early stage of chondrogenesis (Heywood and Lee, 2017). The MOF-HMME-RGD exhibited dual functionality as both sonosensitizers and ROS producers when subjected to ultrasonic stimulation. The percentage of cell apoptosis in MOF-HMME-RGD + US irradiation (5.54%) was low, indicating ROS generation by MOF-HMME-RGD nanoparticles was not cause more apoptosis. The T group, which did not have ultrasonic irradiation and thus lacked the ability to produce ROS, had little impact on the process of chondrogenic differentiation and cartilage regeneration. This conclusion is supported by the results obtained from GAG analysis (Figures 4A, B), qRT-PCR measurements (Figures 5C–E), and histological assessments (Figures 6A–C). For the TMU group exposed to ultrasound stimulation, it was observed that there was an increase in intracellular ROS in TMU (Figure 3C), which was associated with the capability to generate singlet oxygen generation detected by the chemical probe DPBF (Figure 3A). During the process of MSCs chondrogenic differentiation, the generated ROS as second messengers mediate the cellular alterations (glycolysis, oxidative metabolism), including alterations in molecules (proteins, nucleic acids, sugars, and lipids) that were essential for promoting differentiation (Li et al., 2017). As a result, MOF-HMME-RGD + SDT resulted in an upregulation of chondrogenic genes (ACAN, SOX9 and Col2a1) (Figures 4C–E) and evidently promoted the cartilage regeneration (Figure 5B, Figures 6A–C). After treatment of NAC, which was a direct scavenger for ROS, a notable decrease in the accumulation of glycosaminoglycan, a cartilage-specific ECM component, was observed. Additionally, the expression of cartilage-specific genes was successfully inhibited, hence reducing the impact on chondrogenic differentiation. Our study suggested that ROS generation of MOF-HMME-RGD plays a critical role in BMSCs chondrogenesis and cartilage regeneration.
5 CONCLUSION
In summary, we synthesized a good biodegradable, biocompatible sonosensitizer MOF-HMME-RGD to regulate the chondrogenic differentiation of BMSCs for cartilage regeneration. The MOF-HMME-RGD NPs have the ability to generate a moderate level of ROS via the process of sonodynamic treatment. This leads to enhanced chondrogenic differentiation of BMSCs by promoting the accumulation of glycosaminoglycan, a particular ECM component found in cartilage. Furthermore, the upregulation of crucial chondrogenic genes, such as ACAN, SOX9, and Col2a1, occurs as a result. Moreover, the combination of transplanted BMSCs and SDT shows an augmented capacity for promoting cartilage regeneration in the context of repairing cartilage defects. This beneficial effect was seen after a duration of 8 weeks of therapeutic intervention. This study presents a synergistic technique that utilizes MOF nanoparticles as a basis for generating alternative sonosensitizers for the purpose of cartilage regeneration in conjunction with SDT.
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Tendon injuries, a common musculoskeletal issue, usually result in adhesions to the surrounding tissue, that will impact functional recovery. Macrophages, particularly through their M1 and M2 polarizations, play a pivotal role in the inflammatory and healing phases of tendon repair. In this review, we explore the role of macrophage polarization in tendon healing, focusing on insights from animal models. The review delves into the complex interplay of macrophages in tendon pathology, detailing how various macrophage phenotypes contribute to both healing and adhesion formation. It also explores the potential of modulating macrophage activity to enhance tendon repair and minimize adhesions. With advancements in understanding macrophage behavior and the development of innovative biomaterials, this review highlights promising therapeutic strategies for tendon injuries.
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1 INTRODUCTION
Tendons, dense connective tissues responsible for transferring force from muscles to bones, play a crucial role in movement by storing elastic energy and withstanding immense tensile forces. (Docheva et al., 2015). Various injury mechanisms, such as acute overload, tearing, overuse, or age-related degeneration, can lead to tendon injuries. (Thomopoulos et al., 2015). Despite significant advancements in surgical and rehabilitation techniques, tendon repair may encounter postoperative complications. (Voleti et al., 2012). Tendon adhesion, a major complication following tendon injury, affects approximately 40% of patients after surgery, restricting tendon gliding ability and potentially leading to lifelong disability. (de Putter et al., 2012; Titan et al., 2019).
To understand tendon adhesion and healing, it is essential to firstly explore tendon biology, focusing on its collagen composition. Natural tendons are characterized by a sophisticated hierarchy of collagen intermingled with tenocytes and non-collagenous elements. (Benjamin et al., 2008). The tendon as a whole is wrapped in a thin layer called the epitenon. Beneath this layer are the fascicles, aligned with the tendon’s length and visible post-dissection, each surrounded by the endotenon, which also provides blood and nerve supply to the tendon. (Voleti et al., 2012).
Based on this structural foundation, we examine the detailed composition of tendon fascicles, crucial components of tendon architecture. Tendon fascicles consist of collagen fibers interspersed with tenocytes and are identifiable under optical microscopy at about 10 μm in diameter. (Screen et al., 2004). Electron microscopy further uncovers collagen fibrils, marked by periodic crimping in relaxed states. (Sharma and Maffulli, 2005). At a more minute level, microfibrils, formed from cross-linked tropocollagen molecules, lay the foundation of this structure, with tropocollagen being a water-soluble triple helix of polypeptide chains. (Screen et al., 2004). These complex structures, down to tropocollagen, are essential for understanding tendon response to stress and repair initiation.
The critical issue of tendon adhesion following injury or surgery was a key focus of current study. (Legrand et al., 2017). Further research has been dedicated to understanding the genesis and prevention of these adhesion, particularly in healing intrasynovial flexor tendons. (Voleti et al., 2012). Animal studies have shed light on critical elements influencing tendon repair and adhesion development, including initial injury severity, quality of surgical repair, and the significance of mechanical loading. (Thomopoulos et al., 2015). While mechanical loading facilitates collagen type III synthesis and boosts growth factor levels as well as cellular and matrix activities at the injury site, its excess can compromise healing. (Wong et al., 2009). Additionally, prolonged immobility is also implicated in adhesion development, as evidenced in various animal models. (Wong et al., 2014).
In the context of these findings, adhesion prevention has become a central goal in tendon repair research, especially considering its role in functional recovery, as adhesions can complicate the healing process and impair functional recovery. (Hu et al., 2023). In light of this, researchers have come to realize that the immune system plays an important role in tendon healing and adhesion formation, many studies have focused on how to modulate the immune response at the injured site. (Chisari et al., 2020). Bao et al. (Bao et al., 2024) expand the horizon of the anti-inflammatory effects primarily driven by sympathetic nerve through β2 adrenergic signals on macrophages, and made a history of using sympathetic stimulation to significantly prevent macrophage-mediated peritendious inflammation. In this context, the role of macrophages, particularly their involvement in the inflammatory response and modulation of the healing process, has garnered increasing attention. This focus stems from the understanding that inflammatory processes, driven largely by macrophages, are critical in the formation of adhesions during tendon healing. (Sunwoo et al., 2020). Additionally, researchers have recognized the significant impact of macrophages on tendon healing and adhesion formation, leading to a shift in focus towards understanding how macrophages specifically regulate tendon adhesion. (Xu et al., 2020) (Table 1).
TABLE 1 | The effect of macrophage targeted therapies on the healing tendons in animal models.
[image: Table 1]The natural healing process of injured tendons involves three consecutive and overlapping stages: the inflammatory phase, proliferative phase, and remodeling phase. (Nichols et al., 2019). During the inflammatory phase, cytokines derived from platelets signal an elevation in vascular permeability, attracting circulating inflammatory cells, including phagocytic neutrophils, monocytes, and macrophages, to the injury site. (Marsolais et al., 2001; Chisari et al., 2020). The subsequent proliferative phase is characterized by the release of growth factors, such as vascular endothelial growth factor and members of the transforming growth factor beta (TGF-β) family, stimulating angiogenesis, granulation tissue formation, and fibroblast proliferation. (Wong et al., 2009). In the final remodeling phase, newly synthesized collagen fibers realign along the longitudinal axis of the tendon until they can withstand load. This process may take up to 2 years to complete. (Lomas et al., 2015).
In the context of macrophage-mediated regulation, the dominance of macrophages becomes significant beyond the initial 24-h period following injury. (Wong et al., 2009). Understanding how macrophages modulate the inflammatory and proliferative phases, and their potential impact on the subsequent remodeling phase, is essential for unraveling the intricacies of tendon healing. As we delve into the macrophage-specific aspects of tendon healing, the focus shifts towards strategies that enhance intrinsic healing while minimizing the impact of extrinsic healing, with the ultimate goal of improving the functional recovery of tendons (Stauber et al., 2020).
2 PATHOLOGY OF MACROPHAGE-MEDIATED ADHESION
Macrophages are key components of the human innate immune system, widely distributed across connective tissues and various solid organs (Murray, 2017). Their high heterogeneity and plasticity enable them to play diverse roles in human diseases, driven by their ability to differentiate into distinct phenotypes under varying stimuli in the local microenvironment (Mosser and Edwards, 2008; Mould et al., 2019).
Classically activated macrophages, or M1 macrophages, emerge under the induction of lipopolysaccharide (LPS), interferon-gamma (IFN-γ), or tumor necrosis factor-alpha (TNF-α) (Di Benedetto et al., 2019). These M1 macrophages are known for their involvement in phagocytosis and display pro-inflammatory characteristics, essential in the body’s response to pathogens and injury.
Conversely, alternative activated macrophages, or M2 macrophages, develop in response to interleukin-4 (IL-4) or interleukin-13 (IL-13) (Viola et al., 2019). These M2 macrophages exhibit anti-inflammatory and pro-healing functions, playing a vital role in tissue repair and regeneration. Notably, M2 macrophages are further subclassified into M2a, M2b, M2c, and M2d subtypes, each characterized by unique activation stimuli, molecular expressions, and functional attributes (Paoli et al., 2014).
Furthermore, Lehner et al (Lehner et al., 2019) have identified a specific population of tissue-resident macrophages in murine and human tendons. These macrophages are key to phagocytosis, inflammatory cytokine secretion, and extracellular matrix-related proteins, playing a crucial role in tendon health and response to injury. Fujii et al. (2022) extend this understanding in the context of anterior cruciate ligament reconstruction (ACLR) in mice, identifying two distinct macrophage populations that infiltrate the tendon/bone interface post-surgery: the CD9+ IL1+ and CX3CR1+ CCR2+ macrophages. The CD9+ IL1+ macrophages peak 1 day after surgery with a highly inflammatory profile, transitioning later to a homeostatic state, while the CX3CR1+ CCR2+ macrophages accumulate more gradually and express interferon signature genes that might suppress bone formation. In addition, Li et al. (2023) provides the first evidence that macrophages are a primary source of TGF-β1, which is crucial in recruiting stem cell and make it differentiate into myofibroblasts to the surrounding site of injured tendon. This breakthrough sheds light on a crucial antiadhesion landmark of drug therapies, as it identifies an accurate cellular target to reduce peritendinous adhesion by manipulating the TGF-β1 pathway.
In normal tendon tissue, both in the outer membrane and inner fibrous layers, macrophages are sparsely distributed. (de la Durantaye et al., 2014). However, this changes during the acute inflammatory phase following tendon injury. (Wong et al., 2009). In such instances, injured tendon tissue releases chemokines, including C-C chemokine ligand 2 (CCL2), which recruit immune cells, predominantly macrophages. (Sugg et al., 2014). This influx of macrophages leads to the further release of chemokines and cytokines, amplifying the inflammatory response and playing a crucial role in the initial phase of tendon healing. (Marsolais et al., 2001) (Figure 1).
[image: Figure 1]FIGURE 1 | Macrophage polarization in Tendon healing.
The C-C chemokine receptor type 2 (CCR2) is particularly significant in this context, as it plays a vital role in the activation of macrophages, especially those exhibiting pro-inflammatory characteristics. (Liu et al., 2017). Utilizing CCR2 knockout models, researchers have demonstrated reduced recruitment of monocytes and a subsequent decrease in the inflammatory environment at wound healing sites. (Willenborg et al., 2012). This discovery has prompted exploration into CCR2 inhibition as a potential therapeutic approach, with studies in various conditions, including traumatic brain injury and nonalcoholic fatty liver disease, showing promising results. (Morganti et al., 2015; Flores-Toro et al., 2020). In tendon healing, particularly in the context of rotator cuff repair in CCR2 knockout mice models, there has been an observed decline in macrophage infiltration and suppression of interferon pathways. (Eliasberg et al., 2023).
Recent insights into macrophage-mediated adhesion pathology reveal the significant role of macrophage-secreted Secreted Phosphoprotein 1 (SPP1) in aggravating tendon adhesions. (Liu et al., 2022). Moreover, the interaction of SPP1 with fibroblasts, via cytokine secretion and cellular communication, leads to enhanced fibroblast activation and migration, further exacerbating adhesion formation. (Kapur et al., 2019). Wang et al. (Wang et al., 2024) further reveal that elevated SPP1 expression in macrophages enhanced fibroblasts activation to myofibroblasts through CD44 positive feedback pathway, which indicates a crucial cascade amplification between macrophages and myofibroblasts in the field of in inflammatory hyperplasia.
3 M1 MACROPHAGE-MEDIATED ADHESION MECHANISMS
In the early stages of tendon healing, the infiltrating macrophages at the site of injury are predominantly of the M1 phenotype (Sunwoo et al., 2020). Their concentration significantly increases within the first 2 weeks of tendon healing, and they localize to the newly formed tendon tissue and areas of tissue remodeling (Marsolais et al., 2001; Sugg et al., 2014). M1 macrophages contribute to the propagation of inflammatory responses by releasing a range of pro-inflammatory cytokines and mediators, such as interleukin-1 (IL-1), IL-6, IL-12, tumor necrosis factor-alpha (TNF-α), and reactive nitrogen and oxygen species (Barrientos et al., 2008; Koh and DiPietro, 2011). While they exhibit stronger microbicidal properties, M1 macrophages also have an increased potential for causing collateral damage to surrounding healthy tissues (Chamberlain et al., 2011; Sica and Mantovani, 2012). Additionally, M1 macrophages contribute to the degradation of the extracellular matrix, engaging in processes such as phagocytosis of cellular debris and apoptosis (Mosser and Edwards, 2008).
Given the pivotal role of M1 macrophages in the early stages of tendon healing, it is important to understand the underlying mechanisms that regulate their activity. One such critical aspect is epigenetic regulation, particularly through DNA methylation (Chen et al., 2023). Crucial DNA methyltransferases like DNA methyltransferase 3b (DNMT3b) and DNMT1 are involved in the polarization of these macrophages. DNMT3b inhibits peroxisome proliferator activated receptor (PPAR)γ1, a regulator of the anti-inflammatory M2 phenotype, thereby promoting the M1 phenotype crucial for the early inflammatory response in tendon healing (Yang et al., 2014). DNMT1 contributes by mediating the hypermethylation of genes that are essential for the pro-inflammatory activities of M1 macrophages (Denis et al., 2011). This intricate regulation of gene expression through epigenetic mechanisms underscores the complexity of M1 macrophage behavior in tendon healing and their critical role in initiating the inflammatory response that is essential for early stages of tissue repair.
Furthermore, the emerging role of non-coding RNAs (ncRNAs) in macrophage polarization is gaining attention (Ning and Liu, 2013). MicroRNAs (miRNAs) and other ncRNAs, such as long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs), are significant regulators of macrophage behavior. For example, under the stimulation of IL-13 or TGF-β, miR-155 targets IL-13Rα1 and SMAD2, leading to a bias towards M1-like gene expression (Louafi et al., 2010). Beyond miRNAs, there is increasing interest in the role of long non-coding RNAs (lncRNAs) (Wang et al., 2020). LncRNA cyclooxygenase-2 (cox-2), for instance, is more prevalently expressed in LPS-induced M1 macrophages than in IL-4-induced M2 macrophages, and its suppression results in a decrease in M1 macrophage markers (Ye et al., 2018). Additionally, circular RNAs (circRNAs), which have a unique covalently closed loop structure, are also being studied for their relationship with macrophage polarization. Notably, circRNA Cdyl has been found to promote M1 polarization by inhibiting the nuclear translocation of interferon regulatory factor 4 (IRF4) (Song et al., 2022). In a similar vein, circRNA PPM1F is known to enhance the NF-κB signaling pathway following LPS stimulation, promoting M1 polarization (Zhang et al., 2020). This highlights the growing importance of understanding ncRNA-mediated regulation in macrophages, particularly in the context of their role in tissue healing and adhesion mechanisms.
Besides, an increasing number of studies indicate that M1 macrophages may influence the tissue microenvironment through the secretion of exosomes, which function to transport molecules containing biological information (Momen-Heravi et al., 2014). Lou et al. (2023) discovered that miRNA-155-5p, which is highly expressed in exosomes derived from M1-polarized macrophages, exerts antiangiogenic effects by targeting the GDF6-Akt axis, ultimately impacting the healing process in diabetic conditions.
4 M2 MACROPHAGE-MEDIATED ADHESION MECHANISMS
In contrast to M1 macrophages, M2 macrophages play a significant role in promoting fibroblast proliferation and stimulation of new tissue deposition. (Mantovani et al., 2002; Sun et al., 2023). The increase in the concentration of M2 macrophages primarily occurs in the later stages of the tendon healing process, especially in the region where the tendon extracellular matrix is located (Nichols et al., 2019). Sugg et al. (2014) found that in healing mouse tendons, the concentration of M2 macrophages within the first 28 days post-injury was similar to that of normal, uninjured tendon tissue. However, after 28 days of tendon injury, there was a significant increase in M2 macrophages, becoming the predominant macrophage phenotype at the site of injury. Wang L. et al. (2023) found that mechanical stimulation promotes the polarization of macrophages into the M2 phenotype and secretion of elevated levels of TGF-β1, ultimately, facilitates the chondrogenic differentiation of MSCs and enhances the process of tendon to bone healing in an acute rotator cuff repair model. Interestingly, while the study found that TGF-β1 secreted by M2 macrophages promotes tendon repair, another study revealed a potential drawback of TGF-β1, as it may contribute to tendon adhesion. The research findings by Li et al. (2023) suggest that TGF-β1 derived from M2 macrophages recruits mesenchymal stem cells and promotes the formation of myofibroblasts in tendon adhesion. Besides, due to its association with the inhibition of pro-inflammatory cytokines including IL-1β, IL-8, GM-CSF, and TNF-α, TGF-β1 is involved in terminating the inflammatory response during tendon healing, with M2 macrophages playing a role in this process (Fadok et al., 1998). Another research has been demonstrated that M2 macrophages facilitate tendon healing by secreting phospholipase A1 member A (Pla1a) (Jing et al., 2023). The secretion of Pla1a not only promotes tendon cell proliferation and reduces apoptosis but also leads to decreased Etv1 expression. This dual action of Pla1a, regulated by M2 macrophages, plays a critical role in reducing tendon adhesion and enhancing cell viability.
Contrasting with the earlier discussed role of M1 macrophage-derived exosomes, Liu et al (Liu et al., 2023) found that exosomes derived from M2 macrophages uniquely influence the differentiation of fibro-adipogenic progenitors, highlighting their distinct role in tendon healing mechanisms. The study provides detailed insights into the dynamic interactions between these exosomes and fibro-adipogenic progenitors, emphasizing that M2 macrophages significantly promote brown/beige fat differentiation, a crucial factor for effective muscle regeneration and reducing fatty infiltration.
M2 macrophage could also be associated with an elevated propensity for scar tissue formation. Wojciak et al (Wojciak and Crossan, 2008) found that the existence of inflammatory cells within the synovial sheath and epitenon during the healing process of tendons prompts synovial fibroblasts and epitenon cells to augment their fibronectin synthesis, thereby establishing a framework that facilitates the subsequent formation of adhesions. Moreover, an elevated M2 macrophage activity was detected in the fibrotic healing process observed in murine flexor digitorum longus tendons with Type II Diabetes (Ackerman et al., 2017). These fibrotic tendons displayed diminished biomechanical strength when compared to the repaired tendons of the nondiabetic control group. This excessive fibrosis could potentially be attributed to the excessive production of TGF-β1 by the M2 macrophages, which has been associated with the development of pathological fibrotic conditions in various tissues (Colwell et al., 2005).
In summary, the complex role of M2 macrophage is greatly due to the distinction between intrinsic and extrinsic healing processes in tendon repair. Intrinsic healing, originating from within the tendon, involves tenocytes and internal collagen synthesis, aiming for the restoration of normal tendon structure and function (Stauber et al., 2020). This contrasts with extrinsic healing, where repair is facilitated by external cells including fibroblasts and macrophages, often leading to the formation of adhesion (Voleti et al., 2012). Therefore, while M2 macrophages are integral to anti-inflammatory responses and promote tissue remodeling, which is beneficial in early stages of tendon repair, their prolonged predominance in later stages can inevitably promote extrinsic healing. Excessive M2 activity may lead to an imbalance in the healing process, deviating from the desired intrinsic repair pathway. Thus, in developing therapeutic strategies for tendon injuries, a critical goal is to modulate macrophage activity to encourage a balance that supports intrinsic healing, while mitigating the risk of excessive extrinsic tissue formation. This balance is essential for optimal tendon recovery, emphasizing the need for precise temporal and spatial control of macrophage phenotypes during the healing process.
5 REPROGRAMMING OF M1 TO M2 TRANSITION
An increasing amount of evidence suggests that macrophages exhibit a vast spectrum of phenotypes and functions, shaped by specific differentiation signals, surrounding cell types, and the molecular context of different tissues. (Williams et al., 2018; Lehner et al., 2019). This diversity is more intricately understood through advanced technologies such as single-cell RNA-seq and single-cell mass cytometry by time of flight, which allow for the analysis of macrophage phenotypes with unprecedented resolution. (Murray, 2017; Arlauckas et al., 2021). These studies reveal that macrophages exist in a continuum of numerous subtypes, emphasizing the complexity of their roles in various physiological contexts. While the classification of macrophages into M1 and M2 phenotypes provides a useful framework, it serves primarily as a starting point for exploring the regulation of the optimal balance between inflammation and regeneration during tendon healing.
5.1 Interaction between MSCs and macrophages in M1 to M2 reprogramming
Delving into the mechanisms of macrophage transformation, particularly the reprogramming from the M1 to M2 transition, it is crucial to understand the dynamic interplay of macrophages within the healing environment. A significant aspect of this reprogramming is the interaction between macrophages and mesenchymal stromal/stem cells (MSCs), which has been shown to critically influence tendon healing (Maggini et al., 2010). MSCs modulate macrophage behavior by inhibiting M1 markers such as TNF-α and iNOS, and promoting M2 polarization, thereby resulting in improved tendon and ligament healing (Abumaree et al., 2013). A recent study revealed that MSCs facilitated the transition of monocytes into macrophages, heightened the response to microbial stimuli, shifted naive macrophages towards an M1 state, and simultaneously reduced the activity of already activated M1 macrophages while promoting M2 macrophage activation (Vasandan et al., 2016). Despite the current lack of complete understanding regarding the mechanisms underlying MSC-induced macrophage polarization at various stages, several studies have identified certain key factors. For instance, Németh et al. (2009) found that MSCs preconditioned with LPS or TNF-α can modify macrophage behavior through the release of prostaglandin E2 (PGE2), which interacts with macrophages through the EP2 and EP4 receptors. Another study by Chamberlain et al. (2019) showed that macrophage can be educated with extracellular vesicles (EVs) instead of direct coculture with MSCs, suggesting a paracrine-mediated mechanism by which MSCs polarize macrophages. Injured tendons treated with these EV-educated macrophages exhibited improved mechanical properties, reduced inflammation, and earlier angiogenesis, therefore result in superior tendon healing. He et al. (2019) demonstrated that exosomes derived from MSCs can drive macrophages towards M2 polarization. Depletion of MSC-derived exosomes resulted in a reduction in the M2 phenotype of macrophages, suggesting that MSC transplantation induces M2 polarization of macrophages and facilitates wound healing through the transfer of microRNAs within exosomes (Figure 2).
[image: Figure 2]FIGURE 2 | MSC interacts with Macrophage.
5.2 Comprehensive insights of biomaterials and mechanical stimuli in macrophage polarization
The pivotal role of biomaterials and scaffolds in directing macrophage polarization, a crucial aspect of tendon healing, cannot be overstated. Recent studies have highlighted that material cues can induce macrophage polarization towards either a pro-inflammatory or pro-resolving phenotype, which in turn leads to prolonged inflammation or tendon regeneration, respectively (Lin et al., 2018). (Hotchkiss et al., 2016) highlighted the significance of biomaterials’ chemical properties in this context, finding that different titanium-based surfaces affect macrophage activation. This study underscores the influence of surface properties on macrophage behavior and tissue remodeling. Wang et al. (2022) demonstrated that phosphorylation of NF-κB is an excellent unidirectional molecular switch to M1, which gives a insightful solutions to the long-standing challenge of selective control of macrophage polarization. Lu et al. (2023) inhibited M1 macrophages by NF-κB inhibitor PDTC to significantly reduce tendon adhesion formation and promote tendon healing, which firstly makes a record in peritendinous adapted treatment. Further, the physical structure of biomaterials plays a crucial role in macrophage phenotype modulation. Notably, the elongated shape of M2 macrophages compared to M1 macrophages has been leveraged to influence macrophage polarization (Tylek et al., 2020). McWhorter et al. (McWhorter et al., 2013) demonstrated that macrophage elongation, induced by aligned topography, leads to M2 polarization, a process inhibited by disrupting actin or myosin. Chen et al. (Chen et al., 2010) and Luu et al. (Luu et al., 2015) further explored this concept, observing maximal elongation and anti-inflammatory cytokine production in macrophages on substrates with 400–500 nm wide grooves.
The elasticity of substrates also impacts macrophage behavior, with studies showing that different stiffness levels affect activation and cytokine profiles. (Patel et al., 2012). Comparisons of 2D and 3D collagen matrices revealed that 3D environments are more conducive to pro-resolving cytokine secretion, suggesting their suitability for future studies in macrophage polarization. (Friedemann et al., 2017). The influence of mechanical loading on macrophage polarization during tendon healing is another crucial aspect. Blomgran et al. (Blomgran et al., 2016) found that mechanical loading delays the shift from M1 to M2 macrophages and Treg cells during tendon healing in rats by influencing the inflammatory response. This delay in macrophage polarization, caused by mechanical loading, potentially impacts the timing and quality of tendon repair. Conversely, Schoenenberger et al. (Schoenenberger et al., 2020) reported that mechanical loading tends to promote a shift toward an M2-like macrophage phenotype, considered beneficial for tissue healing. These insights highlight the need for further evaluation in biomaterial design to modulate macrophage polarization for improved tendon healing outcomes. Understanding the interplay among biomaterials, mechanical stimuli, and macrophage behavior is vital for advancing tendon repair strategies.
5.3 Exploring specific biomaterials in macrophage polarization and tendon healing
With the growing focus on manipulating the inflammatory response via biomaterials and scaffolds, considerable research has been directed towards developing various materials. These materials, each with unique attributes and mechanisms, are pivotal in influencing macrophage polarization, underlining their importance in tendon healing advancements. Small Intestinal Submucosa (SIS), as a naturally occurring decellularized matrix material, has been used to treat tendon defects in animals and has shown the ability to enhance tendon tissue regeneration. (Gilbert et al., 2007; Zhang et al., 2019). Mao et al. (Mao et al., 2022) seeded tendon-derived stem cells (TDSCs) onto a hydrogel coating of SIS to promote proliferation and enhance their adhesion and differentiation capabilities. In a 12-week rat Achilles tendon defect model, the combination of SIS scaffold and TDSCs promoted tendon regeneration and induced polarization of macrophages towards the M2 phenotype at the injured site, demonstrating their ability to modulate the immune micro-environment.
Derived from the natural macromolecule amniotic membrane, the decellularized amniotic membrane is another naturally derived biomaterials that has gained prominence due to its unique characteristics. (Tenenhaus, 2017). A recent study highlights the effectiveness of using decellularized amniotic membrane in tendon sheath repair to prevent adhesion. (Liu et al., 2018). This approach is marked by its ability to reduce inflammation and tissue swelling, as well as minimize adhesion formation. Additionally, the amniotic membrane group demonstrated enhanced biomechanical properties in the early postoperative phase compared to control groups. Studies have shown that biologically derived materials, such as decellularized surgical meshes, influence macrophage polarization, with a higher presence of M2 macrophages correlating with positive tissue remodeling outcomes. (Brown et al., 2012). Besides, functional biomaterials developed from naturally derived polysaccharides for tissue regeneration and pharmaceutical application have shown their role on altering macrophage phenotypes and influencing the immune response and tissue healing by recognizing cell membrane receptors. (Li and Bratlie, 2021). These findings suggest the potential of decellularized amniotic membrane as an effective biological material for tendon sheath reconstruction, contributing to improved healing and functionality while decreasing adhesion risks by modulating macrophage activity towards a constructive remodeling phenotype.
Recent trends in research have shown an increased focus on synthetic biomaterials over naturally derived ones. This shift reflects the versatile and customizable nature of synthetic materials, which offers broader possibilities for manipulating macrophage polarization in tendon healing. Cai et al. (Cai et al., 2023) developed a novel high-strength nano-micro fibrous woven scaffold with native-like anisotropic structure and immunoregulatory function for tendon tissue engineering application. This scaffold, made from polylactic acid and silk fibroin, effectively modulate the polarization of macrophages towards the M2 phenotype, demonstrating significant immunomodulatory capabilities. Additionally, research involving a Wnt3a-modified nanofiber scaffold, as demonstrated in a study, further underscores the potential of material-based approaches in modulating macrophage polarization. (Wei et al., 2023). This scaffold, designed to deliver the Wnt3a protein, not only facilitated the early functional recovery of Achilles tendon injuries in rats but also promoted the transition from an M1-dominated macrophage microenvironment to an M2-dominated one at the injury site, thus supporting tendon regeneration through an immunomodulatory mechanism. Similarly, a study by Shen et al. (Shen and Lane, 2023) revealed that extracellular vesicles from primed adipose-derived stem cells can effectively modulate the macrophage response towards M2 polarization, aiding in reducing inflammation and enhancing tendon healing, providing a complementary biological approach to the material-based strategies.
A notable advancement in tendon repair is highlighted in the work of Cai et al. (Cai et al., 2022), where the synergistic combination of self-healing hydrogel and siRNA nanoparticles presents a groundbreaking approach in macrophage modulation. This innovative design integrates the mechanical resilience and biocompatibility of hydrogels with the targeted gene-silencing capability of siRNA nanoparticles. Furthermore, the influence of biomaterial degradation products on macrophage behavior is a critical factor in peritendinous adhesion. (Wang S. et al., 2023). The findings suggest that the degradation of polylactide nanofibers could potentially modulate the inflammatory response and aid in tissue remodeling through the STAT6 signaling pathway. Their breakthrough of mechanism about Polylactic acid degradation related M2 polarization around tendon can address previously immunoreactivity challenging problems within the field of re-adhesion.
Naturally derived biomaterials such as Small Intestinal Submucosa (SIS) and decellularized amniotic membrane are known for their biocompatibility and anti-inflammatory properties, which are advantageous in reducing inflammation and adhesion in tendon healing. On the other hand, synthetic materials like polylactic acid and silk fibroin scaffolds are notable for their customizability and control over macrophage responses. While natural materials bring biological compatibility, synthetic alternatives offer tailored functionality, though they might require intricate engineering for optimal biocompatibility. This contrast emphasizes the need for careful material selection in tendon repair, based on specific therapeutic objectives.
5.4 The role of molecular pathway NF-κB in macrophage polarization
Furthermore, the understanding of macrophage polarization in tendon healing extends beyond material-based strategies to molecular mechanisms. In this realm, the role of NF-κB as a transcription factor is crucial. NF-κB plays a significant role in promoting the classical activation of macrophages, typically associated with the M1 phenotype. (Chen et al., 2017; Fan et al., 2020). Lu et al. (Lu et al., 2023) encapsulated the NF-κB inhibitor PDTC in electrospun polylactic acid (PLA) membranes, demonstrating that inhibiting NF-κB in macrophages can reduce tendon adhesion formation. Wang et al. (Wang et al., 2022) used the selective NF-κB inhibitor JSH-23 to demonstrate its role in macrophage polarization and the release of inflammatory cytokines. They confirmed that phosphorylation of NF-κB contributes to M1 polarization and the release of pro-inflammatory cytokines. Moreover, Chen et al. (Chen et al., 2022) loaded miR-29a into lipid nanoparticles incorporated into electrospun fiber membranes, finding that miR-29a downregulated NF-κB p65 expression and nuclear translocation at the injury site, promoting M2 polarization and inhibiting inflammation. These studies highlight the importance of targeting molecular pathways such as NF-κB to modulate macrophage behavior, providing insight into the complex interplay of cellular and molecular mechanisms in tendon healing.
However, it is crucial to maintain a balanced macrophage response during tendon healing. While promoting M2 polarization can suppress early inflammatory responses, excessive M2 activity may lead to adverse outcomes, such as the formation of adhesive tissues due to heightened fibroblast proliferation and excessive extracellular matrix deposition. (Colwell et al., 2005; Ackerman et al., 2017). Conversely, M1 macrophages, despite their potential for causing collateral tissue damage, are indispensable for effective tendon repair. Studies have shown that reducing M1 macrophages and neutrophils excessively does not improve Achilles tendon healing, whereas a moderate decrease in the M1/M2 ratio appears to be optimal for the healing process. (Chamberlain et al., 2011). This underscores the importance of a balanced M1 and M2 macrophage presence for optimal tendon recovery.
6 CONCLUSION
In conclusion, while this review has highlighted significant advancements in understanding macrophage polarization in tendon healing and adhesion mechanisms, the path forward calls for focused exploration. Future research should aim to unravel the complex molecular pathways influencing macrophage behavior, particularly the role of non-coding RNAs. Additionally, the development and clinical application of innovative biomaterials that can modulate macrophage activity presents a promising avenue for enhancing tendon repair and reducing adhesion formation. These focused areas of research hold the potential to significantly advance our understanding and treatment of tendon injuries.
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8 0270 077 7.83 621 -875 2441

MAR (um/day) | 5 0.157 -0.99 -0.58 036 -147 030

[ 8 042 s -9.54 10.12 —4174 2266

BER (jm/day) 5 0518 o -0.05 008 -024 013

8 0.499 -047 -036 047 -184 112

beBs (pm’/ | 5 0.794 -0.17 -0.00 001 -0.03 003
wm?/day)

8 0.526 -041 -0.02 003 -0.09 005

*Negative values indicate higher lattice values.
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Section/ Two- Hedges’ Mean Std. Err of  Lower 95% Cl of Upper 95% Cl of

ROI tailed p g° difference® [elii diff diff

B.AX/T.Ar (%) 4/Cd.Ax 0406 -0.55 -1455 163 -5443 2532

5/Cd.Ax 0419 -0.53 -921 1062 -35.19 1677

6/Cd.Ax 0963 -0.03 -027 565 -14.09 1355

4/Cr.Ax 0060 005 06 7.69 -1821 194

5/Cr.Ax 0542 040 598 9.25 -16.66 28.61

6/Cr.Ax 0397 056 554 607 -932 204

5/Cd.Ax 0327 ~0.66 ~14.15 1325 -46.58 18.27

sceax | oss2 o -233 1194 -3154 2688

Bone Density (0-255) 4/Cd.Ax 0772 | 0.19 [ 261 8.61 -18.45 | 23.67

6/Cd.Ax 05 | 077 -5.86 466 -17.25 554

4/Cr.Ax 0932 -0.06 -0.69 7.7 -19.54 18.16

6/Cr.Ax 0302 ~0.69 ~466 413 -1475 544

Perimeter Spanned by 3/Ax oos 208 1641 484 456 2827
Bone (%) T

4/Ax 0685 026 574 1346 -27.19 38.67

5/Ax osi0 | o -281 1335 -35.49 2087

6/Ax 0711 024 508 13.06 -26.89 37.05

8/Ax 0ws o 2224 19.43 2531 | 69.80

3/cd 0222 ~084 -3122 2290 -87.26 1 2482

4/cd 0834 -0.14 ~1146 5111 -153.92 13101

5/Cd 0214 -085 -35.90 2586 -99.18 27.37

6/Cd 0599 034 2027 3654 -69.15 109.69

8/cd 0391 061 352 352 -7.68 1472

3/cr 0599 -034 -2086 37.61 | -112.90 7117

4/Cr 0581 036 3255 55.81 -104.02 169.11

s/Cr 0o | oo —414 33.02 -84.93 76.65

6/Cr 0785 -0.18 -2112 7392 -201.98 159.75

$/Cr 0037 -164 -64.65 2418 -123.81 -548

“Negative values indicate higher lattice values.
Ax. axial: Cd. caudal: Cr. cranial: Cd.Ax. caudal axial ROI: Cr.Ax. cranial axial ROL
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Target genes forward and reverse primer sequences reported

by TIB MOLBIOL

ACTB _ Forward 5'-AAGCCACCCCACTTCTCTC-3" Reverse 5'-GCTATCACC
TCCCCTGTG-3

GAPDH _ Forward 5“GAAGGTGAAGGTCGGAGTC-3* Reverse 5 TCGCTCCTG
GAAGATGGTG-3"

ACAN _ Forward 5-“ACTCTGGGTTTTCGTGACTCT-3* Reverse 5“ACACTC
AGCGAGTTGTCATG-3

RUNX2 _ Forward 5-TGGTTACTGTCATGGCGGG-3' Reverse 5“TCTCAGATC
GTTGAACCTTGC-3*

ALP _ Forward 5'-ACCACCACGAGAGTGAACC-3‘ Reverse 5-CGTTGTCTG
AGTACCAGTCC-3*

COLI _ Forward 5'-GGGCCAAGACGAAGACATC-3‘ Reverse 5-“CAGATCACG
TCATCGCACAAC-3*

COL2 _ Forward 5“TGGACGCCATGAAGGTTTTCT-3" Reverse 5“TGGGAG
CCAGATTGTCATC-3

SOX9 _ Forward 5-AGCGAACGCACATCAAGAC-3‘ Reverse 5-CTGTAGGCG
ATCTGTTGG-3
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Name Architecture Porosity (%) Degradation Pore size Number of Number of
nodes elements
Gyroid scaffold Gyroid 79 Normal 054 417,684 301,748
Strut-like scaffold Strut-like 79 Normal 0.56 372,137 267,151
Highly degradable scaffold Gyroid 79 Fast 056 417,684 301,748
Non-degradable scaffold Gyroid 79 — 056 417,684 301,748
Gyroid scaffold with lower porosity Gyroid 69 Normal 05 443,353 320911
Strut-like scaffold with lower porosity Strut-like 69 Normal 049 368,107 263,877
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Mandibular movement Deformation types

Condyles convergence (mm) Corporal rotation () Dorsoventral shear (mm)
Jaw opening movement 0.1-0.04 005-0.11 0.04-0.09
Mandibular protrusion movement 0.01-0.02 0.03-0.08 0.03-0.05

Mandibular lateral movement 0.02-0.05 0.03-0.15 0.05-0.1
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Delivered

miRNAs

Functions

Signal
pathway

BMSCs miR-101 MSCs FBXW7 augment osteogenic differentiation HIFI/FOXP3 | Lietal. (2021¢)
miR-196a HFOBLI9 Dkkl promote osteogenic differentiation Wnt/p-catenin Peng et al.
(2021)
miR-140-3p BMSCs plxnbl promote bone formation plexin BU/RhoA/ | Wang et al.
ROCK (20222)
miR-15b BMSCs WWPL increase ALP activity and osteogenic differentiation- NE-kB Lietal. (2020¢)
related marker expression
miR-29b-3p HUVECs PTEN enhance neovascularization PI3K/AKT Yang et al.
at the fracture site (2022)
BMSCs
miR-29b-3p hFOBL19 KDMS5A promote angiogenesis and facilitate fracture healing SOCS1/NF-«B Zhang et al.
(2020b)
miR-25-5p BMSCs SMAD2 promote BMSC osteogenesis SMAD2/ERK Lan et al.
(2022)
miR-424-5p BMSCs WIEL attenuate osteogenic development WIEL/Wnt/p- Wei et al.
catenin (2021a)
miR-100-5p HUVECs BMPR2 inhibit osteogenesis of hBMSCs BMPR2/Smad1/5/9 | Yang et al.
and angiogenesis of HUVECs (2021)
BMSCs
HUC-MSC miR-365a-5p BMSCs SAVI promote the proliferation and osteogenesis of BMSCs SAVI/YAP Kuang et al.
(2021)
ASCs miR-130a-3p ADSCs SIRT7 promote osteogenic differentiation Wnt/p-catenin Yang et al.

(2020¢)
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Bone
diseases

Delivered
miRNAs

Target cells

Target gene/Signal
pathway

Functions

BE BMSCs miR-136-5p BMSCs, osteoblasts | Wnt/p-catenin facilitate bone fracture healing | (Huetal,, 2021a; Yu
1 etal, 2021)
miR-19b WWP1/Smurf2/KLES
miR-25, miR-29b-3p SMURF1/Runx2, VapB/Wnt/
B-catenin,PTEN/PI3K/AKT
miR-335
op BMSCs mik29a HUVECs VASHI promote angiogenesis and Lu et al. (2020)
osteogenesis
BMSCs miR-21-5p hFOBL19 cells KLE3 enhance proliferation and You et al. (2022)
osteoblastic differentiation
BMSCs miR-146a MC3T3-El cells Rtnd/miR-1462 inhibit the viability of cells and | Cao et al. (2020)
promote their apoptosis
BMSCs miR-34c hFOBL.19 cells SATB2 enhance osteoblast activity in | Yang et al. (2019)
osteoporotic mice
BMSCs miR-186 BMSCs Hippo signaling pathway promote osteogenesis in OVX | Li et al. (2021a)
rats.
huc-MSCs | miR-1263 BMSCs Mob1/Hippo inhibit BMSC apoptosis and | Yang et al. (2020a)
prevent OP
MSCs miR-27a Osteablasts, DKK2/Wnt/p-catenin improve bone damage recovery | Wang et al. (2022b)
osteoclasts and decrease bone resorption
0A SMSCs miR-212-5p chondrocyte Runx2 attenuate inflammation, Wangetal. (2021d),
degeneration, and degradation | Zheng et al. (2022b)
miR-155-5p ELE3
BMSCs miR-125a-5p chondrocyte E2F2 accelerate migration and Xia et al. (2021)
alleviate degradation
BMSCs miR-206, miR- osteoblasts, EIf3, CDHI1, SDC1 ameliorate inflammation and | (Jin et al., 20205
127-3p, and miR-9-5p | inhibit apoptosis Huang et al,, 2021b)
chondrocyte
BMSCs miR-326 chondrocyte HDAC3/STATI/NF-xB p65 | inhibit pyroptosis of Xu and Xu (2021)
chondrocytes and cartilage
BMSCs miR-122-5p, miR-206 | chondrocyte Sesn2/Nrf2, GIT1 repress autophagy and apoptosis | (Liu et al., 2018;
Zhang and Jin,
2022)
ONEH BMSCs miR-185-3p BMSCs PI3K/Akt, Wnt signaling regulate osteogenesis-related Zhu et al. (2022)
1 pathways signaling pathways
miR-1b-5p
miR-129b-5p
miR-223-5p
BMSCs miR-224-3p HUVECs FIP200 downregulation of miR-224-3p | Xu et al. (2019)
promotes the angiogenesis
cp3 miR-26a HUVEGs, ALP, RUNX2, COL I increase the bone integrity and | Zuo et al. (2019)
stem cells I vessel density
BMSCs
huc-MSCs, | miR-21-5p hEOBL19 cells, SOXS, EZH2 augment angiogenesis and (Nan et al,, 2021;
T | HUVECs, BMSCs osteogenesis Fang et al,, 2022)
ASCs miR-378 Sufu, Shh
hiPSC- miR-135b MG-63 PDCD4 inhibit cell apoptosis and (Kuang et al, 2019;
MSCs, promote cell proliferation Zhang et al., 2020¢)
BMSCs, miR-150 U-2 cells, osteoblasts | GREM1/NF-x
hue-MSCs | miR-21 MLO-Y4 BPTEN/AKT
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Mesenchymal stem cells

SEVs Small extracellular vesicles

miRNAs microRNAs

MSCs-sEVs MSCs-derived small extracellular vesicles
BMSCs Bone mesenchymal stem cells

ASCs Adipose mesenchymal stem cells
huc-MSCs Human umbilical cord mesenchymal stem cells
EVs Extracellular vesicles

MVBs Multivesicular bodies

ILVs Intraluminal vesicles

TEM Transmission electron microscopy

NTA Nanoparticle tracking analysis

S1P Sphingosine-1-phosphate synthesis

EZH2 Enhancer of zeste homolog 2

TRAIL TNEF-related apoptosis-inducing ligand
NLRP3 NOD-, LRR- and pyrin domain-containing 3
TLR4 Toll-like receptor 4

NF-kB Nuclear factor-kappa B

CAFs Carcinoma-associated fibroblasts

BBB Blood-brain barrier

HUVECs Human umbilical vein endothelial cells
DOX Doxorubicin

DGCRS DiGeorge syndrome critical region 8
3'UTR 3' untranslated region

mRNAs Messenger RNAs

OA Osteoarthritis

OIM Osteogenic induction medium

ALP Alkaline phosphatase

OCN Osteocalcin

OPN Osteopontin

Runx2 Runt-related transcription factor 2

PI3K Phosphoinositide 3-kinase

Akt Protein kinase B

mTOR Mammalian target of rapamycin

Bmpr2 Bone morphogenetic protein receptor type 2
Acvizb Activin receptor type-2B

HDAC2 Histone deacetylase 2

CRY2 Cryptochrome 2

ERK1/2 Extracellular signal-regulated kinase 1 and 2
HIF-la Hypoxia-inducible factor 1 alpha

EFNA3 Ephrin-A3

Hmox1 Heme oxygenase-1

Li Lithium

Ti Titanium

HDAC7 Histone deacetylase 7

COL4A2 Collagen type IV alpha 2 chain

NF2 Neurofibromin 2

Sr Strontium

CD31 Platelet endothelial cell adhesion molecule-1
NOTCHI1 Neurogenic locus notch homolog protein 1
DLL4 Delta-like ligand 4

SPRY2 Sprouty RTK signaling antagonist 2

IRF1 Interferon regulatory factor 1

BV/TV Ratio of bone volume to total volume

MIF Macrophage migration inhibitory factor
PRKCD Protein kinase C delta

RANKL Receptor activator of nuclear factor kappa-B ligand
DPSC-SEVs Dental pulp stem cells derived sEVs

Nfat5 Nuclear factor of activated T-cells 5

IL Interleukin

SCAP-sEVs Apical papilla-derived sEVs

KLF3 Kruppel-like factor 3

VASH1 Vasohibin-1

Atg4B Autophagy-related 4B cysteine peptidase
IGFBP3 Insulin-like growth factor binding protein 3
FBXW7 Fbox and WD repeat domain-containing 7
FOXP3 Forkhead box p3

KLF2 Kruppel-like factor 2

KDM5A Lysine demethylase 5A

SOCS1 Suppressors of cytokine signaling 1

SAV1 Salvador family WW domain-containing protein 1
YAP Yes-associated protein

NO Nitric oxide

DKK2 Dickkopf WNT signaling pathway inhibitor 2
CXCL12 C-X-C motif chemokine ligand 12

Trap Tartrate-resistant acid phosphatase

oP Osteoporosis

SATB2 Special AT-rich sequence-binding protein 2
Mob1 Mps one binder kinase activator-like 1
ONFH Osteonecrosis of the femoral head

SOX5 SRY-box transcription factor 5

EZH2 Enhancer of zeste homolog 2

RTK Receptor tyrosine kinase

MAPK Mitogen-activated protein Kinase

LRP4 Low-density lipoprotein receptor-related protein 4
KLF5 Kriippel-like factor 5

hiPS Human-induced pluripotent stem cell
VapB VAMP-associated protein B

OA Osteoarthritis

SMSCs Synovial mesenchymal stem cells

CDH11 Cadherin-11

SDC1 Syndecan-1

HDAC3 Histone deacetylase 3

NEAT1 Nuclear enriched abundant transcript 1
Nrf2 Nuclear factor erythroid 2-related factor 2
3D Three-dimensional

2D Two-dimensional

TFF Tangential flow filtration

EMs SEVs-mimetics

CXCR4 C-X-C motif chemokine receptor 4
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5. Less expensive than bone marrow harvest and
less rejection risk
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1. Slow engraftment
2. Large inventory product (high up-front costs;
units may become “outdated” due to changes in
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3. Limited cell dose

4. Autologous donation may have limited benefits
owing to hereditary disorders, Storage issues

LEEEE

Moise, 2005; Waller-Wise (2011)

Stem cells from
exfoliated deciduous
teeth banking

1. There was no immunological response or tissue

rejection, no immunosuppressive treatment was

required, and the risk of transmitting discase was
considerably decreased

2. For both the child and the parent, it is simple and
painless

3. Less than one-third of the cost of cord blood
storage

1. Long-term clinical trials are still needed to
evaluate the oncogenic potential

2. The study is mostly focused on animal models,
but human research trials are stll required to
determine the same outcomes in humans

3.To be applied therapeutically, large numbers are
needed

4. Not vulnerable to the same ethical considerations
as embryonic stem cells

5. For multiple tissue regeneration such as
connective tissues, dental tissues, neural tissue, and
bone marrow can be used

5. Compared to embryonic stem cells, they have a
lower potency

Arthur et al. (2008), Mao (2008), Shi et al.
(2005), Cordeiro et al. (2008), Mao et al.
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jaw-BMSC upregulate maxillary BMSC-ilium osteogenic ability Liet al. (2019)
hPDSCs promote hADSC osteogenic differentiation Jin et al. (2020)
hGMSC MSC bringing miR-296 and miR-210 to promote bone regeneration of calvaria Pizzicannella et al. (2019a),
defects, associated with vascularization increasing Pizzicannella et al. (2019b)
hPDLSC Zhai et al. (2020)
hMSCs bringing osteogenic miRNAS to induce MSC differentiation towards Yang et al. (2019)
osteoblasts
BMSC bringing LncRNA MALAT1 to promote SATB2 expression (silencing of Zhang et al. (2021a)
SATB2 is able to reduce ALP activity in osteoblasts)
BMSC bringing miRNA-935 to promote osteoblast proliferation and differentiation | Wang et al. (2019), Wang et al.
Osteoblasts (2021a)
BMSC-Exo with inhibit the block of primary osteablast proliferation Wang et al. (2021a)
KCNQIOT! knockdown
Inc-KONQIOT1-modified ADSCs-Exos attenuate cytotoxicity and apoptosis of TNF-a-induced primary osteoblasts Hu et al. (2021)
BMSC-Exo bringing miRNA-335 to inhibit osteoclast differentiation and stabilizes fracture Yang et al. (2020a)
Osteoclasts
OMSC-Exo bringing miR-206-3p to inhibit osteoclastogenesis and promote osteogenic Guo et al. (2021a)
differentiation
MSC enhance chondrocytes migration, proliferation, chondrogenic differentiation | Otsuru et al. (2018), Zhang et al.
and matrix synthesis ability (018)
infrapatellar fat pad (IPFP) MSCs- bringing miR-100-5p to regulatedchondrocyte autophagy, thereby inhibiting Wu et al. (2019)
derived exosomes Chondrocytes | apoplosis
hiP$-MSC bringing miRNA-135b to romote cell proliferation and inhibit apoptosis Zhang et al. (2020)
MSC attenuate inflammation and restoring matrix homeostasis in alleviating TMJ Zhang et al. (2019)
osteoarthritis
MsC anti-apoptotic effects onosteocytes and bone marrow MSCs Yin et al. (2017)
LLLI-ADSC-exo Osteocytes | inhibits hypoxia-induced apoptosis and promotes bone defect repair Zhuet al. (2017)

PSC-derived EVs

suppress osteocytes ShRNA expression

Xu et al. (2019)

ADSC bringing miRNA125a to promote the formation of endothelial tip cells and Liang et al. (2016)
anglogenesis
ADSC bringing miRNA-21 to promote endothelial cell vascularization An et al. (2019)
ADSC endothelial cells  bringing miRNA-21 and miRNA322 to promote angiogenesis Kato et al. (2021)
HUVEC-Exo bringing miRNA-423-5p to promote proliferation, migration and tube Xu et al. (2019b)
formation
ADSC bringing LncRNA SNHG to inhibiting the inflammatory response and Song et al. (2020)
apoptosis, upregulate endothelial cell function
MSC reduce the pro-inflammatory marker expression and ROS production Zhang et al. (2022)

MSCs-Exo derived form orofacial bone

ADSC

Macrophages

T cells

bringing miR-223 and miR-let-7¢ to promote polarization to M2 macrophages

bringing miR-20a to promote the differentiation of Th17 and Treg from naive
CD4" T cell

Yuan et al. (2017)

Bolandi et al. (2020)
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CCR2 Knockout (CCR2KO)

Acute Achilles tenotomy and repair

Mechanical stimulation

Neutralization of active TGF-B1 and genetic
‘manipulation

COX siRNAs and Plala/Etv1 axis-related
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polarized Macrophages and their derived
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Extracellular vesicle-educated macrophages
TDSCs seeded in Small Intestinal
Submucosa scaffolds

Nano-micro fibrous woven scaffolds

‘Wnt3a-modified nanofiber scaffolds

Extracellular vesicles from inflammation-
primed adipose-derived stem cells

PDTC-loaded electrospun membranes

Effect on macrophage

Reduced macrophage infiltration

A shift to M2 macrophages coordinating
ECM deposition and tissue repair

Macrophage M2 polarization

Reduced TGF-B1 production by
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M2 macrophage polarization, increasing
Plala protein secretion

Exosome production and subsequent effects
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Promotion of M2 macrophage polarization
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Mi-to-M2 transition

Inhibition of NF-kB pathway in
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Effect on tendon healing

Improved biomechanical properties
(higher load-to-failure and stiffness)
Eliasberg et al. (2023)

Agent of degradation and repair in injured
tendon tissue Sugg et al. (2014)

Promoted MSCs chondrogenesis, and
improved matrix formation Wang et al.
(2023a)

Attenuation of peritendinous adhesion
formation Li et al. (2023)

Enhanced tendon healing Jing et a. (2023)
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infiltration Liu et al. (2023)
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healing tendon Chamberlain et al. (2019)

Reduced adhesions and regulated ECM
formation Mao et al. (2022)
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inflammatory response Cai et al. (2023)

Accelerated tendon healing, increased
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inflammatory response Wei et al. (2023)
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production Shen and Lane, (2023)
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inflammation Lu et al. (2023)
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JSH-23-loaded PLA membranes

Lipid nanoparticle-assisted miR29a delivery
via core-shell nanofibers

Inhibition of NE-kB phosphorylation and
polarization

Promotion of M2 macrophage polarization

‘Tendon healing enhancement Wang et al.
(2022)

Improved collagen composition and
alignment, higher mechanical strength
Chen et al. (2022)
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Reverse | AAACCTCTCTCGCCTCITGC
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