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Editorial on the Research Topic 
Biomaterial advances in intervertebral disc degeneration


Neck and back pain are ubiquitous in modern society, leading to serious lifelong disability and placing an enormous socioeconomic burden on the global healthcare system. Although the etiology of neck and back pain is multifaceted and still incompletely understood, intervertebral disc degeneration (IDD) is considered to be the most significant contributor. The current treatments for IDD, including medication, surgery, and others, are limited to symptomatic relief but fail to restore the structure and homeostasis of the intervertebral disc. The failure leads to the steady deterioration of compromised discs and undesirable consequences, such as recrudescence or adjacent vertebral disease. Tissue-engineered approaches hold great promise for the treatment of IDD. Gullbrand et al. designed and manufactured a disc-like angle ply structure (DAPS), which has distinct components that mimic the structure of the native disc. The long-term integration and mechanical function of engineered DAPS in vivo, even in large animal models have been successfully tested (Gullbrand et al., 2018). After that, Sloan et al. demonstrated that combined nucleus pulposus augmentation using hyaluronic acid injection and annulus fibrosus repair using photo cross-linked collagen patch restore nucleus pulposus hydration, heal annulus fibrosus defects and maintain native torsional and compressive stiffness up to 6 weeks after discectomy injury in a large animal model. These studies move this approach a step towards translational feasibility (Sloan et al., 2020).
Given the indispensable role of biomaterials in tissue engineering for IDD, we prepared this Research Topic to summarize the progress in this field. The harsh microenvironment of IDD is not suitable for disc regeneration. Therefore, various therapeutic agents, including small molecular, growth factor, exosome, and nucleic acids-based drugs are employed to reduce the inflammatory response, promote extracellular matrix synthesis, and direct cell differentiation to create a good regenerative microenvironment. Traditional drug delivery such as systemic administration or via in situ injection has low drug availability and high off-target toxicity. Liu et al. have systematically demonstrated that biomaterials-based nano-drug delivery systems have improved treatment results of therapeutic agents for IDD because of their good biodegradability, biocompatibility, precise targeted specific drug delivery, prolonged drug release time, and enhanced drug efficacy (Liu et al., 2023). Except for drug delivery, a good cell carrier is critical for tissue regeneration. The microsphere is a class of three-dimensional spherical structures with an average particle size of 1–1000 μm that could be used in cell carrying and biomedical substance delivery. Guo et al. recently reviewed the use of various microspheres for disc regeneration and clearly demonstrated that the high encapsulation rate and excellent slow-release properties conferred by the porous structure, coupled with good surface adhesion for cell immigration, have led to the gradual emergence of microspheres as the carrier of choice in the field of tissue engineering (Guo et al., 2022). In order to achieve long-term delivery and avoid leakage-associated complications, stimulus-responsive composite hydrogels have been employed. Gao et al. have highlighted the critical role of stimulus-responsive composite hydrogels in disc regenerative medicine with controllable mechanical properties and the ability to achieve liquid-solid phase transition under certain conditions (Gao et al., 2022).
In conclusion, we believe that the studies and reviews on this Research Topic provide new insight into the choice of biomaterials for engineering solutions for intervertebral disc regeneration. We hope to achieve a perfect regenerative repair of the intervertebral disc with the help of emerging material development as soon as possible.
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Introduction: With the development of photothermal technology, the appearance of composite photothermal hydrogels has increased the selectivity of treating infectious skin defects. However, how to design composite photothermal hydrogel with better antibacterial performance, reduce the resistance rate of bacteria, and the damage rate of normal tissue still needs further study.
Methods: The Prussian blue and tannic acid were loaded on polyacrylamide hydrogels. Characterization of DLS, Zeta potential, UV absorption spectrum, hydrogel swelling rate, scanning electronic microscopic, drug release profile, photothermal properties, in vitro cytocompatibility, and antibacterial properties. Experiments were measured by skin defect repair, antibacterial detection, and histological staining experiments.
Results: The polyacrylamide hydrogel with photothermal effect and controllable release of tannic acid was successfully prepared. The hydrogel has strong light transmittance and adhesion, and the swelling rate can reach 600%, which improves the self-cleaning ability. SEM results showed the porous structure of hydrogels, promoting cell growth. Through photothermal switches, the composite hydrogel represented adjustable and controllable drug release ability. Combined with the synergistic antibacterial effect of tannic acid, this further enhanced the antibacterial ability and reduced the probability of antibiotic resistance. The in vitro and in vivo experiments showed the hydrogel had good biocompatibility and excellent antibacterial properties, which could promote the repair of infectious skin defects in SD rats.
Conclusion: We fabricated a hydrogel with a triggering drug release rate, alleviating heat damage, transparent morphology, mechanical stability, strong adhesion, good biocompatibility, and synergistic antibacterial ability, which presents new treatment options for infectious skin defect repair.
Keywords: triggering drug release, thermal-disrupting interface induced mitigation, tannic acid, Prussian blue, photothermal hydrogel
INTRODUCTION
Globally, one-third of all deaths are caused by infections (Li et al., 2018). Among them, the treatment of infectious skin defects due to acute injuries, burns, and chronic diseases such as diabetes remains a challenge (Ning et al., 2014; Zheng et al., 2018). Traditional treatments involve the use of drugs such as antibiotics. However, increasing drug resistance has reduced the effectiveness of this kind of treatment to near useless (Dai et al., 2017). At the same time, the loss of skin tissue reduces the ability to form a barrier against bacteria, which can exacerbate the infection (Mao et al., 2018). Therefore, there is an urgent need for a new treatment strategy to improve the current severe situation of inadequate treatment options.
With the development of photothermal technology, more and more photothermal nanomaterials have been used in the treatment of infectious skin defects because of their good photothermal conversion and bactericidal properties. Among them, metallic and nonmetallic nanoparticles are included such as Ag-based (Cao et al., 2020), Au-based (Ngo-Duc et al., 2020), Cu-based (Yu et al., 2020), and graphene-based NPs (Zhang et al., 2019). However, the application of these materials has been hindered due to their biotoxicity and instability, as well as the high temperature generated at the interface of biological tissues, which can cause damage to normal tissues (Hu et al., 2020). Therefore, the research and development of a composite material with low biotoxicity and good biocompatibility, which has excellent bactericidal performance and can reduce bacterial resistance to protect normal tissues, is still a goal pursued by scholars (Zhou et al., 2016).
The excellent stability and biocompatibility of metal-organic frameworks have been widely reported (Li et al., 2019). Among them, Prussian blue has been widely studied because of its simple synthesis method, strong structural stability, good biocompatibility, photothermal properties, and strong sterilization efficiency (Wang et al., 2018; Borzenkov et al., 2019; Cai et al., 2019; Li et al., 2019; Luo et al., 2019; Han et al., 2020; Mukherjee et al., 2020; Sharma et al., 2020) Maaoui et al. (2016). reported for the first time that Prussian blue nanoparticles could effectively kill MRSA and E. coli through the photothermal effect. Other literature reported that Prussian blue could kill E. coli 100% within 5 min through the photothermal effect. However, due to its high photothermal conversion rate, Prussian blue may increase the risk of damage to normal tissue (Jiang et al., 2018). Tannic acid is a polyphenolic compound, which is the active ingredient extracted from gallnut (Ninan et al., 2016; Yan et al., 2019; Liu et al., 2020). It has been reported in the literature that it has antibacterial, antioxidant, antiviral, and other activities. Tannic acid also has the function of inhibiting bacterial quorum sensing (QS) and preventing the formation of bacterial biofilms (Liu et al., 2020). However, tannic acid has limited antimicrobial ability against Gram-negative bacteria E. coli, which limits its application (Sahiner et al., 2016). Polyacrylamide has good biocompatibility and non-toxicity and is often used in drug delivery and skin repair research (Xue et al., 2019). Its 3D hydrogel network provides a moist environment for cells, promotes permeability of oxygen and water molecules, and protects against microbial invasion (Gan et al., 2018). Its good mechanical properties are characterized by strong stress and flexibility, so it is often possible to construct hydrogels with good properties without chemical modification (Chen et al., 2018; Fang et al., 2019). The electrostatic, hydrogen bonding, and hydrophobic interactions of the groups in hydrogel make it have the characteristics of strong viscosity, which can enhance the skin adhesion ability of the hydrogel (Xue et al., 2019; Hao et al., 2020). In addition, with the increase of water, the adhesion decreases, making the hydrogel easy to peel off (Ning et al., 2014). Therefore, the construction of polyacrylamide composite hydrogel loaded with Prussian blue nanoparticles and tannic acid is expected to improve its antibacterial performance and tissue repair ability while reducing the side effects of the material through synergistic effect.
In this study, polyacrylamide composite photothermal hydrogel containing Prussian blue nanoparticles and tannic acid was prepared by precipitation method and immersion method. We fabricate composite hydrogel, which has antimicrobial ability, skin repair ability, triggering drug release (TDR), and thermal-disrupting interface induced mitigation (TRIM) alleviating heat damage. In this paper, the physical and chemical characterization, in vivo and in vitro biocompatibility, anti-infection ability, and tissue repair ability of the composite photothermal hydrogel were detected and analyzed. The scientific hypothesis that this composite photothermal hydrogel has good biocompatibility and antibacterial ability to promote skin repair is put forward (Figure 1). There are no reports of the use of Prussian blue nanoparticles combined with tannic acid-loaded polyacrylamide composite photothermal hydrogel for the treatment of infectious skin defects.
[image: Figure 1]FIGURE 1 | Schematic diagram of Prussian blue nanoparticles and tannic acid drug particles loaded on acrylamide hydrogel for the elimination of bacteria and promotion of skin repair through the synergistic photothermal and antibacterial action of the drugs. APS: ammonium persulfate. MBA: 4-sulfanylbutanimidamide.
RESULTS AND DISCUSSION
Physical Characterization of Composite Photothermal Hydrogel
In this study, TA-PB@PAAm hydrogel was successfully fabricated (Figure 2A). TA-PB@PAAm hydrogel presented a blue transparent peptone-like appearance, which was mainly due to the doping of Prussian blue nanoparticles. As the content of Prussian blue increased, the color of the hydrogel deepened. The hydrogel has a strong adhesion effect, which may be caused by electrostatic, hydrogen bonding, and hydrophobic interactions. According to the SEM test results (Figure 2B), TA-PB@PAAm hydrogel presented a uniformly distributed porous structure, and its pore size distribution was about 1 μm. SEM characterization of PB nanoparticles showed that they presented a cubic structure with a diameter of about 50 nm (Figure 2C).
[image: Figure 2]FIGURE 2 | Physical and chemical characterization of hydrogel composites. (A) Appearance of the materials, which are prepared with different concentrations of Prussian blue and the adsorption properties (unit = ug/ml). (B) Porous structure of formed composite photothermal hydrogels. (C) SEM microscopic morphology of Prussian blue nanoparticles. (D) UV absorption spectra of PB, PB@PAAm and TA-PB@PAAm. (E) Particle size distribution of Prussian blue nanoparticles. (F) Zeta potential of PB shows positive charge.
The absorption peaks of PB, PB@PAAm, and TA-PB@PAAm were detected by UV-Spectrum, and it was found that their absorption peaks were 700 nm (Figure 2D). The particle size of PB, PB@PAAm hydrogel precursor solution, and TA-PB@PAAm hydrogel precursor solution were detected. The Zeta potential of PB, TA, TA + PB, PAAm hydrogel precursor solution, and TA-PB@PAAm hydrogel precursor solution were detected by particle size analyzer. The average particle size of PB was 205.6 nm and PDI was 0.156 (Figure 2E). Zeta potential results showed that the surface of PB was positively charged, TA was negatively charged, and finally the hydrogel was negatively charged (Figure 2F). The FTIR results are as follows. In the sample TA, the vibration peaks observed at 3402, 1716, and 1614cm-1 were respectively determined by the hydroxyl group, C=O in the carboxyl group and C-C in the benzene ring skeleton showed the presence of tannic acid. In sample PB, the vibration peaks caused by the metal -C≡N- metal at 2083 cm-1 and 594 cm-1 were observed, indicating the existence of PB. For the sample PAAm hydrogel, vibration peaks were not observed at 1,430 cm-1 and at 1,630 cm-1, indicating that the stretching vibration of the C=C bond after acrylamide cross-linking polymerization disappeared. At 2,980 cm-1 and 1,450 cm-1, the characteristic vibration peak was the C-H vibration peak which was in the -CH2- group. It was found that 1756 cm-1 represented the amide bond, 1,189 cm-1 represented the C-N bond, and 1,083 cm-1 represented the C-O-C bond. These characteristic vibration peaks indicated the formation of polyacrylamide. In addition to the characteristic vibration peak of PAAm, it could be observed that the vibration peak of the amide bond moved to 1,658 cm-1, and the vibration peak of C-O-C moved to 1,116 cm-1, which could be caused by the coordination effect between metal ions in Prussian blue and C-O functional groups in PAAm structure. For the TA-PB@PAAm sample, the characteristic vibration peak belonging to the benzene ring could be observed near 1,614 cm-1, which proved that TA structure also existed in the PB@PAAm structure (Supplementary Figure S1). The XRD results are as follows: For sample PB, only a wide diffraction peak was observed at 19.6°, proving that the Prussian blue structure synthesized was amorphous. For sample TA, only a wide diffraction peak was observed at 25.2°, proving that the TA was an amorphous structure (Supplementary Figure S2).
All the above results indicated that PB and PAAm were crosslinked and successfully loaded. We then loaded the hydrogels with different concentrations of TA by the immersion method and calculated the drug loading rates, which were 0.25,0.5, and 2.5%. With the increase of TA concentration, the drug loading rate of polyacrylamide also increases, so it has excellent drug loading capacity. Therefore, 5 mg/mL TA concentration was selected as the later application concentration according to the results. We calculated the swelling rate of PAAm, PB@PAAm, TA@PAAm, and TA-PB@PAAm, and they are 470.8 ± 17.5%, 594.1 ± 28.6%, 442.6 ± 33.8%, and 480.3 ± 52.4%, respectively. The composite photothermal hydrogel could absorb about 4–5 times its own mass of water, so it had a good water absorption capacity (Figure 3A). This excellent swelling ability can effectively absorb the exudated and exfoliated necrotic tissue cells from the wound during the treatment process, so it has the function of autolytic debridement.
[image: Figure 3]FIGURE 3 | Physical and chemical characterization of TA-PB@PAAm composite hydrogels. (A) Swelling rate for different contents of composite photothermal hydrogels. (B) The preservation modulus G′ is always higher than the loss modulus G″, which proves that the material has good crosslinking performance. (C) Photothermal effect curve for different PB concentrations. (D) Photothermal effect curve under different illumination intensities. (E) Curve of temperature changes after cyclic illumination of the hydrogels. (F) Drug release curve under alternating light.
The rheology was used to test the viscoelastic properties of the composite photothermal hydrogel. Storage modulus G′ of the hydrogel was always higher than loss modulus G″ by 500% strain, and G′ and G″ relatively represented pronounced plateau, indicating that the hydrogel could maintain a solid form and have a certain elasticity. This feature may be more suitable as a skin dressing (Van Den Bulcke et al., 2000) (Figure 3B).
Photothermal Properties of Composite Photothermal Hydrogel
Different concentrations of PB loaded on hydrogels have different photothermal effects (Figure 3C). Among them, 0.4 mg/mL PB hydrogel had the strongest photothermal effect and could reach 68.7°C within 5 min. With the decrease of PB content, the photothermal effect of the hydrogel gradually weakened, and the maximum temperature of 0.1mg/mL PB was 45.2°C. Different illumination intensities of NIR-808 laser had different photothermal effects (Figure 3D). The PB hydrogel with 1W/cm2 had the strongest photothermal effect and could increase to 70.2°C within 5 min. With the decrease of illumination intensity, the photothermal effect of hydrogel gradually weakened, and the maximum temperature was less than 47.5°C under the illumination intensity of 0.5W/cm2. It has been reported that when the ambient temperature of cells exceeds 50°C, cell necrosis will occur. When the ambient temperature of cells is below 50°C and above 40°C, apoptosis occurs, but it can be repaired by human heat shock proteins (Yang et al., 2017). Therefore, we chose the parameters of PB concentration of 0.1mg/ml and illumination intensity of 0.5W/cm2 as the final photothermal conditions.
In order to test the reusability of the composite photothermal hydrogel, repeat irradiation was given. The temperature of the hydrogel reached its peak within 5 min. After the irradiation of NIR-808 was turned off, the temperature of the hydrogel dropped to the initial temperature within 15 min. With the increase of the number of cycles, the peak temperature and cycle time of hydrogel remain stable. It showed that the hydrogels had a good photothermal effect to ensure recycling and reuse (Figure 3E).
In Vitro NIR Light-Triggered Drug Release
In order to calculate the release amount of tannic acid, we tested the absorbance value of tannic acid in the ultraviolet absorption spectrum, which showed the maximum absorption peak at 275 nm (Supplementary Figure S3). With the increase of the concentration of tannic acid, the absorbance value also increased. In order to prove that the drug would be released by setting the photothermal switch in a NIR-triggered “off-on way”, we measured the release profile of tannic acid by ultraviolet spectrum (Figure 3F). The TA-PB@PAAm hydrogel without NIR light had the ability of drug release in PBS solution, and the drug release amount slowly increased with a total release amount of 147.9 μg in 120 min. When the TA-PB@PAAm hydrogel was illuminated by NIR light, the drug release was significantly increased, and the total release reached 260.3 μg in 120 min. After the light was turned off, the drug release rate was the same as that without NIR light. The rate of drug release in the hydrogel changed as the light was switched on and off multiple times. It showed that the synergistic photothermal effect could promote the release of drugs in the hydrogel. NIR light acted as a switch in drug release, which might better promote the efficacy of hydrogel in the treatment of infection, and intelligently regulated the release rate of the drug, which was 1.76 times higher than that of the non-light group.
Cell Compatibility of NIH-3T3 With Composite Photothermal Hydrogel
Firstly, we measured the 50% lethality of tannic acid and Prussian blue to cells (Supplementary Figure S4). The 50% lethal dose of tannic acid in NIH-3T3 cells was 200 μg/ml and the 50% lethal dose of PB was 100 μg/ml. After that, we evaluated the cell compatibility in different hydrogels at different time points (1, 3, 5 days) by CCK-8 assay (Figures 4A–D). With the increase of culture time, cells in each group showed a steady growth trend. On day one, the absorbance of the control group was higher than that of the other three experiment groups (PB@PAAm, TA@PAAm, and TA-PB@PAAm) both in the non-light and light conditions (non-light: 0.230, 0.206, 0.212, 0.190; light: 0.258, 0.194, 0.242, 0.173). On day three, the CCK8 levels of PB@PAAm, TA@PAAm and TA-PB@PAAm both in the non-light and light conditions were significantly higher than those of the blank control group (non-light: 0.350, 0.696, 0.438, 0.531; light: 0.380, 0.522, 0.439, 0.517). On day five, the CCK8 of PB@PAAm, TA@PAAm, and TA-PB@PAAm both in the non-light and light conditions were significantly higher than that of the blank control group, but the increasing rate was lower than that of the third day (non-light: 0.397, 0.654, 0.466, 0.542; light: 0.414, 0.538, 0.464, 0.536). These results indicate that our composite photothermal hydrogel has good cytocompatibility and can support cell adhesion and growth after implantation. The result may be a slow release of the drug due to the encapsulation of the hydrogel, thus reducing the damage to the cells.
[image: Figure 4]FIGURE 4 | CCK-8 results of NIH-3T3 cells co-cultured with composite photothermal hydrogels at different time points. (A–B) Absorbance in PAAm, PB@PAAm, TA@PAAm, TA-PB@PAAm with or without light. (C–D) Survival rate in PAAm, PB@PAAm, TA@PAAm, TA-PB@PAAm with or without light. Data are mean ± SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = no statistical difference).
In Vitro Bactericidal Test of Composite Photothermal Hydrogel
We co-cultured S. aureus and E. coli with different kinds of hydrogels then inoculated the diluent solutions on the surface of the TSA plate for counting and evaluated the bactericidal effect of hydrogels. The survival rate of S. aureus was as follows (Figure 5A, D), NL control, L control, NL PB@PAAm, L PB@PAAm, N TA@PAAm, L TA@PAAm, NL TA-PB@PAAm, and L TA-PB@PAAm was 100, 98.5, 95.7, 44.2, 24.9, 17.9, 19.2, and 0.3%, respectively. Compared with the control group, the bacterial colony number of S. aureus inoculated on the surface of NL PB@PAAm was not significantly different, while the bacterial colony number of S. aureus inoculated on the surface of L PB@PAAm was significantly decreased. In addition, N TA@PAAm, TA@PAAm, and NL TA-PB@PAAm showed good bactericidal ability. It is worth noting that L TA-PB@PAAm hydrogel had a significant bactericidal effect, and the bacterial survival rate was only 0.3%. Prussian blue has a wide range of functions, including antibacterial, antioxidant, enzyme-mimetic, and detoxifying properties. Among them, because of its good biocompatibility, biological stability, and excellent photothermal effect, it has been widely studied by scholars (Busquets and Estelrich, 2020). Tannic acid is a kind of natural polyphenol, which has antibacterial and antioxidant ability25. This antioxidant molecule can trap large amounts of free radicals and thus play a key role in wound healing. Because it is non-toxic and non-carcinogenic, it is used by many scholars to study wound repair. On the one hand, in this experiment, in addition to using heat to directly kill bacteria, we can also use near-infrared radiation to trigger the release of local high concentrations of tannic acid from the hydrogel, so as to synergistically enhance the antibacterial activity. Tannic acid, on the other hand, is a polyphenolic substance that is effective against bacteria while reducing antibiotic overuse resulting in irreversible resistance. Here we speculate that the main reason why the photothermal effect can effectively kill bacteria is that it inhibitions the enzyme activity of bacteria, because the optimal activity temperature of enzymes in bacteria is between 30°C and 40°C, however, the enzyme activity is strongly inhibited at a higher temperature12.
[image: Figure 5]FIGURE 5 | In-vitro bactericidal test of composite photothermal hydrogel. (A) Bacteriostatic experiment of different hydrogels on Staphylococcus aureus and Escherichia coli. (B) The SEM result of the bacterial morphology through the treatment of different hydrogels on S. aureus and E. coli. Scale bar = 1 μm. (C) Bacterial inhibition ring test results of different materials. Scale bar = 5 mm. (D) Quantitative results of the survival rate of S. aureus. (E) Quantitative results of survival rate of E. coli. (F) Quantitative results of the diameters of bacterial inhibition ring tests. Data are mean ± SD (n = 3, ****p < 0.0001).
Meanwhile, the survival rate of E. coli was as follows (Figures 5A,E), NL control, L control, NL PB@PAAm, L PB@PAAm, NL TA@PAAm, L TA@PAAm, NL TA-PB@PAAm, and L TA-PB@PAAm was 100, 95.6, 96.2, 41.9, 99.4, 93.7, 94.8, and 42.8%, respectively. We found that compared with the control group, there was no difference in the number of bacterial colonies when E. coli was inoculated on the surface of L Control, NL PB@PAAm, N TA@PAAm, L TA@PAAm, or NL TA-PB@PAAm. When inoculated on the surface of L PB@PAAm and L TA-PB@PAAm, the number of bacterial colonies decreased significantly, which was about 40% of the control group. It has been reported in the literature that tannic acid is not effective in killing E. coli25, which may be related to its extensive drug resistance. Fortunately, the main bacteria involved in skin infections is S. aureus, and the photothermal effect can achieve a certain antibacterial function, to fill this defect.
The killing effect of photothermal hydrogel composites on S. aureus and E. coli was characterized by SEM (Figure 5B). It was observed that with the addition of TA or photothermal effects, the membranes of S. aureus and E. coli were shrunk. In the bacteria with both TA and Prussian blue photohydrothermal action, obvious destruction of the membrane was observed. The significant efficacy of our photothermal hydrogel composites was illustrated.
We further tested the sustained antibacterial of S. aureus and E. coli with composite photothermal hydrogels by the bacterial inhibition ring test for 48 h (Figures 5C,F, Supplementary Figure S5). In NL control and L PB@PAAm groups, the diameter of the inhibition ring was 0 cm. The diameters of the inhibition rings of NL TA@PAAm, L TA@PAAm, NL TA, NL TA-PB@PAAm, and L TA-PB@PAAm were 1.13, 1.27, 1.37, 1.63, and 1.77 cm, respectively. Compared with the control group, the results of NL TA@PAAm, L TA@PAAm, NL TA, NL TA-PB@PAAm, and L TA-PB@PAAm were statistically different. Interestingly, the thermal effect could not be effectively performed in the L PB@PAAm group perhaps due to the low water content in the plate. Since we can see that the surface of the hydrogel and the areas where it touched are free of bacteria, therefore, we can speculate that the photothermal effect of Prussian blue also has a certain bactericidal function in environments of a certain humidity. In summary, the above results indicated that illumination promoted the release of drugs, played a synergistic antibacterial effect and had the ability to produce a sustained release.
In Vivo Biological Assessment
Wound Healing Evaluation
The skin defects in all groups gradually healed (Figure 6A). From day 2 to day 4 after surgery, signs of skin infection were observed in the NL control, L control, NL PAAm, L PAAm, and NL PB@PAAm groups, while no signs of skin infection were observed in the other groups. By day 7, signs of infection were reduced in the NL Control, L Control, NL PAAm, L PAAm, and NL PB@PAAm groups. On day 14, infection in each group was significantly controlled, and skin healing in L PB@PAAm, NL TA@PAAm, L TA@PAAm, NL TA-PB@PAAm, and L TA-PB@PAAm was significantly higher than that in the other groups. Particularly, the skin healing in L TA-PB@PAAm was the best. The wound healing rate on day 14 was calculated (Figure 6B). NL control, L control, NL PAAm, L PAAm, NL PB@PAAm, L PB@PAAm, NL TA@PAAm, L TA@PAAm, NL TA-PB@PAAm, and L TA-PB@PAAm decreased to 26.5, 26.7, 26.7, 28.4, 22.2, 13.7, 11.7, 12.1, 9.8, and 1.5%, respectively.
[image: Figure 6]FIGURE 6 | Wound healing in SD rats. (A) Results of skin repair of infectious skin defect in animal model. Scale bar = 2 mm. (B) Quantitative results of the areas of wound healing. (C) In-vivo bacteriostatic experiments using different hydrogels on Staphylococcus aureus. (D) Quantitative results of the areas with a survival rate of Staphylococcus aureus. Data are mean ± SD (n = 3, *p < 0.05,**p < 0.01, ****p < 0.0001).
In vivo Bacterial Plate Counting Test
We counted the bacteria numbers in the skin defect wound of rats 24 h after surgery, and the survival rate of S. aureus was as follows (Figures 6C,D). The survival rate in NL control, L control, NL PAAm, L PAAm, NL PB@PAAm, L PB@ PAAm, NL TA@ PAAm, L TA@ PAAm, NL TA-PB@ PAAm, and L TA-PB@ PAAm was 100, 92.4, 95.6, 98.0, 98.3, 20.6, 19.9, 26.7, 13.5, and 0.3%, respectively. The results were consistent with those of skin healing.
Histological Staining Evaluation
Histological analyses were also performed to evaluate the antimicrobial and tissue-repair properties of different composite photothermal hydrogels. In order to evaluate the antibacterial properties of different composite photothermal hydrogels, we used Giemsa staining to observe the number of bacteria (Figures 7A,B). We could see at day 2, a large number of bacteria appeared in the skin tissue of NL control, L control, NL PAAm, L PAAm, NL PB@ PAAm group, while L PB@ PAAm, NL TA@ PAAm, L TA@ PAAm, NL TA-PB@ PAAm, and L TA-PB@ PAAm group had relatively few bacteria in the skin tissue, and the bacteria content of the L TA-PB@PAM group was significantly lower than that of the other groups. We carried out quantitative counting of bacteria by Giemsa staining in different groups. The bacterial counting in NL control, L control, NL PAAm, L PAAm, NL PB@PAAm, L PB@PAAm, NL TA@PAAm, L TA@PAAm, NL TA-PB@PAAm, and L TA-PB@PAAm was 408.0 ± 54.6, 399.7 ± 17.2, 391.7 ± 9.0, 360.3 ± 80.1, 336.3 ± 8.6, 197.3 ± 9.0, 196.0 ± 16.5, 199.7 ± 17.1, 160.0 ± 14.9, and 10.0 ± 2.6, respectively.
[image: Figure 7]FIGURE 7 | Histological staining evaluation. (A) Giemsa staining of infective skin defects shows the smallest number of bacteria for the L TA-PB@PAAm group. Black arrow represents bacteria. Scale bar = 20 μm. (B) Quantitative results of bacterial viability in Giemsa staining. (C) H and E staining showed skin repair results, neutrophils are fewer in the L PB@PAAm, N TA@PAAm, L TA@PAAm, NL TA-PB@PAAm, L TA-PB@PAAm groups. Black arrows represent inflammatory cells, red arrows represent newly formed vessels, and blue arrows represent newly formed hair follicles. Scale bar = 100 μm. (D) Quantitative results of inflammatory cells in H and E staining. (E) Masson’s trichrome staining shows the content of collagen are higher in the N TA@PAAm, L TA@PAAm, NL TA-PB@PAAm, L TA-PB@PAAm groups. (F) Quantitative results of collagen content in Masson’s trichrome staining. Data are mean ± SD (n = 3, *p < 0.05,**p < 0.01, ****p < 0.0001). Scale bar = 100 μm.
In order to evaluate the tissue repair function of different composite photothermal hydrogels, we used H and E staining to observe the number of inflammatory cells and skin repair conditions (Figures 7C,D). On 14 days after surgery, in the NL Control, L Control, NL PAAm, L PAAm, and NL PB@PAAm groups, there was still necrotic tissue and a large number of neutrophils in the skin tissue, and poor tissue repair was also observed. However, the neutrophils in the L PB@PAAm, NL TA@PAAm, L TA@PAAm, NL TA-PB@PAAm, and L TA-PB@PAAm groups were relatively less, while vessels and hair follicles were observed. Compared with the other groups, the bacterial content of neutrophils in the L TA-PB@PAM group was significantly reduced, and the skin tissue was repaired well, and a large number of hair follicles and vessels were found. We carried out quantitative counting of bacteria by H and E staining in different groups. The number of inflammatory cells in NL control, L control, NL PAAm, L PAAm, NL PB@PAAm, L PB@ PAAm, NL TA@ PAAm, L TA@ PAAm, NL TA-PB@ PAAm, and L TA-PB@ PAAm was 766.0 ± 124.4, 786.7 ± 180.0, 781.3 ± 102.1, 654.7 ± 70.5, 709.3 ± 82.6, 418.7 ± 90.3, 328.7 ± 39.1, 304.3 ± 93.8, 264.7 ± 137.7, and 15.7 ± 2.5, respectively.
We also used Masson’s trichrome staining to observe the type I collagen and skin repair conditions (Figures 7E,F). Fourteen days after surgery, in the NL Control, L Control, NL PAAm, L PAAm, and NL PB@PAAm group, there were still muscle fibers and a large number of red blood cells in the skin tissue, and poor tissue repair was also observed. However, the type I collagen in the L PB@PAAm, NL TA@PAAm, L TA@PAAm, NL TA-PB@PAAm, and L TA-PB@PAAm groups were relatively higher. Compared with the other groups, the type I collagen in the L TA-PB@PAM group was significantly highest, and the skin tissue was repaired well. We carried out quantitative counting of type I collagen in different groups. The content of type I collagen in NL control, L control, NL PAAm, L PAAm, NL PB@PAAm, L PB@ PAAm, NL TA@ PAAm, L TA@ PAAm, NL TA-PB@ PAAm, and L TA-PB@ PAAm was 13.4, 13.7, 13.8, 14.5, 12.7, 20.6, 21.8, 23.1, 28.9, and 51.6%, respectively.
The main reasons for this result are as follows: 1) Photothermal effect synergistic antibacterial can effectively kill bacteria and reduce tissue necrosis and cell destruction caused by toxins produced by bacteria, such as α-toxin produced by S. aureus, which is a kind of membrane penetrating toxin and can cause cell death. 2) Bacterial toxins can weaken the proliferation and differentiation of fibroblasts and reduce the ability of skin repair, while the antibacterial effect of composite photothermal hydrogels can indirectly enhance the repair ability of fibroblasts. 3) TA and PB have anti-inflammatory and anti-oxidant effects, and the good cellular compatibility of the composite photothermal hydrogel provides a stable environment for the growth of fibroblasts and further promotes tissue healing. 4) Thermal-disrupting interface induced mitigation (TRIM) provided by hydrogel can reduce the thermal effect and effectively protect normal tissues, so that the photothermal temperature reaches below 50°C and cells can be effectively protected from high-temperature damage. Therefore, combined with the above advantages, L TA-PB@PAAm hydrogel can better resist bacterial and repair tissue.
Histocompatibility Evaluation
H and E staining was performed on the sections of vital organs to further evaluate the biocompatibility of different samples (Figure 8A). Compared with the control group, there were no obvious organ damages or inflammatory lesions in the heart, liver, spleen, lung, and kidney of the composite photothermal hydrogel group. In addition, the results of liver and renal function were tested. ALT, AST, BUN, and CREA had no significant difference among different photothermal hydrogels (Figures 8B–E). These results showed that the composite photothermal hydrogels had good histocompatibility.
[image: Figure 8]FIGURE 8 | a H and E staining of heart, liver, spleen, lung and kidney. Scale bar = 100 μm. b Results of ALT. c Results of AST. d Results of BUN. e Results of CREA. Data are mean ± SD (n = 3, ns = no statistical difference).
CONCLUSIONS
In conclusion, we fabricated a novel composite photothermal hydrogel with a simple synthetic method, triggering drug release rate, thermal-disrupting interface induced mitigation alleviating heat damage, transparent morphology observing wound healing, mechanical stability, strong adhesion, high swelling rate absorbing exudate, good biocompatibility, synergistic antibacterial ability, and excellent promotion of skin repair ability. As a new type of composite biomaterial, it has a strong guiding significance for the treatment of infectious skin defects in clinical use.
EXPERIMENTAL SECTION
Materials
Acrylamide, ferric chloride, potassium ferricyanide, citric acid, tannic acid, ammonium persulfate (APS), and 4-sulfanylbutanimidamide (MBA) were purchased from Sinopharm Chemical Reagent Co., Ltd. Solvents and buffer solutions were purchased from Servicebio (China). Lysogeny broth agar plates (LB), Fetal bovine serum, D-MEM medium were purchased from Thermo Fisher Scientific (China). Penicillin–streptomycin solution (PS) was purchased from HyClone (China). CCK-8 kits were purchased from Yeasen Biotech Co., Ltd. (China). NIH-3T3 cells (CL-0171) were purchased from Procell Life Science and Technology Co., Ltd. S. aureus and E. coli were purchased from China Center of Industrial Culture Collection (CICC, Beijing, China). All agents were used as received and used without further purification.
Synthesis of Materials
Fabrication of PBNPs
The synthesis of Prussian blue nanoparticles is based on previously reported methods (Maaoui et al., 2016). The brief description is as follows. Added 0.5 mmol (12.5% W/V %) citric acid to 20 ml ferric chloride solution containing 0.02 mmol (0.16% W/V %) and stirred it evenly at 60 °C to prepare 1 mM ferric chloride solution A. Then, 0.5 mmol (12.5% W/V %) citric acid was added to 20 ml of 0.02 mmol (0.33% W/V %) potassium ferricyanide solution to prepare 1 mM solution B. Dropped solution B dropwise into solution A (80–100 drops per minute) at 60 °C and stirred evenly. Finally, Prussian blue nanoparticles with a concentration of 0.5 mM were prepared after a 12 h reaction. The obtained product was purified with a dialysis membrane (MW: 1.4 × 103 Da) for 48 h to remove the excess reactants.
Fabrication of PAAm and PB@PAAm
The preparation method of polyacrylamide hydrogels is based on previous reports (Ning et al., 2014). The brief description is as follows: 1.42 g (0.02 mol) of acrylamide (142% W/V%), 4-sulfanylbutanimidamide (MBA) 3 mg (0.3% W/V%), then added 10 ml DI water to mix AAm and MBA solution, or added the appropriate amount of PB and stirred equally. Next step, added ammonium persulfate (APS) 4.7 mg (0.47% W/V %) to the above solution and stirred evenly. Polyacrylamide hydrogel or polyacrylamide hydrogel containing PB (abbreviated as PAAm and PB@PAAm) was prepared by placing the above solution in a 45°C water bath for 3 h. The obtained product was purified with a dialysis membrane for 48 h to remove the excess reactants.
Fabrication of TA@PAAm and TA-PB@PAAm by Immersion Method
Tannic acid is loaded by immersion method as previously reported (Zheng et al., 2018). The detailed steps are as follows: Tannic acid powder of different qualities was weighed and prepared into TA solutions of different concentrations (0.5, 1, 5 mg/ml). The prepared PAAm and PB@PAAm were immersed in the solution overnight, and the prepared hydrogel was centrifuged to remove the unattached TA. The obtained hydrogel was then washed three times with DI water. Finally, TA@PAAm and TA-PB@PAAm were prepared for further characterization.
Physical Characterization of Composite Photothermal Hydrogel
Observed the morphological appearance of TA-PB@PAAm. TA-PB@PAAm hydrogel was first frozen using liquid nitrogen, and then freeze-dried. After that, a scanning electron microscope (SEM, Quanta-200, United States) was used to observe the structure and surface morphology of TA-PB@PAAm and PB nanoparticles at the microscopic level. At the same time, FTIR and XRD were used to characterize the success of the material preparation.
The characteristic ultraviolet wavelength (UV) absorption at 700 nm of PB was used to quantify the content of PB and UV absorption at 270 nm of TA was used to quantify the content of TA in PB@PAAm and TA-PB@PAAm, which was measured by a spectrophotometer (UV- 2,450, Shimadzu, Japan). Measured the weight of drugs loaded on PAAm hydrogel (Wd), and the weight of PAAm hydrogel (Wg). The drugs loading ratio was calculated according to the following Eq. 1 (Vieira et al., 2019):
[image: image]
Besides, Zeta potentials of PB, TA, TA + PB, andPAAm hydrogel precursor solution and TA-PB@PAAm hydrogel precursor solution were measured with a zeta-sizer instrument (Nano ZS, Malvern Instruments, United Kingdom).
The swelling ratio was calculated by following the conventional gravimetric method. Hydrogels were lyophilized and the dry weight of the hydrogels was recorded (Wi). Hydrogels were immersed in PBS (pH 7.4, 37°C) and measured the rehydrated weight (Wr) after specific time points. The swelling ratio was determined by the Eq. 2 (Kumar et al., 2017).
[image: image]
The viscoelastic properties of TA-PB@PAAm were characterized by dynamic shear rotation measurement on Anton Paar MCR302 rheometer. Under the constant strain mode, the mechanical spectrum was recorded in the frequency range of 0.01–1 rad/s (Hz).
Photothermal Property
PB@PAAm or TA-PB@PAAm hydrogels (0.5 g) were formed in a 2 ml Eppendorf tube and then irradiated under fiber-coupled continuous semiconductor diode laser (808 nm, Beijing Viasho Technology Co., Ltd. China) with different PB concentrations (0, 0.1, 0.2, 0.3, 0.4 mg/ml) or a laser density of 0.25, 0.5, 0.75, 1.0W/cm2 for 5 min. Then the temperature was recorded using an infrared thermal camera (Flir C2, United States) and data were recorded every 30 s.
In vitro NIR Light-Triggered Drug Release
Release of TA from TA-PB@PAAm hydrogels (2.5% drug loading) was determined in DI water. 4ml of DI water was placed in a 5 ml Eppendorf tube containing 1 g of TA-PB@PAAm hydrogels. TA-PB@PAAm hydrogels were irradiated using a fiber-coupled continuous semiconductor diode laser (808 nm, Beijing Viasho Technology Co., Ltd. China) with a power of 0.5W/cm2 for 10 min, then followed by an interval of 30 min and the procedure was repeated three times. Before switching treatment conditions, 1 ml solution was taken and 1 ml PBS was added to keep the total amount of solution at 4 ml. Finally, a spectrophotometer (UV-2450, Shimadzu, Japan) was used to analyze the above solution to determine the release amount of TA. In comparison, the hydrogel without NIR light irradiation was set as a control.
Cell Compatibility of NIH-3T3 With TA-PB@PAAm
To culture NIH-3T3 cells, we used Complete Dulbecco’s modified Eagle’s medium, which contained 10% fetal bovine serum and 2% penicillin and streptomycin. Then put NIH-3T3 cells in an incubator at 37°C under 5% CO2.
For the CCK-8 test, the composite photothermal hydrogel was co-cultured with cells using a 48-well plate. NIH-3T3 cells with the number of 2*104 were inoculated into the blank well as the control group. The experimental group was inoculated on the top of PAAm, PB@PAAm, and TA-PB@PAAm, respectively. Another four groups of cells incubated on different kinds of hydrogel were treated with 808 nm NIR light. The medium should be changed every 24 h after washing 3 times with PBS. At the time point at 1, 3, and 5 days, CCK-8 medium and D-MEM medium were diluted at a ratio of 1:10 and incubated in each well for 2 h. Then, 100 μl of supernatant was taken and transferred to a 96-well plate. A microplate reader (Infinite M200Pro, Tecan, Switzerland) was used to detect the absorbance value at 450 nm wavelength (Xu et al., 2015). The cell metabolic rate was calculated according to the OD value. The experiment was repeated three times for each group of three samples.
In Vitro Bactericidal Test of Composite Photothermal Hydrogel
Gram-positive bacteria S. aureus and Gram-negative bacteria E. coli were cultured separately in an incubator at 37°C with fresh lysogeny broth (LB) medium (Thermo Fisher Scientific, China), which contained 5 mg/ml yeast extract, 10 mg/ml tryptone, and 10 mg/ml NaCl.
Selected overnight cultured S. aureus were diluted 10 times in LB medium and were diluted to 1 × 108 CFU/ml after 2 h of culture. Then take 2 ml of S. aureus suspension into a 2.5 ml Eppendorf tube containing 1 ml of TA-PB@PAAm hydrogel. After being irradiated with 808 nm (0.5W/cm2) near-infrared laser for 10 min, 100 μl diluted bacterial suspension (1:105 dilution) was taken and coated onto a TSA plate. After incubation for 24 h, the number of culture colonies was counted. Seven other groups (NL control, L control, NL PB@PAAm, L PB@PAAm, NL TA@PAAm, L TA@PAAm, and NL TA-PB@PAAm) were set to compare the antibacterial effect (NL for without NIR light, L for with NIR light). Three parallel samples were set in each group. The antibacterial activity of PB@PAAm hydrogels toward E. coli in vitro was tested in a similar way.
In order to observe the killing effect of photothermal hydrogel composites on S. aureus and E. coli, scanning electronic microscopic (SEM) characterization was carried out. The grouping is (NL Control, L PAAm, L PB@PAAm, NL TA@PAAm, and L TA-PB@PAAm).
In order to study the continuous antibacterial ability of the material, the antibacterial activity of PB@PAAm hydrogels toward S. aureus and E. Coli was tested by the bacterial inhibition ring test. Specifically, 100 μl of S. aureus suspension with the concentration of 1*106 CFU/ml was plated onto the TSA plate. Then the L TA-PB@PAAm was transferred to the S. aureus-coated TSA plate, irradiated with 808 nm (0.5W/cm2) near-infrared laser for 10 min. Six other groups (NL control, L PB@PAAm, NL TA, NL TA@PAAm, L TA@PAAm, and NL TA-PB@PAAm) were set to compare the antibacterial activity. NL control group used sterile filter paper. NL TA group used sterile filter paper soaked in TA solution and dried. They were placed on the surface of the plate. NL TA@PAAm, NL TA-PB@PAAm were put on the surface of the plate. The above materials were not given light treatment. L PB@PAAm and L TA@PAAm were given light for 10 min. Three parallel samples were set in each group. After incubation at 37°C for 48 h, the diameters of the inhibition area were determined and the antibacterial activities were compared. The procedures are the same for the bacterial inhibition ring test of E. coli.
In Vivo Biological Assessment
Infective Skin Defect Model in SD Rats
Forty 8-week-old male SD rats, weighing 250–300 g, were provided by the Department of Animal Science and Ethics Committee, Xiangya Hospital, Central South University. The treatment of animals in the experiment conforms to the requirements of animal ethics according to the guidelines, principles, and procedures for the care and use of laboratory animals. To establish the S. aureus-infected skin defect model in rat, 100 μl (1 × 108 CFU/ml) of S. aureus in PBS was injected subcutaneously into the back of the rats. After infection for 2 days, the rats were randomly divided into 10 groups (n = 4). The manufacturing method of the skin defects is reported in the literature1. The detailed method was that after 12 h of fasting, the rats were anesthetized with 2% pentobarbital sodium and skinned. Full-thickness skin defects were applied with an 8 mm diameter circular tissue extractor and then treated in different groups (NL control, L control, NL PAAm, L PAAm, NL PB@PAAm, L PB@ PAAm, NL TA@ PAAm, L TA@ PAAm, NL TA-PB@ PAAm, and L TA-PB@ PAAm), respectively. Vital signs of the rats were determined after operation.
in vivo Bacterial Plate Counting Test
After feeding for 24 h, the treated rats were photographed and killed, and the infected tissues were collected and homogenized with a homogenizer (500 μl normal saline). The homogenized supernatant was diluted at different multiples (10, 100, 1,000, 10,000) and inoculated on the TSA plat. After overnight incubation, colonies were counted to evaluate the in vivo antimicrobial activity.
Wound Healing and Histological Staining Evaluation
After feeding for 24 h, a group of rats was sacrificed by overinjection of pentobarbital sodium. Skin tissues were taken and soaked in 10% formalin solution for 24 h, and then embedded in paraffin for sectioning. The tissue sections were stained with Giemsa and captured using the Optical Microscope (Leica DMIL LED, Germany). After 14 days of feeding, all rats were sacrificed by overinjection of pentobarbital sodium. The skin defect was photographed, and defect area was calculated and the repair ability of the skin defect was evaluated. Then, skin tissues were taken and immersed in 10% formalin solution for 24 h, and then embedded in paraffin wax for sectioning. Hematoxylin and eosin (H and E) staining and Masson staining were performed and then the images captured.
Histocompatibility Evaluation
The tissues of the heart, liver, spleen, lung, and kidney were obtained and prepared into paraffin sections and performed with H and E staining. In addition, the liver and renal functions of rats in different groups were also evaluated, including ALT, AST, BUN, and CREA.
Statistical Analysis
Data analysis was performed using the GraphPad Instat 3.0 program (GraphPad Software, La Jolla, CA). The results were expressed as mean ± standard deviation. Student’s t-test was used to analyze the comparison between two groups. A one-way ANOVA test was used to analyze the comparison between three or more groups. The q test (Student–Newman–Keuls method) was used for multiple comparisons between the groups when p < 0.05 was detected in the one-way ANOVA test. Among all results, p < 0.05 was statistically significant.
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Background: Cartilage defect is a common joint disease. Hydrogels are widely used in the area of cartilage tissue engineering because of their ability to repair the defect cartilage. This study aimed to analyze published research on hydrogels in cartilage repair by using both bibliometric and visualized analysis.
Methods: The related articles about hydrogel in cartilage repair was extracted from the Web of Science Core Collection database. SPSS was used for the data analysis. Bibliographic coupling analysis, co-citation analysis, co-authorship analysis and co-occurrence analysis were conducted using VOSviewer. Burst detection conducted with CiteSpace helped to indicate the change of keywords.
Results: A total of 1,245 articles related to hydrogels in cartilage repair from 1997 to 2020 were identified and analyzed. Publication numbers grew steadily and reached 187 papers in 2020. The United States contributed the most to the research with the highest number of times cited, average citations and H-index. Over the studied period, Acta Biomaterialia published the most articles about hydrogels in cartilage repair, numbering 77. Johns Hopkins University was the institution that had the highest average citations per item, and Sichuan University, Harvard University, and Kyoto University were tied for the first by the H-index. Ranking first in the world were the National Institutes of Health, specifically the National Institute of Arthritis Musculoskeletal Skin Diseases, the National Institute of Biomedical Imaging and Engineering and the National Institute of Dental Craniofacial Research, which jointly sponsored 383 articles.
Conclusions: We provided the research trend of hydrogel in cartilage repair information for global researchers to better understand the facts and future development of research on hydrogels in cartilage repair. The number of publications on hydrogels in cartilage repair will probably still increase in the coming years according to the current trend.
Keywords: hydrogel, cartilage repair, bibliometric analysis, visualized analysis, cartilage
INTRODUCTION
Osteoarthritis (OA) is the most common degenerative joint diseases. The cartilage defect is the original pathological change among the OA process, which is closely related to the cartilage degeneration as well as both the initiation and progression of osteoarthritis. Lymphocytes and macrophages in synovial tissue secrete inflammatory factors, which can gradually affect and damage cartilage (Goldring and Goldring, 2016; Maudens et al., 2018). Cartilage lacks blood supply and located in a low-density environment, so it is difficult for defected cartilage to regenerate quickly (Fan et al., 2022). In addition, once the cartilage impaired, mechanical pressure can cause a greater damage to the defected cartilage. What’s more, defected cartilage fragments can be produced by the wear, which may induce inflammation. Damaged cartilage needs early repair to achieve efficient regeneration (Zhang et al., 2019). The high incidence of OA has caused a heavy burden for individuals, families and even society as a whole.
Currently, various of methods for cartilage repair have been developed. Among them, tissue engineering has attracted many attentions (Huang et al., 2018). Tissue engineering consists of seed cells, biological scaffolds and favorable growth factors. Hydrogels are cross-linked hydrophilic polymers with a 3D network and high water content, which is similar to the soft tissue structure in the human body (Wang et al., 2018). Therefore, it can be used to deliver seed cells, growth factors and nutrients. Seed cells can constantly proliferate and secrete the extracellular matrix, and growth factors can induce chondrocyte expression and chondroblast differentiation (Kudva et al., 2019), eventually forming tissues and achieving the purpose of repairing cartilage defects and reconstructing functions. In addition, the ideal biological scaffold should display biocompatibility and bioabsorption. With the rapid progression of bioengineering, a variety of improved hydrogels have shown excellent biocompatibility and bioabsorption for the application of biological scaffolds. In recent years, tissue engineering based on hydrogels has displayed great advantages. It can repair large tissue defects, avoid donor complications and it shows better cartilage repair effects (Kwon et al., 2019).
Bibliometric analysis is an important method to analyze related studies in various fields, and it has been increasingly used to assess research. More specifically, bibliometric analysis is excellent for the discovery of undiscovered public knowledge, and relational bibliometrics provide some of more thrilling modes of research (Zou et al., 2018; Iqbal et al., 2019). Bibliometric methods can be applied to examine many publications, and the research can be expanded from institutions to the world level. The main purpose of bibliometric analysis is to transform something intangible into a manageable entity (Wallin, 2005). The information extracted from the databases was analyzed via bibliometric methodology, which can provide researchers with vast quantities of intuitive information. With the help of bibliometric analysis, information about different authors, countries, journals and institutions can be compared, and the differences between them can be displayed as an intuitive graph. Moreover, the visualized analysis makes it easier to discover the relationships among authors, keywords, countries, institutions and journals. Because of these outstanding advantages, bibliometric analysis has been frequently applied in various fields, such as stem cells for osteoarthritis (Xing et al., 2018), spines (Jia et al., 2015) and neoplasms (Ugolini et al., 2007). However, the quantitative and qualitative characteristics of global research on hydrogels in cartilage repair have not been analyzed before. This study aims to evaluate the current trends and status of the publications.
MATERIALS AND METHODS
Data Collection
Literature was extracted on 4 September 2021 from the Web of Science Core Collection. The search strategy are as follows: [TS = (hydrogel AND cartilage repair) AND PY = (1997-2020)] and English (Languages). A total of 1,247 publications from the Web of Science Core Collection were collected. We excluded invalid documents, including correction and editorial material. Articles, reviews, book chapters, proceedings papers and meeting abstracts were included (See Figure 1). Finally, a total of 1,245 publications were selected for our study. All data from the Web of Science Core Collection, which included titles, abstracts, author names, journals, publishers and countries, was saved as a TXT file.
[image: Figure 1]FIGURE 1 | Flowchart of literature selection
Data Analysis
All data extracted from Web of Science Core Collection were converted into SPSS, VOSviewer, and CiteSpace to perform visual analysis. SPSS software (v.28.0, IBM) was used to analyze the data. The number of papers published globally and in different countries or regions every year, the heat map of studies worldwide and indicators of the quality of a country’s papers, including total times of citation, average citation per item and H-index, were all protracted in graphs by SPSS. Meanwhile, by using VOSviewer (v.1.6.17.0), bibliographic coupling analysis, co-authorship analysis, co-citation analysis and co-occurrence analysis were finished, and visualized maps were produced. Burst detection performed by CiteSpace (5.8.2.0) also played an important role in the analysis of keywords. The trends in the number of publications from the top six countries over time were analyzed using linear regression, and statistical significance was considered when p values were less than 0.05.
RESULTS
Analysis of Global Publications
Changes in the number of publications can reflect the development of this field. The future trend of research can be shown directly by carrying out data analysis and drawing charts. There were a total of 1,245 articles derived from the WOS databases from 1997 to 2020. It is clear that the number of studied related to hydrogels in cartilage repair grew steadily over this period, and the literature published in the last five years (2016-2020) made up a large part in the sum of publications, accounting for 55.3% of the total publications (Figure 2A). Figure 2B showed different countries’ contributions to worldwide research. China had the most contributions with 385 articles (30.9%), followed by the United States (383 articles, 30.8%), Germany (87 articles, 7.0%), South Korea (70 articles, 5.6%) and Japan (69 articles, 5.5%). Meanwhile, the top 16 countries jointly made great contributions to global research on hydrogels in cartilage repair. Shown in Figure 2C, the world heat map effectively showed the contributions of different countries. The areas covered by a darker color contribute more to worldwide research. Compared with countries in developing areas, countries in developed areas published more papers from 1997 to 2020. From Figure 2D, it is easy to see that the publications of each top country also increased annually: China (R2 = 0.695, p < 0.001), the United States (R2 = 0.943, p < 0.001), Germany (R2 = 0.663, p < 0.001), South Korea (R2 = 0.695, p < 0.001), Japan (R2 = 0.206, p < 0.05) and Netherlands (R2 = 0.701, p < 0.001).
[image: Figure 2]FIGURE 2 | Global trends and countries contributing to research of hydrogel in Cartilage repair (A) The Annual number of publications related to research of hydrogel in cartilage repair. (B) The sum of publications about research of hydrogel in cartilage repair from the top 16 countries. (C) The Worldwide heat map showing the contribution of different countries to research of hydrogel in cartilage repair.The area with the darker color contributes more to researches. (D) The Number of publications from top 6 countries over time.
Analysis of Citation and H-Index
Figure 3A shows the sum of times cited, average citation of each item and H-index of the top 10 countries/regions worldwide. Among them, with 22,589 citations, 58.98 average citations per item and an H-index of 81, the United States undoubtedly played a leading role in this field, ranking first in these three aspects. The total number of citations, average citations per item and H-index of the top 10 institutions are included in Figure 3B. Sichuan University, Harvard University, and Kyoto University were tied for the first in the world in regard to H-index (23). Johns Hopkins University had the highest average citations per item (110.45), and Kyoto University’s total number of citations was the highest in the world (2,758). In addition, there were six other top institutions: Chinese Academy of Sciences (20 H-index), University of California system (20 H-index), Columbia University (16 H-index), Shanghai Jiao Tong University (14 H-index), University of Colorado system (14 H-index) and South China University of Technology (13 H-index).
[image: Figure 3]FIGURE 3 | Analysis of citation and H-index of different countries/regions and institutions.(A) Sum of times cited average citation per item and H-index of top 10 countries or regions.(B) Sum of times cited average citation per item and H-index of top 10 institutions MIT; Massachusetts Institute Of Technology.
Study Category and Article Type Analysis
Globally, studies about hydrogels in cartilage repair were categorized into 78 study types. As is shown in Figure 4A, materials science biomaterials with 525 articles (42.169%) were observed most frequently. followed by engineering biomedical with 481 articles (38.635%), cell tissue engineering with 178 articles (14.297%), cell biology with 159 articles (12.771%), polymer science with 134 articles (10.763%) and orthopedics with 128 articles (10.281%). Additionally, 1,114 articles (89.478%), 90 review articles (7.229%), 44 proceeding articles (3.534%), 24 book chapters (1.928%) and 15 meeting abstracts (1.205%) were published in this field (Figure 4B). The number of publications of articles and review articles from China are respectively 350 and 30, which both exceeded that of any other country.
[image: Figure 4]FIGURE 4 | Analysis of study category and article type related to research on hydrogels in cartilage repair. (A) Study categories of research on hydrogels in cartilage repair. (B) Article types of research on hydrogels in cartilage repair.
Journals and Funding Agency Analysis
In total, 352 journals published papers related to hydrogels in cartilage repair. The top 10 journals that published the most papers are presented in Figure 5A. Among them, Acta Biomaterialia made the greatest contribution to global research related to hydrogels in cartilage repair, with 77 articles (6.2%), followed by Biomaterials (67, 5.4%), Tissue Engineering Part A (55, 4.4%), Journal of Biomedical Materials Research Part A (41, 3.3%) and Materials Science Engineering C Materials for Biological Applications (33, 2.7%).
[image: Figure 5]FIGURE 5 | Analysis of journals and fundings agency related to researches of hydrogel in cartilage repair. (A) The number of papers published by the top 10 journals. (B) Top 10 funding agency Contributing to the global research hydrogel in cartilage repair. NSFC, National Institute of Dental Carniofacial Research; NIBIB, National Institute of Biomedical Imaging Bioengineering; NIAMS, National Institute Of Arthritis Musculoskeletal Skin Diseases.
As Figure 5B shows, the NIH United States, NIAMS, NIBIB and NIDCR jointly sponsored 383 articles (30.8%), making the greatest contribution to related research worldwide. NSFC was also an active contributor and ranked second worldwide by sponsoring 267 articles (21.4%).
Bibliographic Coupling Analysis
By analyzing the sum of the reference items used together, bibliographic coupling analysis can help to discover the relatedness of items. The resulting maps of primary authors, institutions and countries directly displayed the connection network among them in research on hydrogels in cartilage repair. As Figure 6 shows, an author, institution or country is represented by a point, and the line between any two points symbolizes their collaborations. The thickness of the line is called the link strength, and the thicker the line is, the stronger the collaboration. The same applies to co-authorship analysis, co-citation analysis and co-occurrence analysis.
[image: Figure 6]FIGURE 6 | Bibliographic coupling analysis of research on hydrogels in cartilage repair. (A) Map of 113 authors related to research on hydrogels in cartilage repair. (B) Map of 123 institutions related to research on hydrogels in cartilage repair. (C) Map of 29 countries related to research on hydrogels in cartilage repair. The thicker the connecting line the stronger the relationship between two dots.
According to the total link strength (TLS), 114 authors are presented in Figure 6A. Moreover, in Figure 6A, the larger the dots are, the stronger the power of the author in global hydrogel cartilage repair research. Based on papers with a minimum number of documents of an author greater than 5, the top 5 authors were Zhang Xingdong (TLS = 14,341), Mauck Robert L (TLS = 9,734), Kitamura Nobuto (TLS = 9,709), Yasuda Kazunori (TLS = 9,709), Gong Jianping (TLS = 8,872) and Kurokawa Takayuki (TLS = 8,853). There were 123 institutions in Figure 6B based on the minimum number of documents of an institution of more than 5. The top 5 institutions with the most TLSs were listed: Chinese Academy Sciences (TLS = 22,786), Sichuan University (TLS = 22,167), Massachusetts Institute of Technology (TLS = 14,897), Utrecht University (TLS = 14,337) and Pennsylvania University. (TLS = 14,284). The top 5 countries based on the minimum number of documents of a university greater than 5 included the United States (TLS = 141,965), China (TLS = 116,108), Germany (TLS = 38,981), Netherlands (TLS = 32,763) and South Korea (TLS = 32,271) (Figure 6C).
Co-authorship Analysis
By analyzing the sum of co-authored documents, co-authorship analysis can help to discover the relatedness of items. The resulting maps of primary authors, institutions and countries directly displayed the connection network among them in research on hydrogels in cartilage repair. Valuable information can guide researchers in finding authors to cooperate with, institutions to making the acquaintance of other institutions, and countries to developing cooperation at the world level. After analyzing the data in VOSviewer, there were 44 authors, 118 institutions and 28 countries in the resulting maps. Authors, institutions and countries were all based on the minimum number of documents of an author, an institution or a country of no less than 5. Zhang Xingdong had the most TLSs (94), followed by Fan Yujiang (TLS = 59), Kitamura Nobuto (TLS = 36), Yasuda Kazunori (TLS = 36) and Kurokawa Takayuki (TLS = 34) (Figure 7A). In terms of TLS, the top 5 institutions were Chinese Academy Science (TLS = 62), Harvard University (TLS = 35), Sichuan University (TLS = 32), Chinese University Hong Kong (TLS = 31) and Utrecht University (TLS = 31) (Figure 7B). Similarly, the United States (TLS = 169), China (TLS = 108), Netherlands (TLS = 63), Germany (TLS = 59) and Australia (TLS = 47 times) were the top 5 countries with the most TLSs (Figure 7C).
[image: Figure 7]FIGURE 7 | Co-authorship analysis of researches about hydrogel in cartilage repair. (A) Map 44 authors related to researches about hydrogel in cartilage repair. (B) map of 118 institutions related to researches about hydrogel in cartilage repair. (C) Map of 28 countries related to researches about hydrogel in cartilage repair. The frequency is represented by the size of the dots and the cooperation between two authors/institutions/countries is represented by the line between two dots. The thicker the connecting line, the stronger the relationship between two dots.
Co-citation Analysis
By analyzing the number of times items are cited together, co-citation analysis can help to discover the relatedness of the items. Significant information can be rapidly and conveniently obtained from a very large number of cited papers. Moreover, the resulting maps will show the relevance of items intuitively. A total of 186 references were analyzed via VOSviewer with the minimum number of citations of a cited reference of no less than 20, and the top 5 were as follows (Figure 8A): The New England Journal of Medicine.1994 OCT; 331(14):889-905 (TLS = 897), Osteoarthritis And Cartilage (Brittberg et al., 1994). 2002 JUL; 10(7):564-572 (TLS = 823) Science. 1999 (Hunziker, 2002), APR; 284(5,411): 143-147 (TLS = 688), Science. 2012 NOV (Pittenger et al., 1999); 338(6,109):917-921 (TLS = 671) and Biomaterials. 2011 DEC (Huey et al., 2012); 32(34):8,771-8,782 (TLS = 612) (Kim et al., 2011). Based on papers with the minimum number of citations of a source, more than 30, 260 sources are shown in Figure 8B. Biomaterials (TLS = 368,025), Acta Biomaterialia (TLS = 130,985), Osteoarthritis Cartilage (TLS = 106,674), Journal of Biomedical Materials Research Part A (TLS = 94,737) and Tissue Engineering Part A (TLS = 93,501) were the top 5 journals with the largest TLS. Similarly, 214 authors with papers of the minimum number of citations of an author more than 30 were analyzed through the VOSviewer, and the top 5 authors with largest TLS were listed (See Figure 8C): Hunziker EB (TLS = 4,236), Bryant SJ (TLS = 3,945), Mauck RL (TLS = 3,545), Chung C (TLS = 3,448) and Park H (TLS = 3,227).
[image: Figure 8]FIGURE 8 | Co-citation analysis of researches about hydrogel in cartilage repair. (A) Map of co-cited reference related to researches about hydrogel in cartilage repair. (B) Map of co-cited journals related to researches about hydrogel in cartilage repair. (C) map of co-cited authors related to researches about hydrogel in cartilage repair. The citation frequency is represented by the size of the dots and the line between two represents that the two were cited in a same paper/journal. Shorter the line, stringer the link between two dots.
Co-occurrence Analysis
By analyzing the number of papers in which items occur together, co-occurrence analysis aims to discover the relatedness of items and to show the internal relationship of a certain scientific field. From the resulting maps of keywords, it is also easier to obtain advanced information in this field. Popular topics were demonstrated in keyword maps via co-occurrence analysis, which can help researchers follow up on the development of domain research. Keywords based on the minimum number of occurrences greater than 4 from 1988 to 2000 are included in Figure 9A. There were only 3 keywords: articular cartilage, tissue and hydrogel. Figure 9B shows 76 keywords with a minimum number of occurrences greater than 10 for 2010. Research on hydrogels in cartilage repair has expanded to the protein level and added new topics, such as mesenchymal stem cells, growth factors, collagen type, viability, scaffolds and tissue engineering. Most studies have been carried out in vitro or in vivo in animals, and the mechanism of cartilage damage and repair has been recognized and gradually explained. Moreover, new materials have been applied to improve the composition of hydrogels (Miljkovic et al., 2009). For 2020, keywords with the minimum number of occurrences greater than 10 increased rapidly to 371 (Figure 9C). Some keywords that appeared before were also included, such as mesenchymal stem cells and articular cartilage. In addition, there were also some new keywords, such as engineering, bioprinting, polymers, osteochondral defect, implantation and transplantation. At this time, some studies were carried out in vivo in humans. In addition, new methods have been applied to treat cartilage damage, such as tissue engineering and 3D bioprinting (Duchi et al., 2020).
[image: Figure 9]FIGURE 9 | Co-occurrence analysis of researches about hydrogel in cartilage repair. (A) Map of keywords of researches about hydrogel in cartilage repair from 1988 to 2000. (B) map of researches about hydrogel in cartilage repair from 1988 to 2010. (C) map of keywords is represented by a dot and the size of the dot represents the number of publications in this dot. The line between two dotsa shows the collaboration and co-occurrence. The Larger the number of publications for which two dots are both found, the stronger the relationship between the dots. (D) Burst detections of top 10 keywords with the strongest citation bursts.
Figure 9D shows the burst detection of the top 10 keywords. From the burst time, implant was the earliest keyword to emerge (1998) in this field and lasted the longest (12 years), which indicates that implantation was likely the ideal therapy for cartilage damage in the early years. In addition, regeneration became a popular topic from 2017 to 2018, indicating that the direction of therapy changed from inserting new cells in patients from the outside to helping patients’ cells regenerate.
DISCUSSION
Trends of Papers of Researches About Hydrogel in Cartilage Repair
By bibliometric analysis and visualized analysis, this study aimed to evaluate the trends and predict the development of research on hydrogels in cartilage repair. From 1997 to 2020, the sum of publications increased steadily, and it is easy to predict the growth of publications in coming years. Articular cartilage will be damaged to varying degrees in cases of acute trauma and chronic wear. With the aging and increasing obesity of the world population, there is a large increase in the demand for clinical treatment of osteoarthritis (Cross et al., 2014). Tissue engineering is a promising way to treat cartilage damage caused by osteoarthritis and hydrogels are considered as the ideal materials for tissue engineering, which can explain the growth of publications in the field of hydrogels in cartilage repair to some extent. Meanwhile, hydrogel has shown its promising prospect in acute cartilage defects. Jeong et al. demonstrated a injectable hyaluronate hydrogel, which successfully repaired in situ cartilage defect (Jeong et al., 2020). It showed the potential in treating early cartilage defect caused by athletic injury and preventing occurrence and development of osteoarthritis in the future. There were 27 countries or regions that had published papers related to hydrogels in cartilage repair. The top six countries or regions, which published the most documents, all made great progress in the number of publications in recent years. Popular topics and promising research orientations were also shown in our study. Compared with traditional drug therapy, tissue engineering is a better choice for clinical treatment and hydrogels are considered as suitable scaffolds for the transplantation of mesenchymal stem cells (He et al., 2017). Treated by tissue engineering, the patients who have cartilage damage will have less complications and better cartilage repair effects. Researchers can study in a more specific field and further study can be carried out for promising and significant applications.
Current Situation and Quality of Global Publications
China made the greatest contribution to the global publications according to the graph of contributions of countries/regions. For journals, Acta Biomaterialia published the most papers. In terms of funding agencies, NIH United States, NIAMS, NIBIB and NIDCR jointly ranked first in the world by sponsoring a great number of publications. The sum of citation times, average citation per item and H-index were the criteria for judging the quantity and quality of the papers of a country, a region and an institution. With the highest number of citations, average citations per item and H-index, the United States can be considered the leading country for and best contributor to global research associated with hydrogels in cartilage repair. The average citations per item and H-index are both recommended criteria for judging the quality of papers published by a country, a region or an institution, and they can represent the academic impact of a country, a region or an institution. The average citations per item are in accord with the H-index because the United States ranked first in both aspects. In terms of institutions, some universities in the United States also made great contributions. For instance, Johns Hopkins University had the highest average citation per item, and its H-index ranked 6th in all institutions worldwide. Meanwhile, with the largest H-index, Harvard University took a lead globally. Also, Sichuan University and Kyoto University, also had the largest H-index and contributed greatly to this field.
Bibliographic coupling means two publications cite the same third publications in their references. In this study, through bibliographic coupling analysis, the internal relationship of a great number of authors, institutions and countries was demonstrated and illustrated. The authors shown in Figure 6A probably contributed most to the research on hydrogels in cartilage repair. Their latest publications and research should receive more attention, and they are likely to have significantly advanced discoveries in this field. In Figure 6B, the top 2 institutions with the most TLSs were from China and are Sichuan University and Chinese Academy Sciences respectively. This proved that China played an important role in this field by creating excellent institutions at the world level. As Figure 6C showed, the United States is the country that contributed most to global research. In addition, China also made great contributions to research, which echoed the bibliographic coupling analysis results of institutions. Co-authoring can help researchers innovate and obtain new information. By co-authorship analysis, the collaboration among different authors, institutions and countries was assessed and demonstrated. Authors, institutions and countries with higher TLSs were more willing to cooperate with others, which provided directions for research to find partners. Therefore, Zhang Xingdong, Chinese Academy Sciences and the United States may be ideal choices for researchers to collaborate with. Through counting times that papers were cited together, co-citation analysis can also evaluate the influence of studies. In Figure 8A, a variety of frequently cited references were included. Biomaterials was the journal with the largest frequency of citations, and Hunziker EB, Bryant SJ and Mauck RL had great achievements in this domain.
Researches Concentrated on Hydrogel in Cartilage Repair
Keywords from titles and abstracts of all extracted publications were analyzed by co-occurrence analysis. Keywords for 2000, 2010 and 2020 were shown in Figure 9. The yearly sum of the keywords increased from 4 in 2000 to 371 in 2020, which indicates that the content of this field was enriched. Moreover, popular topics were also represented in the resulting maps. Tissue engineering, polymers, collagen and human mesenchymal stem cells were all hotspots in this research field. Articular cartilage was an important keyword from 2000 to 2020, which indicated that studies of hydrogels in cartilage repair were related to osteoarthritis. Plolymers, such as polyethylene glycol (PEG) hydrogels, are a new type of chemical hydrogels, which characterize in its 3D network and are similar with soft tissue structure in human body. Mesenchymal stem cells, as the ideal seed cells for tissue engineering, have many advantages. Compared with chondrocytes, it is easy to obtain mesenchymal stem cells and mesenchymal stem cells have the ability to differentiate into other cell types (Ferrand et al., 2011), which can explain the popularity of mesenchymal stem cells in researches of hydrogels in cartilage repair. Most studies were original articles and many of them concentrated on the materials science biomaterials and engineering biomedical fields. The studies were mainly carried out in vitro or in vivo in animals while in vivo studies in humans were gradually carried out.
Advantages and Limitations
Publications of research on hydrogels in cartilage repair were all extracted from the Web of Science Core Collection. In addition, the current situation and quality of studies were analyzed via bibliometric analysis and visualized analysis so that the study is relatively comprehensive and objective. Nevertheless, there were still some limitations in this study. Publications published in 2021 were not included in this study, and non-English papers were also excluded. Thus, further study should introduce newly published papers and non-English papers.
CONCLUSION
This study presented the current global situation and trends in research on hydrogels in cartilage repair. The United States was the best contributor to research and took a lead in worldwide research over the examined period. Acta Biomaterialia had the most publications related to hydrogels in cartilage repair. What is most remarkable is that there is likely to be an increasing number of publications in the future. Tissue engineering and mesenchymal stem cells are popular topics in this field. Because of the promising biocompatibility and bioabsorption of hydrogels, tissue engineering based on hydrogels shows unique advantages, including better cartilage repair and the decrease of donor complications. Mesenchymal stem cell, as the ideal seed cell in tissue engineering because of its great potential for differentiation, is also a hot spot. Therefore, an increasing number of researchers will pay attention to these fields, which may lead to great achievements in the coming years. With the development of medical technology, the experiments of hydrogels in cartilage repair have been carried out in vivo. In addition, tissue engineering has already been used to treat cartilage repair in clinic.
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The use of autografted nerve in surgical repair of peripheral nerve injuries (PNI) is severely limited due to donor site morbidity and restricted tissue availability. As an alternative, synthetic nerve guidance channels (NGCs) are available on the market for surgical nerve repair, but they fail to promote nerve regeneration across larger critical gap nerve injuries. Therefore, such injuries remain unaddressed, result in poor healing outcomes and are a limiting factor in limb reconstruction and transplantation. On the other hand, a myriad of advanced biomaterial strategies to address critical nerve injuries are proposed in preclinical literature but only few of those have found their way into clinical practice. The design of synthetic nerve grafts should follow rational criteria and make use of a combination of bioinstructive cues to actively promote nerve regeneration. To identify the most promising NGC designs for translation into applicable products, thorough mode of action studies, standardized readouts and validation in large animals are needed. We identify design criteria for NGC fabrication according to the current state of research, give a broad overview of bioactive and functionalized biomaterials and highlight emerging composite implant strategies using therapeutic cells, soluble factors, structural features and intrinsically conductive substrates. Finally, we discuss translational progress in bioartificial conduits for nerve repair from the surgeon’s perspective and give an outlook toward future challenges in the field.
Keywords: biomaterial, peripheral nerve regeneration, nerve guidance conduit, biofabrication, bioactive material, material structure, growth factors, peripheral nerve injuries (PNI)
1 INTRODUCTION
Peripheral nerve injury (PNI) occurs predominantly in the upper limb, including digital nerves and nerves of the brachial plexus and its terminal branches and results in pain, loss of motor functions and sensation of the limb, significantly impacting the patient’s quality of life (Ciaramitaro et al., 2010). PNI occurs most often due to trauma, but also as a consequence of metabolic diseases such as diabetes (Sahin et al., 2012), nerve compression such as carpal tunnel syndrome or even vessel thrombosis. In most cases other tissues are affected by the injury as well, but even if an amputated limb can be replanted micro-surgically, the functional outcome of the limb is often limited by the degree of nerve injury and its capacity to regenerate.
PNI regeneration is often categorized by the Sunderland classification, where grade I is defined as a defect of the myelin layer without any damage to the axons and grade II describes injury to the axons without disruption of supporting connective tissue sheaths such as the epi-, peri-, and endoneurium. Grades III-V describe additional injury to the endoneurium, perineurium, or complete transection of the nerve and are associated with significantly worse healing outcomes (Sunderland, 1951). This observation highlights the outcome-determining role that the (micro-) anatomical guiding sheaths play in nerve regeneration and reconstruction.
Axonal injury triggers a series of events especially at the distal nerve segment called Wallerian degeneration, which is driven by Schwann cells. Activated Schwann cells increase their mitotic rate with upregulation of several genes to orchestrate the degeneration and repair process. Following migration of macrophages, Schwann cells and macrophages work together to clear all myelin lipid and other axonal debris and prepare the nerve for regeneration (Burnett and Zager, 2004).
Proliferating and migrating Schwann cell later develop glial bands of Büngner which encase basal lamina. These bands provide neurotrophic and structural support and guide the regrowing axon back to innervate its former target (Stoll and Müller, 1999; Burnett and Zager, 2004; Namgung, 2014). Although the regeneration process of the nerve seems to be a standard sequence of events, there are many variations in the detail, especially in the regeneration of sensory and motor nerves. There are intrinsic (the embryonic origin) and extrinsic (environmental) differences between these two fiber types causing different regenerative capacities. Although activation of class II and III b-tubulin genes and downregulation of neurofilament genes NF-L, NF-M, and NF-H are common in both type of fibers, their cytokine milieu is different: IL6, IL1b and TNFa and LIF are more prominent in sensory fiber regeneration while NGF-R, trkB, BDNF and NT-4 are more prominent in motor fiber regeneration (Stoll and Müller, 1999). To differenciate in detail between motor and sensory nerve regeneration is beyond the aim of this article, but because most nerves are a combination of these two fibers, a strategy which enables regeneration of both fiber types is needed.
Indeed, although peripheral nerves possess the theoretical ability to regenerate at a rate of about 1 mm/day, successful regrowth is dependent on surgical reconstruction of these anatomical guiding sheaths (Seddon et al., 1943). However, unless neurorrhaphy is performed within a day after injury, the stumps of a transected nerve recoil and a gap is formed, making tension-free coaptation impossible. A graft is then needed to bridge the anatomical gap (Sahin et al., 2014).
A “critical nerve gap” is defined as a nerve gap over which no recovery will occur without nerve grafting or bridging. It is generally accepted that all vertebrate species posess the same velocity of nerve regeneration. However, intrinsic differences of each species result in different nerve gap size being considered critical. In rats, the critical nerve gap is considered ∼1.5 cm, in rabbits ∼3 cm, and in pigs and humans ∼4 cm (Kaplan et al., 2015).
While in terms of healing outcome the autograft approach is still the gold standard to bridge a critical gap defect, it creates another nerve defect at the donor site and in most cases consists of a small-diameter cutaneous nerve unsuitable to repair large-diameter nerves. Therefore, there is a need for bioartificial, off-the-shelf nerve guidance conduits (NGCs) that promote nerve regeneration. In this review we provide an overview of classic and emerging conduit design strategies, highlight how principles derived from the regenerative medicine field are being used to augment bioactivity of the implants and discuss their potential value for clinical practice.
1.1 Bioartificial Nerve Grafts Available on the Market
Years of preclinical research in nerve regeneration have resulted in only few products on the market. Perhaps the most popular and widely accepted one is the decellularized allograft from deceased human donors, known as Avance (AxoGen, Alachua, FL). Although the use of AxoGen eliminates donor site morbidity, it has the limitation of usage of biological material that can be characterized only to a certain extent (Rbia et al., 2019). Another product developed by Integra Life Sciences (Plainsboro, NJ) and composed of semi-permeable Type I collagen is marketed under name Neuragen. A practical limitation of tubular collagen products is their tendency to collapse and kink and their potential for scarring (Kornfeld et al., 2021a).
Currently, more biocompatible synthetic polymer product made from polyglycolic acid (PGA) or poly-lactidecaprolactone (PLCL) are gaining popularity in nerve gap repair. Neurotube is produced from woven polyglycolic acid (PGA); by Synovis Micro Companies Alliance (Birmingham, AL) while Neurolac is a PLCL conduit (Hussain et al., 2020). The newest FDA approved product is Nerbridge, which is composed of polyglycolic acid and collagen derived from porcine skin. This product is composed of resorbable and semipermeable tubular membrane matrix filled with porous collagen and provides a non-constricting encasement for injured peripheral nerves (Matsui et al., 2016). Despite many advantages of synthetic materials, their biologcial performance cannot reach allogenic nerve grafts. Therefore, they have only limited application for repair of short gaps (Kaplan et al., 2015).
2 TRANSLATIONAL DESIGN CRITERIA FOR NERVE GUIDANCE CHANNELS
With experience gained from over three decades of translation-oriented development and in vivo evaluation of NGCs, several general requirements and desirable properties have been identified (Figure 1).
- Sufficient availability: The limited availability of natural grafts, such as autografts, allografts or xenografts is a major incentive to develop bioartificial NGCs.
- Size/diameter: In contrast to naturally harvested grafts, bioartificial implants can be tailored to match a specific defect or the diameter of the nerve to be reconstructed.
- Mechanical strength: The tensile strength of a peripheral nerve lies in the megapascal (MPa) range (Borschel et al., 2003). Ideally, the conduit should match the mechanical properties of the native nerve (Figure 1). The NGC wall should be strong enough to allow for suturing and to prevent collapsing, but too much rigidity can cause trauma to surrounding tissues during movement of joints and muscles. For example, empty vein grafts may kink and collapse across larger defects (Tang et al., 1995).
- Biodegradability: If the implanted material is not degradable it needs to be removed surgically in time before it starts to compress the newly sprouted axon bundles. Silicone tubes are an early historic example of non-degradable synthetic conduits. Since then, biodegradable polymers have been investigated for PNI repair (Weber et al., 2000). Because depending on defect size healing might take more or less time, the degradation rate, which is depends on the polymer used and on the micromilieu at the implantation site, should also be considered, as discussed by Barrows (1986). So far there is no consensus on the ideal degradation time of an NGC in vivo.
- Toxicity/immunogenicity: When implanting degradable biomaterials in vivo, no matter if natural or synthetic, low toxicity of degradation products should be a top priority (Figure 1). Additionally, the immune response to the graft might cause excessive inflammation which hampers successful healing in different tissues (Reinke et al., 2013; Benga et al., 2017).
- Wall permeability: The conduit wall should let nutrients in and waste metabolites out (Figure 1). However, a certain degree of compartmentalization is necessary to prevent scar tissue and inflammatory cells from entering the lumen (Zor et al., 2014).
- Bioactivity: Bioactive substances can actively support neuron survival and axon attachment, reduce scarring or inflammation, and promote axon sprouting or vascularization (Benga et al., 2017; Yapici et al., 2017). As critical-size defects still pose an unsolved problem, current NGC design should aim at incorporating biochemical, mechanical, and structural bio-instructive cues into the implant without sacrificing any of the criteria listed above (Figure 1).
[image: Figure 1]FIGURE 1 | Design criteria for nerve guidance implants: For the development of effective synthetic nerve grafts biomaterial and biofabrication strategies should be applied in the service of established design criteria. The implant needs to comply with living tissue but possess enough strength and stability to withstand forces resulting from joint and muscle movement (top right). In order to avoid a surgical removal, the implant should degrade biologically and its degradation products must not harm the regenerating nerve nor other surrounding tissues (bottom right). The conduit wall should be permeable enough to allow for entry of nutrients and efflux of metabolic waste. At the same time the conduit wall creates a compartment that retains biochemical cues and soluble growth factors at the site of regeneration (top left). In order to bridge larger nerve gap injuries the implant should actively promote axon growth in a setting where regeneration would be otherwise ineffective or take too long. This can be achieved both by intrinsic properties of bioactive polymers, as well as their functionalization through biochemical or physical cues (bottom left).
3 SUBSTRATE CHOICE
3.1 Synthetic Biodegradable Polymers
To date aliphatic polyester NGCs are the only fully synthetic NGCs with FDA approval.
In contrast to naturally harvested materials such as the autograft or NGCs fabricated from naturally occurring proteins, their chemically defined synthesis, well understood in vivo performance and superior control over material properties allow for mass production and commercialization, providing a potential alternative in surgical management of PNI. While the exact degradation time depends on polymer formulation, implant size and location and its surface exposure to water, polyglycolic acid (PGA), polylactic acid (PLA), polycaprolactone (PCL) and copolymers such as polylactide-co-glycolide (PLGA) or polylactide-co-caprolactone (PLCL) are all hydrolytically degraded within weeks to months and absorbed in a controlled process that is accompanied by only a moderate inflammatory reaction (Pavan et al., 1979; Barrows, 1986; Ginde and Gupta, 1987).
Because the presence of methyl groups results in stronger hydrophobicity, hydrolytic degradation of PLA takes longer than for PGA. Depending on the expected regeneration rate this can be an advantage as rapid degradation could lead to premature NGC breakdown and loss of mechanical strength (Ginde and Gupta, 1987; Matsumine et al., 2014). On the other hand, continuous degradation is needed to gradually relieve pressure on regenerated axons. A potential solution to this dilemma, the copolymer PLGA has been found to degrade faster than PGA or PLA but retained strength longer (Craig et al., 1975). The degradation and mechanical strength of PLGA can be further adjusted by changing the PLA/PGA ratio (Makadia and Siegel, 2011).
Biodegradable polyesters were promising early candidates for NGC design because in contrast to a silicon tube they eliminated the need for surgical removal. Weber et al. (2000) found that a PGA-based NGC commercialized as NeurotubeTM led to better functional recovery than autograft after digital nerve injury which is among the most common types of PNI (Ciaramitaro et al., 2010). Key principles of structural design are found in this early product: the corrugated wall prevents collapsing of the tube in vivo, while porosity allows for an oxygen-rich environment (Dellon and Mackinnon, 1988; Weber et al., 2000; Rosson et al., 2009).
Despite early commercialization and some positive results in the repair of short nerve gaps, the aliphatic polyesters did not lead to a breakthrough in the field of surgical nerve repair due to their lack of bioactive cues that could support nerve growth across larger gaps. Bioactive proteins such as growth factors or adhesion ligands are difficult to incorporate as the high process temperatures of the polymers lead to protein degradation (Benga et al., 2017). In the following sections we will discuss strategies that aim at combining advantages of synthetic polymers and bioactive materials.
3.2 Bioactive Natural Polymers
The success of the autograft is likely attributable to the presence of Schwann cells and growth factors as well as attachment sites and guiding sheaths for the sprouting axon. These properties are most easily recapitulated using naturally occurring biopolymers like polysaccharides (HA, chitosan) or proteins (collagen, gelatin, silk). Some of these natural polymers like collagen and laminin are physiologically present within the nerve and are natural candidates for re-engineering the damaged microanatomy (Wallquist et al., 2002). Other naturally occurring polymers such as silk, gelatin or chitosan can interact with human tissue and provide bioactive cues for healing although they are not physiologically present within the human body.
Because natural polymers need to be harvested form animal sources, their purity and their physicochemical and immunological properties are more difficult to control, making translation potentially challenging. An alternative to harvested materials are recombinant sources, which offer potentially well-defined biopolymers with minimized impurity, but are significantly more costly and require advanced production methods. For example, production of recombinant collagen from bacterial, yeast or mammalian cells allows to recreate a variety of its native structures or even introduce new derivatives. Despite these advancements and great demand for collagen in both the biomedical and the food industry, both industries still rely on animal-derived sources, because there is no consensus on the preferred structure or production method and production of recombinant protein remains more expensive than the well-established harvesting from animal herds, as discussed in detail by Fertala (2020) and colleagues.
3.2.1 Decellularized Extracellular Matrix Allograft
As an alternative to the autograft, allografts from cadaveric donors could avoid donor site morbidity but would be rejected by the host immune system due to human leukocyte antigen (HLA) mismatch. To avoid graft rejection, the tissue needs to be decellularized, removing the HLA epitopes presented on the cell surface but processed nerve allografts maintain the extracellular matrix and its structure, which is advantageous as discussed in Section 4.3 (Whitlock et al., 2009). Cell removal can be achieved by chemical processing with a detergent or physical methods such as irradiation, lyophilization or thermal treatment. Moore and colleagues showed that the processing method has an influence on graft performance, with chemical decellularization leading to better graft function than physical processing (Moore et al., 2011).
Decellularized allograft resulted in regeneration superior to bioartificial collagen-based conduits, but still inferior to autograft in rat models (Whitlock et al., 2009; Giusti et al., 2012). More recently however, a direct comparison in digital nerve repair in human patients with a commercially available collagen NGC (NeuraGen by Integra) versus an allograft (Avance by AxoGen) showed similar results for both products (Rbia et al., 2019). However, both products failed to achieve an outcome that was evaluated as excellent in most patients. This and further limitations related to availability and storage of allografts as well as the high cost, create a strong incentive to engineer synthetic NGCs that can be mass produced and are available off the shelf at different sizes, sufficient quantity and accessible cost.
3.2.2 Collagen and Gelatin
The most abundant extracellular matrix (ECM) protein Collagen type I is widely implemented as a biomaterial for tissue repair. Collagen consists of a triple helix of three polypeptide chains. Fibrils are formed by cross-links between telopeptides that contribute to the relatively high moduli of telo-collagen, as discussed in depth elsewhere (Gelse et al., 2003).
Collagen provides attachment sites for neurons, that have been shown to contribute to neurite outgrowth (Ivins et al., 2000). Additionally, collagen can act as a scaffold for growth factors and cytokines and thus play an important role in mimicking a biologically relevant healing environment.
A collagen nerve guidance conduit was developed for the regeneration of a 4 mm nerve gap and demonstrated comparable nerve growth to the autograft method in rats and monkeys (Archibald et al., 1991). This product was FDA-approved and commercialized under the name NeuraGen and allowed for regeneration of nerve gaps of 6–18 mm in human patients (Lohmeyer et al., 2007).
As gelatin is denatured collagen that lacks the triple helix structure, it seems that it could be used for NGC construction as well. However, its weak mechanical properties and its tendency to move quickly away from the implant site make additional modification and cross-linking necessary to increase mechanical stability of the NGC (Ko et al., 2017). A clear advantage of both collagen and gelatin is their biodegradability by enzymes present in the healing milieu (van Amerongen et al., 2006; Kuwahara et al., 2011).
3.2.3 Laminin
Laminin, a glycoprotein of the basal lamina secreted by Schwann cells, has been described as a particularly favorable substrate for adhesion, migration, and regeneration of axons (Mammadov et al., 2016). Laminin is naturally present within the lesioned nerve and exerts its function through interaction with integrin receptors that are upregulated on the neuron cell membrane upon PNI such as integrins α6β1 and α7β1 (Wallquist et al., 2004; Gardiner et al., 2005). The 18 laminin isoforms have varying affinities for different integrins, which have been reviewed in detail elsewhere (Nieuwenhuis et al., 2018). Rather than as a base material, laminin is used in the tissue engineering field to functionalize other synthetic or natural polymer networks (Barros et al., 2019; Drzeniek et al., 2021). Drzeniek et al. (2021) have demonstrated covalent linking of laminin into a methacrylated collagen hydrogel, which improved the material’s bioactive properties. Chang et al. (2020) have recently used laminin to functionalize a synthetic PCL NGC, demonstrating its use as a pro-regenerative additive in PNI.
3.2.4 Hyaluronic Acid
HA is a highly hydrophilic glycosaminoglycan of the ECM, that contributes to the cushioning function of cartilage due to its high-water content. Already applied clinically in several indications reviewed by Abatangelo et al. (2020) HA is suitable for implantation, injection and tissue engineering purposes due to its viscoelastic properties, biocompatibility, biodegradability and bioactivity. In the field of peripheral nerve regeneration, hyaluronic acid was used as a conduit filler to facilitate axon migration and myelination in the regeneration of a 10 mm rat sciatic nerve gap (Wang et al., 1998). HA can also be implemented to overcome extraneural scarring, as it has been shown to reduce adhesion of the nerve to the neural bed (Ikeda et al., 2003; Zor et al., 2014).
3.2.5 Chitosan
Chitosan is a linear polysaccharide derived from chitin, the major component of the exoskeleton of crustaceans and insects, through chemical or enzymatic processes. Its reactive groups make chitosan accessible to a myriad of chemical modifications and biofabrication techniques, resulting in fibers, beads, films, gels, scaffolds or nanoparticles (reviewed by El Knidri et al. (El Knidri et al., 2018)). Additionally, chitosan possesses an antimicrobial activity probably due to its positive charge and interactions with the negatively charged cell membrane and thus could be a useful component of implantable biomedical devices (D'Almeida et al., 2017). In peripheral nerve regeneration the positive charge of chitosan interacts with the negatively charged axons and significantly improved functional outcome in human patients in a randomized controlled trial of primary surgical nerve repair (Neubrech et al., 2018). In preclinical models chitosan has also been shown to improve regeneration of critical sized nerve injuries (30 mm dog sciatic nerve) and to reduce neuroma formation and fibrosis (Wang et al., 2005; Marcol et al., 2011). Limiting to the use of chitosan are its weak mechanical properties and the low mechanical strength of chitosan is even reduced in physiological environments (Madihally and Matthew, 1999; El Knidri et al., 2018). This challenge can be overcome by additional chemical modification, cross-linking or hybrid use of chitosan with other materials. Thus, most recent NGC designs implement combinations of chitosan and collagen or gelatin (Singh et al., 2019; Itai et al., 2020).
3.2.6 Silk
Silk is a protein fiber produced by insects, among others silkworms, spiders and bees, to construct webs and cocoons. Its major component is silk fibroin, a semicrystalline protein, which has been studied for peripheral nerve applications mostly in the form of a silk fibroin protein solution from the silkworm Bombyx mori or the spider Nephila clavipes (Radtke et al., 2011; Radtke, 2016). Silk has been FDA-approved for decades and is used as a surgical suture material. In contrast to the other natural biomaterials mentioned above, silk convinces due to its extremely high tensile strength paired with natural proteolytic degradability (Wongpinyochit et al., 2018). Importantly, silk is biocompatible with nerve and has been shown to support attachment and survival of neurons and Schwann cells not only in vitro (Yang et al., 2007) but also in a large animal model (Radtke et al., 2011).
The protein structure of silk can be modified through genetic engineering and its many functional groups offer a myriad of opportunities for functionalization with additional bioactive domains or growth factors (Kong et al., 2020). In a recent study, a silk fibroin-HA-composite matrix was proposed and implanted subcutaneously into immunocompetent mice to assess immunogenicity. The addition of silk fibroin to HA resulted in a faster regrowth of blood vessels and synthesis of new ECM compared to HA alone, without triggering any excessive inflammation. This demonstrates that silk could be used in multimodal NGC designs to improve the bioactivity and mechanical strength of other materials (Gisbert Roca et al., 2020). The modifiable properties of silk can be implemented for functionalization with neurotrophic factors. A controlled-release-NGC implant successfully restored motor function and reduced distal muscle atrophy in a 10 mm rat sciatic nerve gap study, as the controlled release of GDNF from the proximal conduit led to retrograde neuroprotection not noticed in the plain silk conduit group (Carvalho et al., 2021).
Beyond preclinical rodent models, Kornfeld et al. (2021b) have recently demonstrated that spider silk nerve implants can support axonal regeneration in a 6 cm nerve defect in adult sheep with comparable efficacy to autologous nerve grafts. This result represents one of the most translationally mature implementations of a biomaterial graft in a large nerve gap and paves the way for translation of silk-based conduits into clinical practice.
3.3 Conductive Materials
As an electrified tissue, the peripheral nerve offers the opportunity to be stimulated through electrical cues, in addition to classical soluble or material-mediated bioinstructive cues used in other areas of tissue engineering and regenerative medicine. Conceptually, this can involve the use of intrinsically conductive organic polymers as a substrate for electric communication between cells or the inclusion of soft neural interfaces and electrode arrays with read or write functionalities (Kim et al., 2015; Chen et al., 2019; Paggi et al., 2021). In addition to implantable biomaterial strategies, electrical stimulation of the healing nerve is a clinically validated procedure which could be applied in synergy with an NGC strategy and has been reviewed elsewhere (Gordon, 2016).
3.3.1 Intrinsically Conductive Polymers
Organic polymers such as polyaniline, PEDOT and polypyrrole owe their electrical properties to their conjugated bonds as discussed by Le and colleagues (Le et al., 2017). When included in an NGC without an external electricity source, these materials do not actively actuate the healing nerve, instead they can respond to and conduct electrical activity of interfacing neurons. Recently, Vijayavenkataraman et al. (2019)a have demonstrated that neural crest stem cells on conductive a polypyrrole-PCL substrate differentiated into peripheral neurons without any external electrical stimulation. The advantage of these organic polymers is their biocompatibility, the disadvantage being their lack of biodegradability and biochemical motifs that can be recognized by cells. To overcome the latter issue, Khor and colleagues attempted almost three decades ago to impregnate entire animal tissues with polypyrrole, but found that the coated tissues did not conduct electricity, likely due to the discontinuity of the polypyrrole in the surface layer of the tissue (Khor et al., 1995). To integrate the conductive polymers homogenously into a biologically relevant ECM, more recent studies blend them with collagen or other biopolymers prior to gelation (Vijayavenkataraman et al., 2019b; Zarei et al., 2021). With increasing proportions of the conductive polymer, conductivity improves, while biological properties are reduced. To add biological cues without disrupting conductivity, conductive polymers can also be functionalized with cell-adhesive peptides such as the laminin-derived YIGSR motif (Green et al., 2009). Alternatively, biodegradability can be introduced, by co-polymerizing the conductive polymer with a biodegradable polymer, instead of blending (Durgam et al., 2010; Vijayavenkataraman et al., 2019b). Recently conductive polymers have been gaining attention in the nerve regeneration community and the implementation of different combinations of conductive materials in NGCs has been shown to enhance axonal growth in vivo (Sun et al., 2019). Furthermore, Zhao and colleagues have shown that not only neurons, but also Schwann cells (SCs) respond to the electrical stimulation (Zhao et al., 2020).
3.3.2 Neural Interfaces
Peripheral nerve interfaces’ primary function is to interrogate or actuate the peripheral nervous system with electrode arrays for applications such as neuropathic pain management, nerve recording for limb prosthetics or replacement of peripheral nerve function for bladder control, as reviewed by Paggi and colleagues (Paggi et al., 2021). However, depending on their design and geometry, the interfaces may be used in synergy with a regenerative implant to actively stimulate regenerating axons or monitor healing success both as a research question and as a medical theranostic device. Such strategies involve either a sieve electrode which allows for the passage of growing axons (Lago et al., 2005; MacEwan et al., 2016) or a multichannel electrode conduit (Musick et al., 2015). Although implantable nerve interfaces often face similar problems as NGCs, including mechanical compatibility, biocompatibility and immunogenicity, the material choice for neural interfaces is not typically motivated by questions of bioactivity. Instead, a metal electrode such as gold or platinum is supported by a bioinert substrate such as silicone or polyimide (MacEwan et al., 2016; Paggi et al., 2021). Approaches that combine a neural interface with neuroregenerative functionality would have to draw from both research fields, pairing a spatiotemporally precise interface with a bioactive and biodegradable polymer.
4 BIOLOGICAL FUNCTIONALIZATION BEYOND THE HOLLOW TUBE
A possible middle ground between the translatability of synthetic polymers and the biological advantages of natural polymers is the controlled bio-functionalization of well defined NGCs. When a PNI occurs, neurotrophins, chemoattractants and pro-angiogenic factors are naturally secreted in increased amounts, each targeting different mechanistic aspects of nerve regeneration. Thus, studies on advanced NGCs often aim to combine the desirable physicochemical properties of a polymer with defined bioactive agents such as soluble growth factors or cells. Additionally, recent studies demonstrate the use of structural features and electrically conductive materials to promote and guide nerve regeneration.
4.1 Functionalization With Soluble Factors
Soluble factors that affect nerve regeneration have been reviewed in detail elsewhere (Benga et al., 2017). Here we give an overview of functional classes of relevant factors and how they are implemented in an NGC approach.
4.1.1 Neurotrophins
As the name suggests, neurotrophins such as NGF, BDNF or NT-3, exert primarily trophic effects on neurons, although some axon guiding effects have also been discussed (Guthrie, 2007; Lykissas et al., 2007).
The most studied member of the neurotrophin family, Nerve Growth Factor (NGF), acts mostly on sensory and sympathetic neurons by promoting neurite sprouting and elongation. Xia and Lv, (2018) loaded an electrospun nanofibrous scaffold with VEGF and NGF, allowing NGF to be released continuously for more than a month. The NGF condition induced stronger proliferation of neural crest stem cells in vitro and better functional recovery after sciatic nerve gap injury in vivo. NGF was also tested as an axon guidance molecule, showing a chemoattractant function on growth cones in vitro (Dontchev and Letourneau, 2002). However, this effect could not be reliably confirmed in a milieu required for ganglionic cell growth, resulting in no directionality and disorganized growth (Fornaro et al., 2020). Brain Derived Neurotrophic Factor (BDNF) is known for its involvement in hippocampal neurogenesis and its protective role in neuronal survival after a PNI, as higher expression of BDNF in Schwann cells and dorsal root ganglia (DRG) were detected after PNI (Kobayashi et al., 2008). Lopes et al. (2017) used tetanus toxin-conjugated nerve targeting nanoparticles to overexpress BDNF DNA in a nerve crush injury model. Their approach led not only to a significantly higher count of myelinated axons but also protected the denervated muscle. This shows that neurotrophins can be valuable therapeutic targets for PNI both on a protein and a gene therapy level.
Neurotrophin-3 (NT-3) can enhance Schwann cell migration and ensure their survival. Donsante et al. (2020) showed that a continuous release of NT-3 from collagen-based electrospun fibers over a 2 week-period led to increased axon counts in the distal nerve. In a co-culture of DRG-derived neurons and then in dorsal root ganglia (DRG) explants NT-3 ensured ordinate and oriented axonal elongation (Fornaro et al., 2020). These recent studies indicate NT-3 as a potential axon guiding component for next generation anisotropic NGCs, although further studies are needed to confirm its axon guiding function in vivo and determine the optimal time and mode of delivery.
Glial cell line-Derived Neurotrophic Factor (GDNF), a neurotrophic factor produced by Schwann cells (SCs) has been shown to promote the survival of sensory neurons and axon outgrowth from DRG explants in vitro (Leclere et al., 1997) but when released at high concentrations from an NGC it impeded nerve regeneration in vivo (Kong et al., 2021). Kong and colleagues discuss this unexpected observation in the context of the “candy store effect,” a term used to describe the entrapment of growing axons in a microenvironment oversaturated with growth factor (Eggers et al., 2013; Kong et al., 2021). It has been suggested that to harness the pro-regenerative function of GDNF a concentration gradient or continuous delivery at low levels via gene therapy is needed (Shi et al., 2010; Eggers et al., 2013).
This last example reminds us, that observations from in vitro studies on neurons or explanted dorsal root ganglions (DRG) treated with recombinant growth factors cannot always be directly translated into conclusions about the factor’s beneficial role in a therapeutic application. The optimal dose, timing, release kinetic and localization may be entirely different for each therapeutic protein and the current challenge lies in understanding and modulating the application-specific pharmacokinetics and pharmacodynamics. While there is a strong consensus on the pro-regenerative potential of soluble factors such as neurotrophic growth factors or the matrix remodeling enzyme chondroitinase in PNI, these potent factors are not a one one-size-fits-all solution and their biological function is dependent on the timing, microanatomical localization and often gradient.
4.1.2 Chemoattractant Gradients
An anisotropic aspect could be added to NGC implants by exposing growth cones to chemical gradients of chemoattractants that determine growth directionality rather than growth rate only. Netrin-1 (Ntn1) and its receptor “Deleted in colorectal carcinoma” have been shown to attract the tip of a sprouting axon in vitro and promote peripheral nerve regeneration, as well as Schwann cell proliferation and migration (Lv et al., 2015; Wang et al., 2019). Other classes of molecules, such as slits act as axon repellent cues, preventing disorganized growth (Long et al., 2004). Lykissas et al. (2007) discussed that while axon attracting effects have also been reported as an additional function for some members of the neurotrophin family, other classes of soluble molecules that predominantly guide axon growth cones constitute a novel and largely unexplored opportunity in the NGC field. Ntn1 was first used for NGC design in a recent study by Huang and colleagues. A graphene mesh-supported double-network hydrogel scaffold was engineered in which Ntn1 promoted Schwann cell migration successfully and guided their alignment, outperforming even the autologous graft (Huang et al., 2021). Thus, chemoattractant agents should be investigated in further studies, as many in vitro findings on axon guidance are yet to be validated in an in vivo PNI model.
4.1.3 Adjuvant Soluble Factors
Because every growing tissue is dependent on nutrient supply, sufficient vascularization has an important supportive role in the process of nerve regeneration. As Yapici et al. (2017) have shown, vascularized conduits significantly outperformed non-vascularized conduits in a sciatic nerve gap model. Therefore, Vascular Endothelial Growth Factor (VEGF) was used in combination with mesenchymal stem cells (MSCs) to functionalize autogenous vein grafts. The VEGF group resulted in a higher degree of regeneration of a 10 mm nerve gap, compared to MCSs alone (Eren et al., 2016). Beside its pro-angiogenic activity, VEGF can stimulate axonal outgrowth and promote Schwann cell proliferation and migration, suggesting an entire palette of additional mechanisms through which VEGF could enhance nerve regeneration (Sondell et al., 1999; Muratori et al., 2018).
If the PNI is older and repair occurs with a significant delay, a glial scar consisting of chondroitin sulfate proteoglycans (CSPG) and glycosaminoglycans can interfere with axon regeneration even after successful readaptation of transected nerve ends. Chondroitinase ABC, an enzyme derived from the bacterium Proteus vulgaris, catalyzes the degradation of the polysaccharides. Enzymatic removal of the CSPG scar by chondroitinase treatment is an established strategy in the field of spinal cord repair, but also in PNI (Kostereva et al., 2016; Donsante et al., 2020). Chondroitinase may be an especially valuable factor in a setting of delayed repair because its mode of action could complement the pro-regenerative or trophic approaches discussed above. A recent study has identified an additional mechanism through which the enzyme can disinhibit a BDNF receptor, leading to increased neuroplasticity (Lesnikova et al., 2021).
4.2 Functionalization With Transplanted Cells
Aside from the sprouting axons of the injured nerve, different cell types play a role in PNI and can support regeneration. In the NGC approach, the goal is not to grow new neurons in the nerve gap, but instead to regenerate the neurites of lower motor neurons and sensory DRG neurons, the cell bodies of which are located proximal to the injury. Transplanted cells can provide a supportive structure for axons, secrete cytokines, or be engineered to produce and release specific paracrine factors. The challenge for most cell types lies in securing a reliable cell source that ensures controllable product quality, minimal batch to batch differences and off-the-shelf availability. The therapeutic cells’ functionality depends strongly on their microenvironment and can be harnessed by considering cell-material interactions in the NGC design strategy (Keshavarz et al., 2020; Panzer et al., 2020; Drzeniek et al., 2021).
4.2.1 Schwann Cells
SCs are the principal glial cells of the peripheral nervous system (PNS) and ensure the formation of myelin sheaths around the axons and the accelerated conduction of nerve impulses as reviewed elsewhere (Berrocal et al., 2013; Fallon and Tadi, 2021). A recent study shows that SCs exist in functionally diverse differentiation states, as they can dedifferentiate into a precursor-like, proliferating state, which can downregulate myelin genes and remove pre-existing myelin debris that would inhibit axonal regrowth (Arthur-Farraj et al., 2012; Stratton et al., 2018). Beside their ability to myelinate regenerated axons, SCs enhance axonal sprouting and form bands of Büngner, important guiding structures for the growing axon. To mimic the bands, SCs could be compressed into bundles and surrounded by a hydrogel microcolumn. Such tissue engineered Büngner bands accelerated axonal growth in vitro up to 8 fold and resulted in significantly longer neurite length than an NGC with unaligned SCs (Panzer et al., 2020). An early study of SCs for PNI treatment reported that in vitro cultured SCs would align along the axis of the NGC in structures reminiscent of Büngner’s bands. The same study also found that only syngeneic SCs promoted the growth of myelinated axons, while heterologous SCs induced a host immune response that impaired regeneration (Guénard et al., 1992). The importance of autologous SC sources poses a considerable challenge in terms of NGC availability, standardized product quality control and mass fabrication.
4.2.2 Induced Pluripotent Stem Cells
iPSCs are a personalized self-renewing source of stem cells which enables autologous treatment. iPSCs can be reprogrammed from patient-derived somatic cells and then differentiated into a broad spectrum of cell types, enabling researchers to generate large quantities of cells that are difficult to harvest, such as SCs (Takahashi et al., 2007). On the downside, iPSCs’ pluripotent state has demonstrated the risk of teratoma formation if some undifferentiated iPSCs remain in the transplanted iPSC-derived cell population. Different strategies, including cell sorting or the introduction of suicide genes into iPSCs prior to differentiation are being investigated to provide the safety, necessary for human application of iPSC-derived cells (Bedel et al., 2017). For preclinical evaluation in PNI, iPSCs were differentiated into neural crest stem cells (NCSCs) or SCs without teratoma formation. Huang et al. (2017) used these two cell types to create a tissue-engineered NGC that successfully regenerated a 10 mm gap in a rat model. NCSCs, showed stronger paracrine signaling than the further differentiated SCs, pointing out the importance of selecting the iPSC differentiation state.
Because generating patient-derived iPSCs and differentiating them into a desired cell type takes time, their usefulness for PNI management is limited. Strategies for off-the-shelf clinical use and for complete depletion of undifferentiated iPSCs needs to be developed to fully unleash their potential.
4.2.3 Mesenchymal Stromal/Stem Cells
MSCs are adult multipotent stromal cells isolated from bone marrow, adipose or perinatal tissues. MSCs have attracted attention due to their well-documented clinical safety, rich pro-regenerative secretome, and immunomodulatory properties (Drzeniek et al., 2021). Additionally they can differentiate into SC-like cells when exposed to a combination of soluble factors and produce even more growth factors in this pre-differentiated state (Drzeniek et al., 2021; Liu et al., 2022). Despite many functional similarity and a similar mode of action, MSCs derived from different sources differ in characteristics such as expansion speed and hemocompatibility, as reviewed by Moll and colleagues (Moll et al., 2019).
Intravenously infused MSCs can migrate to the site of injury (Marconi et al., 2012; Matthes et al., 2013), but are often transplanted into the vicinity of the lesioned nerve during the reconstructive surgery, resulting in a more concentrated effect and reduced local fibrosis (Wang et al., 2015; Cooney et al., 2016). MSCs are a natural source of pro-angiogenic and regenerative growth factors and act as a “living drug factory” for the healing nerve (Drzeniek et al., 2021). Their paracrine effects result in a better electrophysiological and functional outcome and micromorphological intactness of the healed nerve (Marconi et al., 2012; Matthes et al., 2013; Cooney et al., 2016; Bucan et al., 2019). Because the local microenvironment can affect MSC survival and function in vivo, protective carrier materials can shield MSCs from the harsh microenvironment, hold them in place and stimulate them to augment their growth factor secretion (Mao et al., 2017; Drzeniek et al., 2021). In recent years, it has been proposed to transplant MSC-derived vesicles, exosomes, instead of the entire living cell. These exosomes have also been shown to promote peripheral nerve regeneration, similarly to the parent cell (Bucan et al., 2019). Another recent study shows that exosomes from MSC-derived SC-like cells play a supporting role by protecting endogenous SCs from oxidative stress and promoting angiogenesis (Liu et al., 2022).
4.3 Functionalization Through Structural Material Design and Multimodal Strategies
Neurites can recognize surface geometry and their growth pattern follows local topography such as groves in vitro (Miller et al., 2001a). In order to recapitulate the microanatomical guiding sheaths, the intactness of which is outcome-determining according to the Sunderland classification, biomimetic NGC designs experiment with different anisotropic microstructures and micropatterns to provide more precise physical guidance at the cellular level in vivo. The field of architectured materials and NGCs is currently growing fast thanks to the rapid progress in spatiotemporally precise biofabrication methods, such as 3D bioprinting [reviewed by Dixon (Dixon et al., 2018)]. Many NGC designs discussed in this section combine several of the synthetic or natural polymers mentioned above and experiment with additional biological cues to achieve results comparable to the autograft.
4.3.1 Bulk Filler Hydrogel
An easy way to functionalize the NGC lumen is with bulk hydrogel, which can provide a cell friendly environment, allows for easy incorporation of biochemical cues and soluble factors, but does not provide any topographical cues for directional determination and may even reduce the permissiveness of the NGC lumen for growing axons (Yoo et al., 2020; Drzeniek et al., 2021). Therefore, the opinion on bulk fillers is controversial and evidence which favors spatial patterning of hydrogels is growing (Yoo et al., 2020).
4.3.2 Grooved Surfaces
The use of molded grooves on the inner NGC wall has been proposed with the rationale that grooves could not only provide anisotropic physical guidance to sprouting axons but also increase the surface area for cell attachment, cell-material interactions and potentially for controlled release of incorporated growth factors. In practice however, patterning 10 µm grooves on the inner NGC wall did not yield a relevant effect compared to an unpatterned chitosan NGC and failed to outperform the autograft control (Li et al., 2018). Similarly, in an older study a micropatterned inner lumen designed to regenerate a 10 mm rat sciatic nerve gap could only impact functional outcome when implemented in synergy with pre-seeded SCs (Rutkowski et al., 2004).
As an alternative to molded groves, longitudinally oriented collagen strips were 3D-printed on a porous PLCL membrane. It could be shown that the 3D-printed collagen lines led to a better axonal regeneration and remyelination than bulk collagen hydrogel filling, indicating that spatially controlled patterning of substrates that promote cell attachment can be a promising strategy that combines structural and substrate-mediated cues (Yoo et al., 2020). Similarly, in a very recent study a grooved PLCL conduit in combination with a patterned gradient of a laminin-derived peptide showed synergistic effects on aligned migration of SCs in vitro and significantly accelerated nerve recovery in vivo (Zhang et al., 2021).
It seems that the benefit of grooves manifests in combination with other factors such as biochemical cues or cells, or maybe acts on axons indirectly by influencing SC biology. Early in vitro studies had found that groove width versus depth differently influence the alignment of SCs versus neurites (Miller et al., 2001a; Miller et al., 2001b). In vivo studies often lack such comparisons and possibly successful use of grooves in NGC design would require more attention to detail and systematic optimization in vivo.
4.3.3 Intraluminal Microchannels
Microchannels mimic the nerve fascicular (perineural) anatomy and prevent axon dispersion and can be introduced into the scaffold either by precise 3D bioprinting or through more conventional fabrication such as directional freeze drying or molding (Figure 2) (Hu et al., 2009; Wray et al., 2012; Zhang et al., 2022). Chang et al. (2017) used an NGC with micromolded intraluminal channels that resulted in increased axon diameter and myelin layer thickness compared to a control NGC without internal channels. While additional aligned nanofibers within the microchannels contributed only slightly to regeneration, adding an additional neurotrophic factor gradient, yielded an effect comparable to autograft. Similarly, the combination of a multichannel design with controlled release of 4-aminopyridine, a potassium channel blocker thought to improve nerve conduction in neurological disorders such as multiple sclerosis, was comparable to autograft in a 15 mm sciatic nerve gap rat model (Manoukian et al., 2021). Here the multichannels were fabricated by unidirectional freeze drying. For a simple yet clever spiral-shaped design, a grooved surface was rolled to fabricate multichannels which were combined with aligned nanofibers, but the structural cues alone failed to compete with the autograft control (Shah et al., 2019). The disadvantage of the aforementioned fabrication techniques is that the material architecture needs to be fabricated before therapeutic cells can be added to the conduit. In contrast to freeze drying, 3D bioprinting allows to integrate cells directly into the biomaterial. Recently, Zhang and colleagues used bioprinting to fabricate an advanced NGC (Zhang et al., 2022). SCs were incorporated into a methacrylated gelatin bioink and printed directly into the multi-channeled conduit.
[image: Figure 2]FIGURE 2 | Advancement of structural cues for biomimetic NGC design: With the advancement of biofabrication techniques, structural cues for axon guidance are gaining relevance as an additional bioinstructive modality besides substrate mediated and soluble cues. The design of NGCs has evolved from very early nerve repair with hollow tubes to added anisotropic bulk gel or fibrous fillers. From the early 2000s on, research on longitudinally oriented fibers and grooves intensified and most recent studies increasingly investigate biomimetic multichannel conduits. 3D bioprinting allows to freely pattern multiple materials with or without cells and growth factors, thereby opening up new possibilities for multimodal implant fabrication.
These studies show that different fabrication techniques can be used to achieve an internal microchannel structure that mimics the natural anatomy of guiding sheaths. Emerging study design combining different modalities of bioactive cues stress the importance of synergistic biological and structural cues for NGC constructs that could promote nerve regeneration across larger gaps.
5 CHALLENGES FOR TRANSLATING NEW NGC DESIGNS BEYOND PRECLINICAL STUDIES
Engineering a clinically usable alternative to the autograft for repair of large peripheral nerve gap injuries still poses an unsolved challenge. The first FDA-approved artificial NGCs were implants fabricated from biodegradable synthetic polymers that could bridge a short defect but failed at promoting axon regrowth across larger gaps. In an effort to increase the conduits’ bioactivity, the design of synthetic NGCs has progressed over the past decades from hollow tubes to the implementation of bioactive substrates and intraluminal structures for refined topographical guidance. In 2014, the FDA approved the first NGC with a porous lumen filler (NeuraGen® 3D Nerve Guide Matrix), which is composed of a bioactive collagen-glycosaminoglycan blend and has substantially improved the conduit’s performance (Lee et al., 2012). Since then, preclinical studies have advanced to multimodal strategies that explore synergistic effects of substrate-, structure-, and soluble factor-mediated cues (Figure 3A). While some of these more intricate synthetic grafts have reached functional outcomes that are comparable to autografting in preclinical models, none have been approved for clinical use so far. As the conduits tested preclinically are becoming more complex and bioactive, their clinical acceptance declines compared to that of simpler and well understood hollow tube grafts. This could be in part because the more active components an implant has, the more challenging it becomes to translate it into a safe, well characterized, and reliable medical device.
[image: Figure 3]FIGURE 3 | Preclinical development of a nerve conduit: (A) The choice of a suitable polymer and fabrication method determine the implant’s structural features and allow for biological functionalization with cells, proteins or peptides. (B) The resulting nerve guidance conduit (NGC) promotes nerve regeneration through a combination of biological, mechanical and structural cues. Several parameters are critical for safe and effective performance. These need to be thoroughly characterized both in vitro and in vivo. Most commonly, a rodent model is used for initial in vivo proof of concept (POC) and evaluation of safety and efficacy. (C) In order to identify the most promising implant designs and progress toward clinical application, performance of NGCs should be compared using standardized relevant endpoints and validated in large animal studies. Photographs I and II belong to the Gorantla lab.
A major translational challenge lies in choosing the correct preclinical in vivo model for translation to human application. Most preclinical studies show efficacy of their NGC in a rat sciatic nerve gap injury, usually of 10 mm gap size (Table 1). (Kaplan et al., 2015) showed that nearly 90% of the peripheral nerve gap repair studies are being conducted in rats and rabbits (78% rats and 12% rabbits). For translation, these studies have major limitations due to a species-specific neurobiological regenerative profile. Small animal studies have little relevance for translation without supporting large animal studies. Thus, more large animal studies are needed to identify truly promising conduits among the countless designs found in literature (Figure 3C).
TABLE 1 | Chronological overview of NGC design and animal studies.
[image: Table 1]Additionally, while many studies show efficacy of their design and use meaningful internal controls, they are hardly comparable with other studies in the field as there is little consensus on which readouts, time points and effect sizes are considered most relevant for clinical translation. The evaluation timepoint following nerve repair is crucial for thoroughly understanding the effect of the experimental technique on nerve regeneration. Brenner et al. (2008) demonstrated that while the nerve regenerative effect of tacrolimus is significant at 40 days, it is undetectable at 70 days. Similar results are found in a metanalysis by DeLeonibus et al., 2021.
As discussed in the “structural design” section of this review, synergistic biological effects of multimodal NGC functionalization are still poorly understood and would require extensive comparisons and scrutinous experimental design to optimize each component (Figures 3A,B). Furthermore, the already vast choice of individual bioactive factors such as cells and growth factors (cf. “biological functionalization” section) makes it difficult to choose the optimal combination. Therefore, rather than further expanding the choice of bioactive polymers, soluble factors, transplantable cells and structural designs, an important challenge for the NGC field lies in better understanding how different modes of action of each component can be synergized into combination therapies (Figure 3B). This can only be achieved in a collective effort, by improving and standardizing study design and readouts towards better inter-study comparability. Fortunately, recent studies in the field have recognized this issue and are combining more extensive in vitro comparisons and mode-of-action studies with a functional in vivo investigation.
Finally, in order to identify both biological mechanisms as well as translationally relevant readout, some attention should be brought to in vivo live monitoring of peripheral nerve regeneration. This could be achieved through theranostic implants that track the regenerative process in vivo (Figure 3). For example, some nerve interface studies use bioelectronics to track axon growth and electrophysiological performance (cf. Section 3.3.2), but other monitoring approaches are also conceivable and remain largely unexplored in the nerve regeneration field to date (Kim et al., 2015; Musick et al., 2015; Paggi et al., 2021).
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The Thermosensitive Injectable Celecoxib-Loaded Chitosan Hydrogel for Repairing Postoperative Intervertebral Disc Defect
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Percutaneous endoscopic lumbar discectomy has been widely used in clinical practice for lumbar spine diseases. But the postoperative disc re-herniation and inflammation are the main reason for pain recurrence after surgery. The postoperative local defect of the intervertebral disc will lead to the instability of the spine, further aggravating the process of intervertebral disc degeneration. In this work, we successfully synthesized the thermosensitive injectable celecoxib-loaded chitosan hydrogel and investigated its material properties, repair effect, biocompatibility, and histocompatibility in in vitro and in vivo study. In vitro and in vivo, the hydrogel has low toxicity, biodegradability, and good biocompatibility. In an animal experiment, this composite hydrogel can effectively fill local tissue defects to maintain the stability of the spine and delay the process of intervertebral disc degeneration after surgery. These results indicated that this composite hydrogel will be a promising way to treat postoperative intervertebral disc disease in future clinical applications.
Keywords: intervertebral disc degeneration, celecoxib, lumbar disc herniation, chitosan hydrogel, percutaneous endoscopic lumbar discectomy
INTRODUCTION
Low back pain (LBP) is one of the common conditions which everyone experiences in their lifetime (Yang;Zhang;Ma and Ding, 2020; Van Zundert and Cohen, 2021). LBP has been regarded as a significant global public health problem, which was given more attention with the development of society (Tendulkar;Chen;Ehnert;Kaps and Nüssler, 2019). Studies indicated that intervertebral disc degeneration (IDD) is the most common reason for LBP (Kos;Gradisnik and Velnar, 2019).
The intervertebral disc (IVD) is the complex tissue including the jelly-like elastic nucleus pulposus, which is surrounded by layers of collagen fibers, the annulus fibrosus (AF), together with cartilaginous and bony end-plates (Liyew, 2020; Urban and Fairbank, 2020). The NP, one of the most critical components of the IVD, provides an avascular hypoxic microenvironment to support chondrocyte-like cells in a proteoglycan and type II collagen-rich ECM, regulating disc functions and deformation (Cannata et al., 2020). The AF is the circumferential ring that withstands the tension created during IVD deformation, which is enabling the uniform distribution and transfer of compressive loads between the vertebral bodies. The cartilaginous and bony end-plates are the thin layers of hyaline cartilage placed between the IVD and the adjacent vertebral bodies, which is the main approach for nutrient supply to all IVD cells through diffusion, as well as removal of waste products. With the development of IDD, the annulus fibrosus will be broken, with the consequence of the protrusion of the nucleus pulposus (NP), which is called lumbar disc herniation (LDH) (Chen;Tseng;Sun;Chang and Chen, 2021; Deng et al., 2021). Patients with LDH usually present with symptoms such as pain, numbness, and weakness, which have a significant negative influence on their social functions. Percutaneous endoscopic lumbar discectomy (PELD) was first introduced in 1992 and has been widely used in clinical practice for lumbar spine diseases due to less invasiveness and faster recovery than traditional surgery (Aprile;Amato and de Oliveira, 2020; Hu;Zheng;Chen and Chen, 2020; Tacconi;Baldo;Merci and Serra, 2020).
The PELD can significantly release nerve compression and attenuate pain caused by the protrusion of the nucleus pulposus. But the trauma of tissue caused by the operation will induce inflammation in local tissue. Also, the defect of AF is that it can no longer keep the NP residue in place, leading to pain recurrence due to NP re-herniation. The control of postoperative pain depends on oral drugs, such as celecoxib. However, oral medication alone cannot provide effective concentrations locally, and for some patients, such as those with gastric ulcers, hypertension, and cardiovascular accident, there are unavoidable additional side effects (Kocak et al., 2019; Patel et al., 2019; Schectman, 2020). Controllable release of celecoxib could decrease potential side effects and allow less administration. Other methods, such as physical therapy strengthening and muscle training, are also considered to improve clinical symptoms after surgery, but there is no effective research and clinical effect statistics supporting this. Therefore, injecting anti-inflammatory functional materials into the defect tissue after discectomy is a feasible strategy to control the inflammation microenvironment locally (Wang et al., 2019; Borrelli and Buckley, 2020).
The chitosan hydrogel is a novel choice as a carrier for controllable release of anti-inflammatory drugs due to its similarity to the natural extracellular matrix and excellent biocompatibility (Alinejad et al., 2019; Zhang et al., 2021). In addition, the thermosensitive injectable chitosan-based hydrogel can be used for local treatment and is beneficial for the repair of tissue defects. Celecoxib is a new generation of non-steroidal anti-inflammatory and analgesic drugs, which is one of the commonly used anti-inflammatory and pain-relieving drugs in the orthopedic clinic. It can inhibit the production of prostaglandins by selectively inhibiting cyclooxygenase-2 (COX-2) to achieve anti-inflammatory and analgesic effects. The hydrogel delivery system could increase the release of celecoxib and further improve bioavailability, avoid burst drug release, and reduce toxicity and side effects. In this study, we designed a thermosensitive injectable chitosan hydrogel-based celecoxib (TICHC) delivery system with injectability and fixation properties to prevent NP re-protrusion and degeneration after discectomy. After injection, the thermosensitive composite chitosan-based hydrogel could repair the defect and provide the necessary mechanical support after being crosslinked, alleviating the degeneration process aggravated by mechanical changes. The locally released celecoxib could inhibit the postoperative inflammatory response of residual tissue and effectively delay the development of degeneration (Figure 1). Finally, the thermosensitive injectable chitosan-based hydrogel has been widely applied and intensively studied, and its safety and reliability have been widely verified, thus supporting its clinical application in the future.
[image: Figure 1]FIGURE 1 | The schematic diagram of the preparation process of thermosensitive injectable celecoxib-loaded chitosan hydrogel and its effect on preventing the recurrence of lumbar disc herniation and pain after partial discectomy.
METHODS AND MATERIALS
Materials
Celebrex (CAS: 169590-42-5), chitosan (degree of deacetylation: 95%; molecular weight: 20 w; CAS: 9012-76-4), and β-glycerophosphate (β-GP) (CAS: 154804-51-0) were all purchased from Sigma-Aldrich (St. Louis, United States).
Synthesis of TICHC
The 2, 3, and 5 g chitosan powder were, respectively, weighed and dissolved with 0.1 mol dilute hydrochloric acid. A total of 5.6 g of β-glycerophosphate sodium (β-GP) powder was weighed and dissolved in 10 ml ultrapure water with the assistance of magnetic stirring. A 56% β-GP solution was obtained and sterilized by using a filter membrane (22 μm) and stored in the refrigerator at 4°C for further experiment. A total of 1 g of Celecoxib powder was weighed and dissolved in 50 ml ultrapure water with the assistance of magnetic stirring. 1 ml of 56% β-GP solution was, respectively, added to 9 ml of 2%, 3%, and 5% chitosan solutions with slow stirring. According to the previous relevant literature, a total of 1–1.5 ml of 2% celecoxib solution was added to 9 ml of 2% chitosan solution with constant stirring (Choi et al., 2020).
Characterization of TICHC
After freeze-drying, the chitosan hydrogel samples with different concentrations were fixed on the specimen platform. The samples were covered with gold produced by the sputter coater, and its morphology was observed by using a scanning electron microscope (SEM). Different parts of the hydrogels were randomly selected for further analyses of celecoxib and the hydrogel. Therefore, the hydrogels were analyzed by using an energy dispersive spectrometer (EDS) to observe the distribution of celecoxib in chitosan hydrogels. After coating gold on the surface of the sample, samples were placed into the sample chamber of the scanning electron microscope, and its morphology was observed with 15 kV accelerating voltage. The qualitative and semi-quantitative analyses of samples were conducted by using an X-ray energy spectrum analyzer.
The Temperature Sensitivity Study of TICHC
According to the former study, a total of 3 ml TICHC was placed into sample tubes. Then, the tubes were placed in 37°C incubators to analyze temperature-sensitive characteristics of the hydrogel using the tube inversion method.
The Injectability Study of TICHC
Samples of 5 ml liquid 2% TICHC were, respectively, extracted by using a 10-ml syringe. The 10-ml syringe was used to inject hydrogel with the appropriate force to simulate the injection process in vivo.
Cell Viability
In order to evaluate the cytocompatibility of TICHC samples, the cytotoxicity was analyzed by using the cell counting kit (CCK; Sigma-Aldrich Co., Ltd., United States) and the Hoechst staining experiment (Sigma-Aldrich Co., Ltd., United States), respectively. The different extraction concentrations of hydrogel samples were divided into three groups including the control group, 50% extraction group, and 25% extraction group. The cultured L929 cells were dissociated to obtain a single cell after adding trypsin. After 1, 3, and 5 days of culture, the fresh medium and CCK reagent were added and incubated for 30 min at 37°C after the removal of the old medium. Then, the measurement of absorbance was conducted at 450 nm. After adding the hydrogel solution for 5 days, 10 ug/ml Hoechst 33342 staining solution was added to the plate at 37°C for 15 min. The cell cultured glass was fixed with 4% paraformaldehyde for 15 min and then washed with PBS solution three times to be observed under a fluorescence microscope (Leica DMI4000B, Germany).
The Biocompatibility and Degradability Analysis
Eighteen female New Zealand rabbits (6 months old, approximately 2.0–2.5 kg) were provided from the animal center of Binzhou Medical University (Yantai, China) and were used to analyze the biocompatibility and degradability of hydrogel in vivo. Eighteen rabbits were divided into 3 groups, 6 in each group. They were the control group, the hydrogel group, and the drug-loaded hydrogel group, respectively. About 3 ml of normal saline, chitosan hydrogel, or drug-loaded hydrogel was injected subcutaneously in the front of the thigh of each New Zealand white rabbit, depending on its group. After injection, 2 rabbits in each group were selected and the skin of the right thigh was cut at 2 weeks, 1 month, and 2 months after injection. The histocompatibility and degradation of the hydrogel samples in vivo were observed.
Animal Surgery
This study was approved by the Affiliated Hospital of Qingdao University Ethics Committee. The animal experiment and feed were in accordance with the guidelines of the animal center of the Binzhou Medical University, Yantai, Shandong. The fifteen New Zealand rabbits (5–6 months, 2.0–2.5 kg) in the in vivo study were obtained from the animal center of Binzhou Medical University. They were divided into three groups based on the different times including 2 weeks, 1 month, and 2 months. Five rabbits were selected to conduct the X-ray and MRI at different times. All rabbits were housed in single cages under controlled conditions (17–23°С, and 30–70% air humidity with appreciative air circulations) and provided with adequate feed and water. All rabbits fasted for 12 h and were forbidden water for 6 h before anesthesia. Each rabbit was fixed into the anesthesia box to be anesthetized by urethane through the marginal ear vein and the penicillin was injected before the operation. The rabbit was placed on the small operation table in the left lateral position. After the removal of the fur from the dorsal surface, the anterolateral intervertebral disc 2–6 were, respectively, exposed through an anterolateral approach by blunt dissection of muscles. The IDD model of rabbits was obtained by using a 20G needle puncture at L3/4, L4/5, and L5/6, respectively. Each disc was punctured five times by using a needle and continuously aspirated with a 10-ml syringe for 30 s. The annulus fibrosus was punctured to establish the local defect, and the nucleus pulposus was partially sucked by the needle. In order to avoid individual differences, the different lumbar segment of the rabbit was conducted with different interventions on the same rabbit. A total of four groups were established including a control group (L2/3), a degeneration group (L3/4), a chitosan hydrogel treatment group (L4/5), and a chitosan hydrogel–loaded with celecoxib treatment group (L5/6). The 1-ml injection with an 18G needle was used to inject the hydrogel into different intervertebral discs. After the injection of hydrogel, the incision was sutured and the rabbits were placed on the operation table at a constant temperature to wait for recovery. The rabbits were injected with penicillin for 3 consecutive days after surgery.
The X-Ray and MRI Evaluation
The X-ray can show the height changes of each segment to indirectly prove the instability. After 2 weeks, 1 month, and 2 months following the establishment of the IDD model, five rabbits were randomly selected for X-ray and magnetic resonance imaging (MRI) assessments at each time point. The X-ray imaging was performed by an X-ray system (Siemens, German), and the MRI tests were conducted using a 3.0-T MRI system (Siemens, German).
The X-ray and MRI image analysis and measurements were analyzed by two independent radiologists. The Bradner disc index (BDI) was used to evaluate the intervertebral height changes. The modified Thompson classification was used to evaluate the disc degeneration changes by using the T2-weighted MRI images with grades I to IV.
Histological Analysis
The air embolism after anesthesia was used to euthanize the rabbits after 2 months. The spine samples were fixed by using formalin (10%) for 1–3 days, and the different intervertebral discs were, respectively, cut off from the spine. We used EDTA (10%) to decalcify the surrounding bone of intervertebral discs for 1–2 months. We selected the coronal median section of the intervertebral disc for the histological examination. After obtaining the wax-embedded intervertebral disc samples, we, respectively, stained the samples with H&E. The histological classification was conducted based on the observation by using light microscopy.
Statistical Analysis
The data are shown as the mean ± standard deviation (SD). All the experiments were conducted at least three times independently. The data of results were analyzed by SPSS 23.0 statistical software. The statistical significance of the differences between the groups was calculated by using the one-way ANOVA and Tukey’s post-hoc test or nonparametric test. p < 0.05 is considered to be statistically significant.
RESULTS
Preparation and Characterization of TICHC
The different concentrations of chitosan hydrogel in this study were the liquid state with different viscosity at room temperature. The appearance of chitosan hydrogel loaded with celecoxib was a milk-white liquid at room temperature. For this reason, it can be injected by using a different-sized injector. As shown in Figures 2A,B, the thermosensitive chitosan liquid hydrogels with/without celecoxib were able to turn solid at 37°C in 8–15 min. Hence, it was suitable for the repair of intervertebral disc defects through injection in a narrow surgical space. The thermosensitive chitosan liquid hydrogel was able to convert to a solid state at a local defect under the normal body temperature in a short time. As shown in Figure 3, the different concentrations of hydrogel showed the porous structure with different densities (higher the concentration, higher the density) by scanning electron microscopy. After comparing the different concentrations of chitosan hydrogel, the 2% hydrogel was more suitable for injection and better porous density. As shown in Figure 4, the F (red) and S (green) elements were uniformly distributed within the chitosan hydrogel by EDS, and it was indirect proof that the celecoxib was successfully loaded in the chitosan hydrogel.
[image: Figure 2]FIGURE 2 | (A) Photographs of in situ gel formation of 2 wt% hydrogels (upper left) and hydrogel with celecoxib (middle left) solution with temperature increased from 25°C to 37°С (upper right), gel stability (below left), and injectability (below right). (B) The thermosensitive sol-gel conversion time of hydrogel solutions with different concentrations. (*,# = p < 0.05).
[image: Figure 3]FIGURE 3 | Morphologies of hydrogels with different concentrations of 2, 3, and 5 wt% and celecoxib are observed in the porous hydrogel structure (red arrow).
[image: Figure 4]FIGURE 4 | The EDS results showed the F (red) and S (green) were evenly distributed in the hydrogel, and indirectly indicated that the hydrogel had successfully encapsulated celecoxib.
In order to evaluate its liquid–solid transformation ability, we used the tube inversion method and different time measurement methods to analyze the liquid–solid conversion time of different hydrogels. As shown in Figure 2B, the results showed that the liquid–solid conversion time of 2% chitosan hydrogel with/without celecoxib was, respectively, 12.20 ± 0.84 min and 12.80 ± 1.48 min. So, the celecoxib was not able to significantly affect the liquid–solid conversion time of hydrogel. The shortest liquid–solid conversion time was 8.40 ± 1.14 min (5% chitosan hydrogel). The results indicated that the higher concentration chitosan hydrogel had a shorter liquid–solid conversion time. (p < 0.05).
In vitro Toxicity Evaluation
The cytotoxicity of hydrogel was analyzed by using L929 cells. As shown in Figures 5A,B, the chitosan hydrogel with/without celecoxib had no significant effect on the proliferation of L929 cells than the control group at 1, 3, and 5 days of incubation. Moreover, the high concentration extracts of chitosan hydrogel loaded with celecoxib slightly inhibited the proliferation of L929 cells, displaying 79.56 ± 3.55%, 71.35 ± 1.39%, and 70.56 ± 6.10% cell viability for the hydrogel solution with the prolongation of culture time. Overall, the hydrogel with/without celecoxib solutions showed low cellular toxicity.
[image: Figure 5]FIGURE 5 | (A) The culture and proliferation of L929 cells. (B) The CCK-8 test of hydrogels. (C) The Hoechst staining experiment of cells cultured on the different groups.
A live/dead staining assay of L929 cells was conducted using Hoechst 33342 to further confirm the cellular toxicity of hydrogels. Hoechst 33342 is a blue fluorescent dye with low toxicity, which is able to penetrate the cell membrane of the cell. The fluorescence microscopy was used to observe the proliferation of L929 cells after dyeing. As shown in Figure 5C, the results showed that the cell numbers of the three samples had no significant difference. Compared with the control group, there was no significant reduction of cell numbers in the hydrogel with/without celecoxib simples. The results indicated that the hydrogel loaded with celecoxib has satisfying biocompatibility and is a suitable injectable biomaterial for biomedical fields.
In vivo Toxicity Evaluation
There was no significant infection in 18 rabbits after local hydrogel injection. In 2 weeks, there was no normal saline residue under the skin of the rabbits in the control group. No significant infection was found in the subcutaneous fascia and surrounding muscles. So, it was not necessary for further observation of the rest rabbits in the control group. As shown in Figure 6, there was obvious hydrogel residue under the skin of the rabbits of the other two groups for 2 weeks. Moreover, there was no sign of infection with the obvious distinction between hydrogel residue and surrounding tissue. With the extension of observation time, the hydrogel residues were gradually degraded under the skin, and there was no obvious hydrogel residue under the skin in 2 months. The results indicated that the injectable thermosensitive celecoxib-loaded chitosan hydrogel was able to be used as non-toxic material with good biocompatibility and histocompatibility for biomedical application.
[image: Figure 6]FIGURE 6 | The degradation and histocompatibility analysis of hydrogel implanted subcutaneously at time of 2 weeks, 1 month, and 2 months after injection.
In vivo Study by X-Ray and MRI
In a total of two New Zealand white rabbits, death occurred in the process of anesthesia and post-operation. There was no obvious sign of infection, and all rabbits were in good condition after surgery. The postoperative X-ray and MRI showed the success of the establishment of the intervertebral disc degeneration model by needle puncture. Therefore, the composite hydrogel showed good sealing properties of the AF defect by injecting the exogenous hydrogel.
Postoperative X-rays can visually display the intervertebral disc height. The postoperative intervertebral disc height changes were judged using the Bradner disc index (BDI). In addition, the intervertebral disc degeneration can be evaluated by the observation of sagittal MRI T2-weighted image. At 2 weeks, 1 month, and 2 months after the initial surgery, the X-ray imaging showed that a relatively normal BDI was maintained in the hydrogel treatment groups than in the degeneration group (Figures 7A,B) (p < 0.05). Moreover, the degeneration group had a weaker MRI signal than the hydrogel treatment groups after the operation (Figures 7C,D). With the extension of time, the difference became more obvious. However, the intervertebral height and the degeneration grade of IVD still gradually decreased in hydrogel groups than in the degeneration group.
[image: Figure 7]FIGURE 7 | (A) The representative X-ray images. (B) The BDI changes in different groups after surgery. (C) The representative MRI shows the intervertebral disc signal intensity of different groups. (D) The MRI grade changes of different groups after the operation (*,# = p < 0.05).
The Histological Analysis of Intervertebral Discs
The H&E staining (Figure 8A) and safranin O-fast green staining (Figure 8B) were able to show the chromatin in the cell nucleus, cytoplasmic ribosome, cytoplasm, and the extracellular matrix. Normal nucleus pulposus tissue after staining can clearly show the NP cells and onion-shaped AF. As shown in Figure 8, the staining showed an obvious decrease in NP cells and height of IVD with a local defect in the degeneration group. However, there still was NP cell residue in the center of IVD without an obvious local defect in the hydrogel loaded with the celecoxib group. The histological grade was 9.6 ± 0.9 in the degeneration group and 7.0 ± 1.0 in the hydrogel loaded with the celecoxib group (Figure 8C). In the hydrogel loaded with the celecoxib group, there was no significant difference in histological grade compared with the hydrogel group, but it was worse than that in the control group. In addition, the number of NP cells can be observed by staining. Compared with the degeneration group, there were more NP cells residual in hydrogel groups which is beneficial for delaying the progress of IVD.
[image: Figure 8]FIGURE 8 | Morphological staining in vivo. (A) The representative paraffin sections with H&E. (B) The representative paraffin sections with H&E. (C) The histological grades of different groups after the operation (*,# = p < 0.05).
DISCUSSION
According to some studies, the recurrence of lumbar disc herniation is one of the main reasons for postoperative leg pain after lumbar discectomy (Hao et al., 2020; Paulsen;Rasmussen;Carreon and Andersen, 2020). At present, most scholars think the local defect of the annulus fibrosus is one of the pathogeny element of the recurrent lumbar disc herniation and reoperation. Because of the postoperative annulus fibrosus defect, the residual nucleus pulposus has a high risk of disc prolapse after surgery, especially for young patients with strong activities. Some studies showed that the incidence of recurrent lumbar disc herniation could reach nearly 62% after surgery (Huang;Han;Liu;Yu and Yu, 2016; Yaman;Kazancı;Yaman;Baş and Ayberk, 2017; Shin;Cho;Kim and Park, 2019). In addition, the intervertebral disc degeneration will be accelerated due to the damage caused by PELD, leading to the local spinal instability. Thus, the effective measures to prevent the re-protrusion of the intervertebral disc are the key issues for surgeons after PELD.
In addition, inflammation is also an important aspect that cannot be neglected in postoperative leg pain. Studies showed that the inflammatory response will be formed by the accumulation of neutrophils and lymphocytes (Djuric et al., 2019; Peng et al., 2019). The molecular mediators of inflammation, such as IL-1β, IL-6, and TNF-α, will be released to cause the inflammation (Huang et al., 2018;Ford;Kaddour;Gonzales;Page and Hahne, 2020). In fact, studies also showed that the degeneration grade of IVD was aggravated by the accumulation of inflammatory cytokines. TNF-α and IL-1β are the important inflammatory factors for intervertebral disc degeneration, which can induce intervertebral disc degeneration by reducing the anabolism of extracellular matrix proteins (Chen;Hodges;James and Diwan, 2021; Kim;Hong;Lee;Jeon and Ha, 2021). TNF-α is able to inhibit the production of extracellular matrix and increase the expression of MMP-3, MMP-9, and MMP-13. The extracellular matrix synthesis could decrease because of affected mitochondrial function and protein synthesis caused by inflammatory mediators (Lambrechts et al., 2021). Moreover, the expression of MMPs and ADAMTSs could also be affected by inflammatory mediators, leading to the degradation of collagen-2 and aggrecan. Spinal instability can be caused by the decreased extracellular matrix and reduced moisture content. Due to the important pathological role of inflammation after discectomy, it is very important to control postoperative inflammation.
Celecoxib is a selective COX-2 inhibitor, with the effect of anti-inflammatory and analgesic (Choi et al., 2020). Due to the characteristics of its chemical structure, it can be combined with COX-2 to inhibit COX-2 in the conversion of arachidonic acid to prostaglandins. It has a good anti-inflammatory analgesic with the protection of gastric mucosa. However, studies showed that systemic medication can increase the risk of serious cardiovascular thrombotic events including myocardial infarction and stroke for patients with pre-existing cardiovascular disease (Zhou et al., 2020). Some studies have already shown that the local management using celecoxib not only had an anti-inflammatory effect but also avoided the systemic adverse effects (Salgado;Guénée;Černý;Allémann and Jordan, 2020).
Considering the narrow operation space, we designed and developed the injectable thermosensitive composite chitosan-based hydrogel as the drug delivery system to attenuate local inflammation and improve degeneration in order to meet the clinical requirement. The composite hydrogel also can sustain mechanical stability by repairing the local defect after surgery. Unlike other light-sensitive materials, our thermosensitive chitosan-based hydrogel can crosslink at body temperature in a short time. We can also use electrocoagulation to reduce the crosslink time in operation.
Chitosan is widely used in biomedicine and preparation because of its biodegradability, low toxicity, and good biocompatibility (Gullbrand et al., 2017; Li et al., 2018). The degradation products of chitosan can be absorbed without accumulation or immunogenicity in the body (George;Tandon and Kandasubramanian, 2020; Qu and Luo, 2020). In recent years, studies on the role of chitosan in cartilage repair are also gradually being carried out (Rusu et al., 2019; George;Tandon and Kandasubramanian, 2020). NP cells are the main components of NP, belonging to the chondroid cells, which can secrete aggrecan and type-II collagen to synthesize extracellular matrix and then maintain the stability of NP (Liu et al., 2020). Theoretically, the gel made of chitosan is also suitable for the nucleus pulposus scaffold of the IVD nucleus pulposus cells. Roughley et al. inoculated and cultured NP cells on the prepared chitosan hydrogel (Roughley et al., 2006). They found that chitosan hydrogel has no obvious inhibitory effect on the proliferation of nucleus pulposus cells, maintaining its phenotype and promoting the growth of the extracellular matrix. In this study, these advantages of chitosan allowed NP cells to normally proliferate and had no obvious adverse effects on cells. The in vivo experiment results also indicated that the chitosan-based hydrogel had effects on the delay of degeneration of IVD to some extent. In addition, the crosslinked chitosan hydrogel is able to maintain a specific local concentration of celecoxib. The porous structure of chitosan hydrogel can provide space to contain and protect celecoxib to improve its bioavailability. In addition, the slowed degradation of the hydrogel further prolonged the drug release time.
All in all, postoperative leg pain can be caused by numerous reasons. Because of the complex structure and function of the intervertebral disc, the in vitro and animal experiments hardly simulate the actual situation encountered in clinical practice. Indeed, biomechanical tests can well explain the problem of preventing re-herniation, and biomechanical tests will continue to be added in the future. We will try large mammal animal models (such as monkeys and sheep) to better evaluate the application potential of more bioremediation materials. In the future, it is also necessary to explore the research of biological materials to repair intervertebral discs at the genetic level.
CONCLUSION
In this experiment, we successfully synthesized a chitosan-based hydrogel loaded with celecoxib with thermo-sensitivity, injectability, and anti-inflammatory characteristics. The composite chitosan-based hydrogel, with the characteristics of biodegradability, low toxicity, and good biocompatibility, is able to repair the defect of IVD to prevent postoperative recurrence of disc herniation, to further maintain the stability of the spine, and to delay the IDD to some extent.
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Background: Distraction osteogenesis (DO) is an approach for bone lengthening and reconstruction. The pixel value ratio (PVR), an indicator calculated from X-ray images, is reported to assess the final timing for the external fixator removal. However, the early PVR and its potential influencing factors and the relationship between the early PVR and clinical outcomes are rarely discussed. Therefore, this study was employed to address these issues.
Methods: A total of 125 patients with bone lengthening were investigated retrospectively. The early PVR of regenerated bone was monitored in the first 3 months after osteotomy. The potential effect of sex, chronological age, BMI, lengthening site, and involvement of internal fixation during the consolidation period was analyzed. Moreover, the associations of the healing index (HI) and lengthening index (LI) with early PVR were also investigated.
Results: The early PVRs were 0.78 ± 0.10, 0.87 ± 0.06, and 0.93 ± 0.06 in the first 3 months after osteotomy, respectively. Moreover, the PVR in juvenile was significantly higher than that in adults in the first 3 months after osteotomy (0.80 ± 0.09 vs. 0.74 ± 0.10; p = 0.008), (0.89 ± 0.06 vs. 0.83 ± 0.06; p = 0.018), and (0.94 ± 0.05 vs. 0.87 ± 0.05; p = 0.003). In addition, the PVR in males was significantly higher than that in females in the first month after osteotomy (0.80 ± 0.09 vs. 0.76 ± 0.10; p = 0.015), and the PVR in femur site was significantly higher than that in the tibia site in the second and third months after osteotomy (0.88 ± 0.07 vs. 0.87 ± 0.06; p = 0.015) and (0.93 ± 0.06 vs. 0.92 ± 0.06, p = 0.037). However, the BMI and involvement of the internal fixator during the consolidation period seem to not influence the early PVR of regenerated callus during DO. Interestingly, the early PVR seems to be moderately inversely associated with HI (mean = 44.98 ± 49.44, r = -0.211, and p = 0.029) and LI (mean = 0.78 ± 0.77, r = -0.210, and p = 0.029), respectively.
Conclusion: The early PVR is gradually increasing in the first 3 months after osteotomy, which may be significantly influenced by chronological age, sex, and the lengthening site. Moreover, the early PVR of callus may reflect the potential clinical outcome for DO. Our results may be beneficial to the clinical management of the subjects with bone lengthening.
Keywords: distraction osteogenesis, bone lengthening, pixel value ratio, X-ray, external fixator
1 INTRODUCTION
Distraction osteogenesis (DO) is an approach for bone lengthening and reconstruction. Generally speaking, the regeneration system in living tissue is activated under a physiological continuous, stable, and slow distraction force: the bone and its attached muscles, fascia, blood vessels, and nerve tissue grow synchronously. This technique is utilized to treat severely damaged limb tissues and complicated orthopedic disorders (Malkova and Borzunov, 2021). Basically, DO is an effective treatment for significant bone defects, limb shortening, bone non-union, limb deformities, and neurovascular skin injuries (Shchudlo et al., 2017).
Currently, a variety of evaluation methods have been employed to monitor bone lengthening during DO, including standard radiography (X-ray), dual-energy X-ray absorptiometry (DXA), quantitative computed tomography (QCT), ultrasound, biomechanical evaluation, and biochemical markers (Tesiorowski et al., 2005; Babatunde et al., 2010). In general, the cost and radiation of QCT and DXA are high, and the scope of their application is also limited (Babatunde et al., 2010; Engelke et al., 2013; Anna et al., 2021). Moreover, ultrasound cannot penetrate the cortex of mature bone, and the limb line of force is not intuitive enough to be presented either (Eyres et al., 1993). Biomechanical testing is usually considered for laboratory fundamental research (Floerkemeier et al., 2005; Ishimoto et al., 2011). Nevertheless, X-ray is the most common choice for being inexpensive and convenient. However, this evaluation is relatively subjective (relied on the experience of clinicians) (Starr et al., 2004; Anand et al., 2006). Therefore, an objective quantitative assessment based on X-ray is quite needed.
The pixel value (PV) is an assessment of the bone mineral density in pixels. On this basis, the pixel value ratio (PVR) is calculated by comparing the PV of regenerated bone with that of the adjacent bone (Bafor et al., 2020). Hazra et al. (2008) found that there was a good correlation between the BMD (bone mineral density) ratio and PVR, which suggested decent reliability of the PVR. The density of the regenerated bone increases with healing and leads to a higher PVR (approach to 1). Furthermore, the PVR can be calculated in the clinical setting without any additional expense or radiation for the patient, which makes it a potentially attractive method to objectively measure the status of regenerated bone healing. Therefore, PVR is a quantifiable, convenient and reliable evaluative indicator to monitor the formation of newborn callus.
To the best of our knowledge, PVR is mainly utilized to assess the maturity of the late callus and to confirm the timing to remove the external fixator (Hazra et al., 2008; Zhao et al., 2009; Song et al., 2012; Vulcano et al., 2018; Bafor et al., 2020). However, the early PVR of the callus during DO is rarely discussed. Importantly, the early PVR can assess the progress of callus maturation, which may be important for deciding the lengthening speed during the early DO stage (slow down or speed up the lengthening). Moreover, it has been reported that age, sex, BMI, lengthening site, and the involvement of internal fixation during the consolidation period may significantly affect osteogenesis (Mehta et al., 2011; Sun et al., 2011; Ko et al., 2019; Zak et al., 2021), which may further exert impact on PVR as a consequence. On the other hand, the lengthening index (LI) is the number of months required to achieve 1 cm lengthening, whereas the healing index (HI) is calculated as the duration of complete consolidation in days divided by the length gained in centimeters. Both LI and HI are reliable indicators of the bone healing potential (Koczewski and Shadi, 2013; Wright et al., 2020). However, the associations of LI and HI with early PVR have never been explored yet. Therefore, this study was employed to investigate: 1) the early PVR of the callus in bone lengthening; 2) the potential influencing factors for the early PVR; and 3) the associations of LI and HI with the early PVR of the callus.
2 MATERIALS AND METHODS
2.1 Study Design and Patients
This study was approved by the ethics committee of the Xiangya Hospital of Central South University. We retrospectively reviewed the clinical and imaging data of patients who completed bone lengthening in the Xiangya Hospital of Central South University and Hunan Children’s Hospital from January 2010 to December 2021. The inclusion criteria were as follows: 1) lower limb lengthening by using the Ilizarov technique; 2) primary surgery; and 3) patients with successful bone lengthening. The exclusion criteria were as follows: 1) patients with the bone non-union or delayed union; 2) patients with a skeletal disorder affecting the healing index, for example, congenital pseudarthrosis of the tibia; and 3) patients with missing follow-up data. Finally, a total of 125 subjects were recruited for our study. A chart for the study design has been shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart for the study design of this study.
2.2 Surgical Method
All patients were operated on by experienced surgeons, and the Ilizarov technique was used for bone lengthening in the femur and tibia. The patients were subjected with or without the involvement of an internal fixator during the consolidation period (after reaching the final length) randomly. As a consequence, 72 patients were kept with an external fixator until the callus was completely healed, whereas 53 patients were replaced with an internal fixator during the consolidation period. The distraction was initiated 1 week after the osteotomy (at the speed of 0.75–1 mm per day). Then, the patients were examined by X-ray monthly. The conditions to end the bone lengthening and remove the external fixator are listed as follows (patients kept with external fixator): 1) bridging callus is shown on three of the four cortices based on the anteroposterior and lateral X-ray photos of the extension segment; 2) the fixation time is generally in line with the average extension index (the total fixation time of the external fixator is the average time of soft callus consolidation calculated from the date of lengthening. Each 1 cm is fixed for 1 month, called the average extension index); and 3) no abnormal feeling of weight-bearing after loosening the nut (Iobst et al., 2017).
2.3 Pixel Value Ratio Measurement Based on X-Ray
The X-ray image measurement tool of the picture archiving and communication system (PACS) was employed to depict the regenerated bone area and its distal and proximal normal bone areas (Figure 2). In order to improve the accuracy of the PVR, the part of the metal bar was rigorously avoided in the targeted area. Then, the ratio of the regenerated bone PV to the average value of the distal and proximal normal bone PV was calculated. The higher PVR (approach to 1) indicates that the regenerated callus is closer to the adjacent normal bone, whereas the lower PVR reflects a lower immaturity (Zhao et al., 2009). The formula for calculating PVR is as follows:
[image: image]
[image: Figure 2]FIGURE 2 | Pixel value assessment from a radiograph in a picture archiving and communication system.
2.4 Potential Influencing Factors for the Early Pixel Value Ratio of the Callus During Distraction Osteogenesis
The overall PVR is analyzed first. Then, the subjects were divided into several subgroups according to sex, chronological age, BMI, lengthening site, and the involvement of the internal fixator during the consolidation period, respectively.
2.5 Associations of the Healing Index and Lengthening Index With the Early Pixel Value Ratio of the Callus
The LI is the number of months required to achieve 1 cm lengthening, whereas the HI is calculated as the duration of complete consolidation (three cortices in the distraction callus) in days divided by the length gained in centimeters (Koczewski and Shadi, 2013; Wright et al., 2020). The mean of the HI and LI in these patients and the associations of HI and LI with the early PVR of the callus have been analyzed.
2.6 Statistical Analysis
All the analyses were performed by using the SPSS 26.0 version. The mean value and standard deviation (SD) of the PVR for the first 3 months were calculated. The PVR differences according to sex (male vs. female), chronological age (juvenile: under 18 years old vs. adult: 18 years or older), BMI (non-obesity vs. obesity), lengthening site (femur vs. tibia), and involvement of the internal fixator were assessed by a multi-factor analysis of variance. The associations of the HI and LI with the early PVR of callus were assessed by Pearson’s correlation coefficient. p < 0.05 was regarded as statistically significant.
3 RESULTS
3.1 Pixel Value Ratio in Subjects With Bone Lengthening Is Gradually Increasing During the First Three Months After Osteotomy
A total of 125 patients were recruited for this analysis. The PVRs in subjects with bone lengthening were 0.78 ± 0.10, 0.87 ± 0.06, and 0.93 ± 0.06 in the first 3 months, respectively (Table 1). Obviously, the PVR increased gradually during the first 3 months after osteotomy (Figure 3).
TABLE 1 | Early PVR value of the regenerated callus during distraction osteogenesis.
[image: Table 1][image: Figure 3]FIGURE 3 | Early PVR of the regenerated callus during distraction osteogenesis.
3.2 Subgroup Analysis for the Pixel Value Ratio
3.2.1 Subgroup Analysis for the Pixel Value Ratio Based on Sex
A total of 77 male and 48 female subjects were recruited for this analysis. The PVR in males with bone lengthening was significantly higher than that in females in the first month after osteotomy (0.80 ± 0.09 vs. 0.76 ± 0.10; p = 0.015). However, there was no significant difference in the second and third month (0.87 ± 0.07 vs. 0.87 ± 0.06; p = 0.690), (0.93 ± 0.06 vs. 0.92 ± 0.06; p = 0.504) (Table 2).
TABLE 2 | Subgroup analysis for the early PVR based on sex.
[image: Table 2]3.2.2 Subgroup Analysis for the Pixel Value Ratio Based on Chronological Age
A total of 92 juvenile and 33 adult subjects were recruited in this analysis. The PVR in juveniles with bone lengthening was significantly higher than that in adults in the first 3 months after osteotomy (0.80 ± 0.09 vs. 0.74 ± 0.10; p = 0.008), (0.89 ± 0.06 vs. 0.83 ± 0.06; p = 0.018), and (0.94 ± 0.05 vs. 0.87 ± 0.05; p = 0.003) (Table 3).
TABLE 3 | Subgroup analysis for the early PVR based on chronological age.
[image: Table 3]3.2.3 Subgroup Analysis for the Pixel Value Ratio Based on BMI
A total of 15 obese and 73 non-obese subjects were recruited for this analysis. There was no significant difference in the PVR between the obese and non-obese subjects with bone lengthening in the first 3 months after osteotomy (0.76 ± 0.11 vs. 0.79 ± 0.10; p = 0.854), (0.87 ± 0.07 vs. 0.88 ± 0.06; p = 0.116), and (0.90 ± 0.06 vs. 0.94 ± 0.05; p = 0.154) (Table 4).
TABLE 4 | Subgroup analysis for the early PVR based on BMI.
[image: Table 4]3.2.4 Subgroup Analysis for the Pixel Value Ratio Based on the Lengthening Site
A total of 49 femoral and 76 tibial site subjects were recruited for this analysis. The PVR in the femur site was significantly higher than that in the tibia site in the second and third months after osteotomy (0.88 ± 0.07 vs. 0.87 ± 0.06; p = 0.015) and (0.93 ± 0.06 vs. 0.92 ± 0.06; p = 0.037). However, there was no difference in the first month (0.80 ± 0.10 vs. 0.76 ± 0.09; p = 0.349) (Table 5).
TABLE 5 | Subgroup analysis for the early PVR based on the lengthening site.
[image: Table 5]3.2.5 Subgroup Analysis for the Pixel Value Ratio Growth Value Based on the Involvement of the Internal Fixator During the Consolidation Period
A total of 38 and 50 subjects with or without the involvement of an internal fixator during the consolidation period were recruited for this analysis. There was no significant difference in the PVR growth value between the subjects with and without the involvement of the internal fixator (0.04 ± 0.04 vs. 0.04 ± 0.04; p = 0.422) (Table 6).
TABLE 6 | Subgroup analysis for the PVR growth based on the involvement of the internal fixator during the consolidation period.
[image: Table 6]3.3 Associations of the Healing Index and Lengthening Index With the Early Pixel Value Ratio of the Callus
A total of 113 patients were recruited for HI analysis, whereas 115 patients were employed for LI analysis. The average HI was 44.98 ± 49.44 days per centimeter, and the LI was 0.78 ± 0.77 months per centimeter, respectively. The results showed that the early PVR of the regenerated callus in the first month after osteotomy was moderately inversely associated with the HI (r = −0.211; p = 0.029) and LI (r = −0.210; p = 0.029) (Table 7).
TABLE 7 | Associations of the healing index and lengthening index with the early PVR value.
[image: Table 7]4 DISCUSSION
Our results showed that the early PVR is gradually increasing in the first 3 months after osteotomy, and the early PVRs in juvenile, male, and femur sites are significantly higher than those in adult, female, and tibial site subjects. Moreover, the early PVR is moderately inversely associated with the HI and LI, respectively (Figure 4).
[image: Figure 4]FIGURE 4 | Schematic diagram for the results of this study.
Generally speaking, the PVR is mainly utilized to assess the maturity of the late bone callus in order to identify the time to remove the external fixator. Zhao et al. (2009) demonstrated that the PVR could be served as an objective parameter for callus measurement, which provided guidance for the timing of external fixator removal. Bafor et al. found that there were no adverse effects when subjects commenced full weight-bearing when three out of the four cortices of the anteroposterior and lateral radiographs had a PVR of 0.93. Moreover, both Song et al. (2012) and Vulcano et al. (2018) indicated that the PVR could be utilized as a criterion for callus maturation and full weight-bearing. On this basis, our study further analyzed the early PVR of the callus during DO and its potential influencing factors and association with HI and LI.
Interestingly, Koczewski and Shadi (2013) found that the LI was increased with aging, and the LI for the femur was significantly lower than that for the tibia. Indeed, the bone metabolism system with an equilibrium of bone resorption and formation changes with aging (Kloss and Gassner, 2006), and the arterial blood supply of the femur is also richer than that of the tibia (Kizilkanat et al., 2007) (the nutrient artery is the main blood supply to the long bone). Moreover, Mehta et al. (2011) found that being female was an independent risk factor for bone healing in vivo, which may be attributed to a reduction in the mesenchymal stem cell quantity in the bone marrow (Strube et al., 2009). Consistently, we did find that the early PVRs in male, juvenile, and femur sites were significantly higher than those in female, adult, and tibial site subjects, respectively. On the other hand, obesity may induce ectopic adipocyte accumulation in bone marrow cavities, which is considered to impair osteogenic regeneration (Ambrosi et al., 2017). Furthermore, Sun et al. (2011) found more favorable progress in callus regeneration during bone lengthening with the involvement of an internal fixator. Nevertheless, no significant difference in the PVR with regard to BMI and the involvement of the internal fixator was identified in our study. It was speculated that the PVR might not be sensitive enough to reflect the issues. More importantly, the number of obese subjects is rather small, which may inevitably influence our results. Basically, a series of clinical issues caused by an external fixator (for example, inconvenient activities, psychological impact, and uncomfortableness) (Castelein and Docquier, 2016; Nguyen Van and Le Van, 2021) may be avoided by the involvement of an internal fixator. However, our results showed that the early PVR value might not reflect the clinical benefit of an internal fixator (additional medical resources are also consumed). Therefore, the involvement of the internal fixator in bone lengthening still needs to be discussed further. In addition, it is well known that both the LI and HI indicate the bone healing potential (Koczewski and Shadi, 2013; Wright et al., 2020). Our study suggests that the early PVR is moderately inversely associated with LI and HI, which may partly reflect the potential clinical outcome of bone lengthening. However, our results are restricted to the nature of the retrospective design. Taken together, further large well-designed prospective studies are still needed.
The advantages of this study are as follows: first, this is the first study to assess the early PVR value and its potential influencing factors (sex, chronological age, and lengthening site) in bone lengthening. Second, the associations of the HI and LI with the early PVR were also discussed first. Third, this is the largest sample-sized study for PVR analysis until now (others only involved tens of subjects). Fourth, our results may provide the potential clinical value of the early PVR in subjects with bone lengthening. The limitations to the present study should also be acknowledged. First, several issues cannot be addressed due to the nature of the retrospective study design. Second, due to the limited available evidence, bone nonunion cannot be considered in the present study. Third, the disturbance by metal fixtures during the PVR measurement may still slightly influence the PVR assessment. Fourth, some data for BMI and PVR growth were lost in our study, which leads to a different sample size between overall and subgroup analysis. Fifth, the disuse osteopenia of the adjacent bone caused by DO has been ignored in our study. Last but not the least, the number of obese subjects is relatively small in our study.
Our results showed that the early PVR is gradually increasing in the first 3 months after osteotomy, which may be significantly influenced by chronological age, sex, and lengthening site. Moreover, the early PVR of the callus may reflect the potential clinical outcome for DO. Our results may be beneficial to the clinical management of the subjects with bone lengthening.
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Background: The treatment of cartilage damage is a hot topic at present, and cell therapy is an emerging alternative therapy. Stem cells derived from peripheral blood have become the focus of current research due to the ease of obtaining materials and a wide range of sources.
Methods: We used a text search strategy using the [“mesenchymal stem cells” (MeSH term) OR “MSC” OR “BMMSC” OR “PBMSC” OR” PBMNC” OR “peripheral blood stem cells”] AND (cartilage injury [MeSH term] OR “cartilage” OR “chondral lesion”). After searching the literature, through the inclusion and exclusion criteria, the last included articles were systematically reviewed.
Result: We found that peripheral blood-derived stem cells have chondrogenic differentiation ability and can induce chondrogenic differentiation and repair in vivo and have statistical significance in clinical and imaging prognosis. It is an improvement of academic differences. Compared with the bone marrow, peripheral blood is easier to obtain, widely sourced, and simple to obtain. In the future, peripheral blood will be a more potential cell source for cell therapy in the treatment of cartilage damage.
Conclusion: Stem cells derived from peripheral blood can repair cartilage and are an important resource for the treatment of cartilage damage in the future. The specific mechanism and way of repairing cartilage need further study.
Keywords: peripheral blood-derived stem cells, cartilage injuries, PBMSC, BMSC, PBMNCs
1 INTRODUCTION
Cartilage is a special, low-friction articular surface tissue that is essential for weight absorption and smooth gliding of the articulating surfaces in diarthrodial joints, whose primary function is to absorb, cushion, and protect the underlying bone from the forces that arise when the joint is being used. Chondral lesions can lead to direct contact with bone, ultimately leading to osteoarthritis (Rackwitz et al., 2014). Due to the lack of native blood vessels and lymphatic return, the spontaneous healing capacity of cartilage is low and is generally replaced by fibrocartilage (Frisch et al., 2017a). The newly generated fibrocartilage can withstand far less mechanical stress than the original cartilage tissue (Hunziker, 2002). Numerous studies have reported that the newly formed fibrocartilage tends to deteriorate over time (Orth et al., 2014). Therefore, the treatment of chondral lesions is currently an important research topic in traumatology.
Conservative treatment of cartilage damage usually includes corticosteroids, nonsteroidal anti-inflammatory drugs, hyaluronan, and polysulfated glycosaminoglycan (Ferris et al., 2011). However, the abovementioned drugs can only control the symptoms and cannot prevent the occurrence of osteoarthritis (Frisbie et al., 2009). Marrow stimulation techniques, including microfracture and microdrilling, have been widely reported as promoting chondral healing, with microfracture being the most commonly performed (Madry et al., 2011). It penetrates the underlying subchondral bone marrow through drilling, allowing bone marrow mesenchymal stem cells (MSC) and other progenitor cells to enter the cartilage defect for repair and present good clinical outcomes (Bieback et al., 2008). However, after bone marrow stimulation, the joint normally covered by hyaline cartilage is repaired by fibrocartilage, which is biochemically and mechanically inferior to hyaline cartilage (Saris et al., 2009; Seol et al., 2012; Jiang and Tuan, 2015). Continued stress can lead to tissue degeneration and deteriorating results in the long term (Vinatier et al., 2009). Therefore, improving the quality of prosthetic tissue has become a new issue.
The application of autologous mesenchymal stem cells in the joint cavity shows the effect of enhancing cartilage repair in a lasting way (Saw et al., 2013; Skowroński and Rutka, 2013; Reissis et al., 2016). Thus, lately researchers have focused on cell therapy as a therapeutic alternative (Brittberg et al., 1994). There are many sources of mesenchymal stem cells, including bone marrow, adipose tissue, skin, or peripheral blood, or from an umbilical cord donor (Kassis et al., 2006; Larochelle et al., 2006; Huang et al., 2009). While bone marrow (BM) MSCs show a decline in the number and differentiation potential of MSCs with aging or transformation in long-term in vitro culture, the peripheral blood mononuclear cell fraction has been shown to enhance cartilage repair in an ovine osteochondral defect model (Emadedin et al., 2012; Hopper et al., 2015a). The use of peripheral blood may provide workable and less invasive translational procedures as this resource also contains MSC with the same potency for chondrogenic differentiation as that of bone marrow MSC (Zvaifler et al., 2000; Huang et al., 2009; Raghunath et al., 2010; Al Faqeh et al., 2012). The purpose of this systematic review is to evaluate the potential of peripheral blood-derived stem cells in the treatment of cartilage injury by collecting relevant literature on the treatment of cartilage injury with peripheral blood-derived stem cells in the past two decades, including in vitro and in vivo experimental articles.
2 MATERIALS AND METHODS
2.1 Data Sources and Search Strategy
We conducted a systematic review based on the PRISMA (Preferred Reporting Items for Systematic Review and Meta-Analysis) guidelines (Moher et al., 2009). We used a text search strategy using the [“mesenchymal stem cells” (MeSH term) OR “MSC” OR “BMMSC” OR “PBMSC” OR” PBMNC” OR “peripheral blood stem cells”] AND [cartilage injury (MeSH term) OR “cartilage” OR “chondral lesion”]. Specifically, we searched the PubMed, Embase, and OVID databases from inception to 20 April 2022. We also assessed the bibliographies of identified studies to seek additional articles. We did not add language restrictions.
Along with the database search, we examined the references of included studies and previously published systematic reviews to identify additional studies. We also checked the International Clinical Trials Registry Platform Search Portal and ClinicalTrials.gov (https://clinicaltrials.gov/) to identify the currently ongoing or recently completed trials.
2.2 Inclusion and Exclusion Criteria
2.2.1 Inclusion

1. Any basic English-language scientific studies of the PB-derived primitive cells that exhibited chondrogenic or multipotent mesenchymal differentiation abilities.
2. in vivo animals using PB as a source of chondrogenic progenitor cells for cartilage regeneration were also included.
3. Human studies using PB as a source of chondrogenic progenitor cells for cartilage regeneration were also included.
4. Any study that has at least one outcome that can be documented.
2.3 Exclusion
Any studies of primitive cells that were not chondrogenic or not derived from the PB and in vivo studies that only used non-PB sources were excluded.
2.4 Quality Assessment
The risk of bias graph in Review Manager 5.3 was used to evaluate the methodologic quality of included RCT studies in this systematic review. This seven-element checklist qualitatively assesses various aspects of trial quality (random sequence generation, allocation concealment, blinding of participant and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other bias) using an ordinal scoring system comprising high risk, low risk, or unclear risk response options for each statement in Review Manager 5.3. A higher score obtained with the Review Manager 5.3 is indicative of higher methodological study quality. We did not assess publication bias with a funnel chart because we had less than 10studies for each comparison in this review.
QUADAS (Quality Assessment of Diagnostic Accuracy Studies) was used to evaluate the methodologic quality of other studies. The detailed items of the scale are as follows:
1. Was a consecutive or random sample of patients enrolled? Yes/No/Unclear
2. Was a case-control design avoided? Yes/No/Unclear
3. Did the study avoid inappropriate exclusions? Yes/No/Unclear
4. Could the selection of patients have introduced bias? RISK: LOW/HIGH/UNCLEAR
5. Is there a concern that the included patients do not match the review question? CONCERN: LOW/HIGH/UNCLEAR
6. Were the index test results interpreted without the knowledge of the results of the reference standard? Yes/No/Unclear
7. If a threshold was used, was it prespecified? Yes/No/Unclear
8. Could the conduct or interpretation of the index test have introduced bias? RISK: LOW /HIGH/UNCLEAR
9. Is there a concern that the index test, its conduct, or interpretation differ from the review question? CONCERN: LOW /HIGH/UNCLEAR
10. Is the reference standard likely to correctly classify the target condition? Yes/No/Unclear
11. Were the reference standard results interpreted without the knowledge of the results of the index test? Yes/No/Unclear
12. Could the reference standard, its conduct, or its interpretation have introduced bias? RISK: LOW /HIGH/UNCLEAR
13. Is there a concern that the target condition, as defined by the reference standard, does match the review questions? CONCERN: LOW /HIGH/UNCLEAR
14. Was there an appropriate interval between index test(s) and reference standard? Yes/No/Unclear
15. Did all patients receive reference standard? Yes/No/Unclear
16. Did patients receive the same reference standard? Yes/No/Unclear
17. Were all patients included in the analysis? Yes/No/Unclear
18. Could the patient flow have introduced bias? RISK: LOW /HIGH/UNCLEAR
2.5 Data Extraction
A single reviewer screened all the citations and abstracts generated by the literature search and applied the selection criteria. Identified randomized trials were assessed for inclusion by two reviewers. Any disagreement between them on the eligibility of certain studies was resolved through discussion with a third reviewer. The titles of journals and names of authors were not masked during the study selection process.
Each investigator independently extracted the following data:
1. Study characteristics, including species, number, character of included species, type of study, evaluation method, injury site, and degree of damage.
2. Experimental details including cell source, cultivation and extraction methods, cell character markers, number of cells, cell implantation method, and surgical approach.
3. Experimental results and adverse events.
3 RESULT
3.1 Basic Characteristic
According to our retrieval strategy abovementioned, we retrieved a total of 3,076 articles. After a brief reading of the abstracts and titles, duplicate articles and irrelevant articles were excluded, and a total of 296 articles were reviewed in detail (Figure 1). After excluding articles that do not contain related stem cells, we ultimately included 24 articles between 2008 and 2022 for the systematic review (Jancewicz et al., 1995; Pufe et al., 2008; Saw et al., 2011; Casado et al., 2012; Chong et al., 2012; Kim et al., 2012; Skowroński et al., 2012; Saw et al., 2013; Skowroński and Rutka, 2013; Turajane et al., 2013; Broeckx et al., 2014a; Fu et al., 2014a; Broeckx et al., 2014b; Fu et al., 2014b; Turajane et al., 2014; Hopper et al., 2015b; Frisch et al., 2017b; Broeckx et al., 2019a; Broeckx et al., 2019b; Monckeberg et al., 2019; Ying et al., 2020; Henson et al., 2021). The data from 24 studies were analyzed, including seven fully in vitro studies and 17 in vivo studies (Table 1). The experimental subject includes humans, sheep, rabbits, and horses. A total of nine articles included in vitro experiments, all (100%) of which confirmed the tendency of peripheral blood-derived stem cells to differentiate into chondrocytes. In terms of cell sources, 10 articles used G-CSF-stimulated PBMSCs, four articles used chondro-induced PBMSCs, and eight articles directly used the peripheral blood stem cells after apheresis or gradient centrifugation. In vivo experiments include three comparative studies, one prospective study, three RCTs, five case reports, one preliminary study, and one pilot study. Cartilage defects in nine of the studies were graded with ICRS and were all greater than grade 3. All characteristics of the included literature are listed in Tables 1, 2, 3. Figures 2, 3 demonstrates the basic experimental procedure. Table 1 and Figure 4 show the methodological quality evaluation results. The detailed results of the quality evaluation are shown in Figure 4 and Table 4.
[image: Figure 1]FIGURE 1 | Flow Chart.
TABLE 1 | PBSCs in animals.
[image: Table 1]TABLE 2 | PBSCs in human.
[image: Table 2]TABLE 3 | PBSCs in vitro.
[image: Table 3][image: Figure 2]FIGURE 2 | The general process of human peripheral blood-derived stem cell experiments (in vivo).
[image: Figure 3]FIGURE 3 | The general process of animal and in vitro peripheral blood-derived stem cell experiments (rabbit as an example).
[image: Figure 4]FIGURE 4 | Risk of bias with RCTs.
TABLE 4 | QUADAS quality assessment of other study(Y =Yes, N=No, and U=Unclear) based on the items that are described in the method section.
[image: Table 4]3.2 PBMSC in Humans
We included nine studies with human subjects, including one prospective study, three comparative studies, 4 case reports, and one RCTs (Jancewicz et al., 1995; Saw et al., 2011; Skowroński et al., 2012; Saw et al., 2013; Skowroński and Rutka, 2013; Fu et al., 2014b; Turajane et al., 2014; Monckeberg et al., 2019; Ying et al., 2020). A total of 225 people were included. Most injuries are concentrated in the patella and femoral condyle, and a few in the hip joint. Cartilage damage in all patients included in the study was degenerative. Except for the study conducted by Ying et al. (2020), which did not report the degree of cartilage damage, the rest of the studies reported that cartilage damage and the ICRS grade was greater than grade 3. The evaluation methods include International Knee Documentation Committee score (IKDC), visual analog scale (VAS), and International Cartilage Repair Society morphologic score system (ICRS) for subjective scoring; X-ray and Magnetic Resonance Imaging (MRI) for imaging examination; and tissue biopsy and Immunohistochemistry for laboratory examination. Seven studies used the G-CSF-stimulated peripheral blood stem cells, and two studies used apheresis peripheral blood stem cells. The preparation process uses red blood cell lysis and gradient centrifugation, which has been proven to be effective in isolating PBMSCs (Kim et al., 2012). All studies used the intra-articular injection for cell implantation. Five articles report on postoperative treatment, including drug therapy: acetaminophen, NSAIDs, and Dexmedetomidine, and different types of rehabilitation programs. Seven studies reported clinical outcomes, except Ying, J (Ying et al., 2020), who reported no significant difference in HHSs between the two groups at 36 months followup. However, clinical results of the remaining six studies reported a significant improvement in clinical scores (KOOS, VAS, The Western Ontario, and McMaster Universities Osteoarthritis Index (WOMAC)) after the peripheral blood-derived stem cells were injected into the defect site. Similarly, in the imaging results and laboratory test results, except for Ying, J, all the other reported studies showed a statistically significant improvement after peripheral blood stem cell transplantation. In terms of adverse events, except for a case of deep vein thrombosis reported by Saw, K. Y, which is a high-risk event, all the other adverse events are low-risk events, including fever and joint adhesion (Saw et al., 2013). The detailed information is shown in Table 2.
3.3 PBMSC in Animals
Six animal studies were included in our systematic review, including two RCTs, one comparative study, one controlled laboratory study, one preliminary study, and one pilot study (Broeckx et al., 2014a; Fu et al., 2014a; Broeckx et al., 2014b; Broeckx et al., 2019a; Monckeberg et al., 2019; Henson et al., 2021), and subjects included sheep, horses, and rabbits. The lesions are mainly concentrated in the lower extremity joints or the metacarpophalangeal joints. The cartilage defects of the experimental subjects of Fu, W. L (Fu et al., 2014a), Henson, F. (Henson et al., 2021), and Broeckx, S. Y (Broeckx et al., 2019b) were all using experimental modeling, and the cartilage defects of the experimental subjects of other researchers were all caused by degenerative diseases. Grade of cartilage damage was not reported. Two studies used the G-CSF-stimulated peripheral blood stem cells, and four studies used chondrogenic induced PBMSCs. Gradient centrifugation was used for cell isolation in all experiments, and plastic adhesion was also used in some experiments. All studies did not impose strict requirements on the postoperative rehabilitation of experimental animals and did not limit their range and intensity of activities. Only Broeckx, S. Y. in the 2019 experiment gave experimental animals postoperative drug treatment for sedation and analgesia. In experiments where flow cytometry was performed, Henson, F. et al. (2021) detected: CD34, CD45, CD73, CD90,and CD 105, and Broeckx, S. Y. et al. (2019) detected: CD45, MHC II, CD29, CD44, and CD90, Fu, W. L. et al. (2014) detected: CD44, CD45, and MHC II. All studies used intra-articular injection for cell implantation. In the postoperative results, the clinical results showed a consistent trend of improvement, whether it was objective indicators or subjective scores. In the imaging results, except for the study done by Broeckx, S. Y in 2019, the radiographic changes were not significantly different. The rest showed improvements after the use of peripheral blood-derived stem cells. In the absence of laboratory validation, only three articles showed increased levels of cartilage-related matrix or components around damaged cartilage tissue, such as type II collagen and cartilage oligomeric matrix protein. The detailed information is shown in Table 1.
3.4 PBMSC In Vitro
In this systematic review, we included a total of seven articles from in vitro studies (Pufe et al., 2008; Casado et al., 2012; Chong et al., 2012; Kim et al., 2012; Turajane et al., 2014; Hopper et al., 2015b; Frisch et al., 2017b). Among them, the donors of three experiments were humans, the donors of one experiment were pigs, and the peripheral blood donors were not specified in the remaining experiments. The validation methods for in vitro experiments include scratch experiments, immunohistochemistry, flow cytometry, RT-PCR, and more. The authors described the peripheral blood-derived stem cells used in the article, including the peripheral blood mononuclear cells, PBMSC, autologous G-CSF activated PB, and peripheral blood stem cells (PBSCs). CD105+ was found in all experiments with flow cytometry results, but CD34+ was found in all experiments by Turajane, T. et al., may indicate that the cells used in the experiments are the nonmesenchymal presence of stem cells. Other experiments uncovered the secretion of many chemokines, which may also be largely involved in the induction of cartilage repair. In terms of results, all studies have proved that the peripheral blood-derived stem cells can differentiate into cartilage and have the potential to repair cartilage damage. Hopper, N, and Turajane, T. all found the upregulation of SOX-9 in their experiments, indicating that the peripheral blood-derived stem cells have a regulatory effect on cartilage differentiation. The formation of the extrachondral matrix was found in all in vitro studies, which is important for cartilage repair. The detailed information is shown in Table 3.
4 DISCUSSION
According to the research on stem cells derived from peripheral blood in vitro, they have the same or similar chondrogenic differentiation ability as that of the bone marrow mesenchymal stem cells in the process of culture and passage in vitro, as Chong, P. P. showed in his research. (Chong et al., 2012; Gong et al., 2021). Combined with the human and animal research reports on its improved in vivo results, this systematic review shows that peripheral blood-derived stem cells have chondrogenic differentiation ability and can induce chondrogenic differentiation and repair in vivo, and have statistical significance in the clinical and imaging prognosis. There is improvement of academic differences. Compared with bone marrow, the peripheral blood is easier to obtain, widely sourced, and simple to obtain. In the future, peripheral blood will be a more potential cell source for cell therapy in the treatment of cartilage damage.
However, some studies have contrary results. In the study of Ying, J. et al. (Ying et al., 2020), peripheral blood-derived stem cells did not show improvement in the clinical and imaging results in the treatment of femoral head necrosis, and combined treatment in histology. The bone destruction in the group was more severe than that in the control group. But a previous study showed that combination therapy with an intra-arterial infusion of PBSCs showed improved the outcomes in patients with early and mid-stage necrosis of the femoral head (Schmitt-Sody et al., 2008; Mao et al., 2015). Considering the advantages of PBSC in easily harvesting and stimulating neovascularization and osteogenesis in the damaged skeletal tissue, PBSC transplantation is a selective approach for the treatment of ONFH (Zhang et al., 2016). In this study, it was used to treat patients with femoral head necrosis with cartilage cap separation, which has exceeded the early and middle stages and is an advanced stage disease (Xiong et al., 2016). At this stage, the active expression of osteoclasts and the widespread occurrence of inflammatory responses lead to irreversible necrosis of the femoral head, which may require more complex mechanisms to explain (Feng et al., 2010). Femoral head necrosis is a complex pathophysiological process involving cartilage, subchondral bone, bone, and surrounding tissues. The repair mechanism of cartilage damaged by the peripheral blood stem cells alone may not be able to offset the overall damage caused by the inflammatory response. Moreover, in this study conducted by Ying, J. et al., although the injection of PBSCs into the internal circumflex artery did not improve the survival rate of femoral head necrosis, it had a good effect on relieving pain and improving the joint function. This result can also reflect that peripheral blood-derived stem cells have a repairing effect on intra-articular cartilage damage, although it cannot be reflected in the histology of this study (Hopson and Siverhus, 1988). This makes us think that in the treatment of some diseases with more complex mechanisms than simple cartilage damage, the use of stem cells derived from peripheral blood alone may not have a good prognosis, and more combined treatment or surgical treatment is needed. But not being able to cure the disease is not the same as denying its effect on the repair of cartilage damage Figure 5. 
[image: Figure 5]FIGURE 5 | Basic biology of blood-derived stem cells. MNC, mononuclear cells; BMSC, Bone marrow mesenchymal stem cells; PBMSC, peripheral blood mesenchymal stem cells; PBMNC, peripheral blood mononuclear cells; and PBMPC, peripheral blood mesenchymal progenitor cells.
The cell types and potential repair mechanisms are detailed in Figure 5, 6. At present, the cell source used in most research is G-CSF activated PB or chondrogenic-induced PBMSCs. It has been demonstrated in the previous literature that G-CSF and CXCR4 antagonists can mobilize mesenchymal stem cells into peripheral blood (Pelus, 2008; Kolonin and Simmons, 2009). It can improve the success rate of subsequent mesenchymal stem cell culture, and the density of mesenchymal stem cells is also an important feature to evaluate cartilage repair. Moreover, in the other literature, a simple injection of G-CSF can make bone marrow and peripheral blood mesenchymal stem cells home to the joint cavity and help cartilage regeneration (Sasaki et al., 2017; Turajane et al., 2017). The literature included in this systematic review also showed that G-CSF activated PB has the potential for chondrogenic differentiation and repair and is a good alternative resource. While chondrogenic-induced PBMSCs secrete more extrachondral matrix including aggrecan, type II collagen, and cartilage oligomeric matrix protein when cultured in vitro, which reflects better proliferation ability (Broeckx et al., 2014a) and has been shown in one study to better adhere to cartilage in explant cultures (Spaas et al., 2015). TGF-β, one of the cartilage-stimulating growth factors used in the current study for predifferentiation of chondrocyte differentiation, can reduce the expression of MHC (Berglund et al., 2017). This can reduce the occurrence of inflammatory reactions and reduce the chance of immune rejection (Schnabel et al., 2014). The two preparation methods have their advantages, but there is no research to compare the advantages and disadvantages of the two methods to give guiding opinions. Future research can combine the advantages of the two methods, and it is believed that a more effective new preparation method can be obtained.
[image: Figure 6]FIGURE 6 | Potential mechanisms of PBMSC in cartilage repair.
Stem cells have many advantages and can effectively treat cartilage damage; for example, they have strong self-renewal capacity, pluripotency, and plasticity. However, the properties of MSCs may be altered by various elements of the local microenvironment that influence differentiation, may cause reduced chondrogenic activity or differentiation into other tissues, so they may suffer from disadvantages such as eventual hypertrophy or tumorigenesis (Chen and Tuan, 2008; Vinatier et al., 2009; Koh et al., 2014; Pandey et al., 2022). However, in the studies we included, adverse events were mild and there was no worsening change in the imaging findings. This may indicate that stem cells derived from peripheral blood have stable differentiation (Chong et al., 2012). This also proves our point that peripheral blood-derived stem cells are an important source of cells to repair cartilage damage.
This article also has certain limitations. In the selection of literature, due to the continuous updating of preparation methods and repair mechanisms, we only included relevant literature after 2008, excluding some studies in older periods, which may make the research results subject to influence. In the statistics of cell phenotype, no further analysis was performed for the events whose cells highly expressed CD34+ and some studies did not express the mesenchymal stem cell marker CD105+. This means that, in some of the included studies, it is not only mesenchymal stem cells that perform cartilage repair, but may also be mononuclear cells or other stem cells in peripheral blood. Therefore, here, we refer to them as the peripheral blood-derived stem cells and use this fully as a resource for cartilage repair.
5 CONCLUSION
Stem cells derived from peripheral blood have the ability to repair cartilage and are an important resource for the treatment of cartilage damage in the future. The specific mechanism and way of repairing cartilage need further study.
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The regeneration of critical-size bone defects on long bones has remained a significant challenge because of the complex anatomical structure and vascular network. In such circumstances, current biomaterial forms with homogeneous structure and function can hardly satisfy the need for both osteogenesis and angiogenesis. In the current study, a heterogeneous biomimetic structured scaffold was constructed with the help of a 3D printed mold to simultaneously mimic the outer/inner periosteum and intermediate bone matrix of a natural long bone. Because of the reinforcement via modified mesoporous bioactive glass nanoparticles (MBGNs), enhanced structural stability and adequate osteogenic capacity could be achieved for the intermediate layer of this scaffold. Conversely, GelMA incorporated with VEGF-loaded liposome exhibiting controlled release of the angiogenic factor was applied to the inner and outer layers of the scaffold. The resulting heterogeneous structured scaffold was shown to successfully guide bone regeneration and restoration of the natural bone anatomic structure, rendering it a promising candidate for future orthopedic clinical studies.
Keywords: structured scaffold, osteogenesis, angiogenesis, bone defect, biomaterial
INTRODUCTION
As the most common trauma condition, bone fractures have garnered increasing attention over time. Although most fractures heal adequately because of the self-healing capacity of the human body, around 5–10% of fractures suffer from delayed union and nonunion, especially in the presence of diseases such as osteoporosis and diabetes (Zura et al., 2016). The inability to achieve effective fracture healing usually requires multiple surgeries and prolonged hospitalization, which would bring a dramatic burden on patients. Therefore, the treatment of bone defects has been a key area of investigation in orthopedic clinics. From the perspective of anatomy, bone tissue is characterized by its heterogeneous structure composed of outer periosteum, cortical bone, and inner cancellous bone covered by the inner periosteum (Clarke, 2008). Such structures are also responsible for the complex blood supply system in bone tissue which is frequently damaged in trauma conditions (Marenzana and Arnett, 2013). However, current regenerative biomaterials usually focus on reconstructing bone tissue while overlooking the restoration of the normal anatomic structure and blood supply system of a fractured bone (Habibovic and Barralet, 2011; Matassi et al., 2011).
The importance of the periosteum in fracture healing has been well recognized (Aro et al., 1990; Neagu et al., 2016). The angiogenic activity guided by the periosteum plays an essential role in the revascularization and reconstruction of damaged bone tissue (Nobuto et al., 2005; Zhang et al., 2008). Numerous attempts have been reported to reconstruct the damaged periosteum at the fracture site using biomedical materials (Li et al., 2016). Electrospun fiber membranes have been reported to act as an artificial periosteum in bone tissue engineering, producing satisfying outcomes in preliminary studies (Gong et al., 2018; Liu et al., 2020). However, the basic form of artificial membrane alone is not adequate for treating critical-size bone defects because of its incapacity to fill defect areas. Combining such membrane-shaped biomaterials with additional bulk materials could be the solution (Zurina et al., 2020). High complexity resulting from the introduction of two distinct forms of materials could still be a persistent problem for its adoption in clinical practice. Designing one scaffold capable of simultaneously acting as an osteogenic matrix and an angiogenic periosteum could represent a potentially ideal solution for this problem.
As a modification of gelatin via methacrylic anhydride functionalization, GelMA (gelatin methacryloyl) has been recognized as an excellent platform to mimic the natural extracellular matrix because of the abundance of the RGD (arginine-glycine-aspartate) domain on its molecular chain (Yue et al., 2015). Its potential as a template for osteogenesis and angiogenesis has made GelMA a major topic of interest in tissue engineering (Stratesteffen et al., 2017; Anada et al., 2019). UV light triggers GelMA crosslinking and allows for convenient application in clinical practice. However, the innate nature of the hydrogel material has rendered GelMA with poor mechanical properties, which is unsuitable for the engineering of tough tissue such as bone. Furthermore, because of the loose and water-rich structure of hydrogels, GelMA (as a drug-loading platform) cannot maintain the sustained release of bioactive factors to match the lengthy process of bone regeneration (Lai et al., 2016). Further modification and functionalization would be required to fit the GelMA hydrogel for the mission.
Nanomaterials have garnered increased attention among the various strategies attempting to enhance soft hydrogel’s mechanical and biological function because of their high effectiveness and diverse functionalities (Kurian et al., 2022; Sakr et al., 2022). Previously, our group enhanced hydrogels with various nanomaterials. By incorporating hydrogels with surface-modified mesoporous bioactive glass, we have endowed GelMA hydrogel with enhanced mechanical strength and osteogenic potential (Xin et al., 2017). In addition, liposomes were also employed in the modification of GelMA hydrogels and they were found to enhance the structural integrity of GelMA and allow for the loading of multiple drugs for controlled release (Cheng et al., 2018). Because of the strategies mentioned earlier, GelMA enhanced using diverse nanomaterials was adequate to serve as an ECM template and drug reservoir in bone tissue engineering (Gong et al., 2019; Shao et al., 2019). However, mimicking the natural anatomic structure of bone requires much more than tunable mechanical strength and controlled release ability. Recreation of the natural anatomic structure has increased the demand for GelMA hydrogel, which is usually used as a homogeneous bulk material (Klotz et al., 2016). Briefly, GelMA has suffered from its incapacity to construct sophisticated biomimetic structures. This is because the homogeneous architecture of the GelMA scaffolds fails to mimic the heterogeneous structure of natural bone, thus hindering its potential to treat critical-size bone defects (Zhang et al., 2021).
In this study, to address the drawbacks associated with traditional bulk biomaterials in bone regeneration, a hydrogel scaffold with a biomimetic heterogeneous structure was designed to recreate the osteogenic activity of bone matrix and the angiogenic activity of periosteum. GelMA was reinforced with modified MBGN to generate a heterogeneous structured scaffold that mimicked bone matrix with superior structural stability and osteogenic potential. The GelMA was also incorporated with VEGF-loaded liposomes to guide angiogenesis in the inner and outer periosteum. After in vitro characterization of these two components individually, the combined heterogeneous structured scaffolds were further applied in vivo to treat critical-size bone defects in the rabbit radius (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic illustration.
RESULTS AND DISCUSSION
Physicochemical Characterization
As the essential elements incorporated in the outer and inner layer of the scaffold, mesoporous bioactive glass nanoparticles modified with GelMA (G-MBGN) and liposomes were synthesized for structural strengthening and drug loading respectively. Mesoporous bioactive glass nanoparticles modified with GelMA (G-MBGN) and liposomes were synthesized for structural strengthening and drug loading, respectively. The morphology of synthesized MBGN was observed via SEM. The synthesized nanoparticles showed relatively uniform size under low magnification (Figure 2A). Distinguishable mesopores were seen inside the nanoparticles using TEM (Figure 2B). The particle size of G-MBGN was analyzed using DLS. The results showed that the average diameter of the micro-sol particles was 340 nm, and indicated the uniformity of the particles (Figure 2C).
[image: Figure 2]FIGURE 2 | Characterization of G-MBGN and liposomes. (A) SEM observation of G-MBGN. Nanoparticles with relatively uniform sizes could be seen under a low magnification view. (B) Distinguishable mesopore inside nanoparticles under TEM. (C) DLS study on the particle size of G-MBGN and the particle size was around 340 nm. (D) TEM observation of the liposome. (E) DLS study on the zeta potential of the liposome. (F) DLS study on the particle size of the liposome.
Liposome was prepared to load VEGF for controlled release. Before applying for drug loading, the morphology and encapsulating parameters of liposomes were investigated. The morphology of the liposome was observed using TEM. The results showed that liposomes loaded with VEGF exhibited a spherical morphology with a zeta potential of 45.3 mV and a diameter of around 400 nm (Figures 2D–F). The encapsulation performance of the liposomes was characterized by the encapsulation rate, which was found to be 62.4% ± 5.7%.
After incorporating the G-MBGN and liposomes into the GelMA hydrogel, the composite hydrogel was also characterized by its morphological performance. The gelation process of GelMA-G-MBGN and GelMA-Lip was triggered after UV irradiation (Figure 3A). After gelation, both GelMA-M-MBGN and GelMA-Lip showed a porous structure with a smooth pore wall under SEM (Figure 3B). Compared with bare GelMA hydrogel, the addition of G-MBGN resulted in the same porous structure for different pore wall morphologies in the GelMA-G-MBGN hydrogel. White particles could be observed on the surface and section of the pore wall, which could be the incorporated MBGN. However, the particle’s appearance could also be observed on the pore wall of the GelMA-Lip porous structure, verifying the successful incorporation of liposome in GelMA-Lip hydrogel.
[image: Figure 3]FIGURE 3 | Characterization of the gelation process and microstructure. (A) Gelation process of GelMA-G-MBGN and GelMA-Lip were triggered by UV irradiation. (B) SEM observation of the microstructure.
Study on the Swelling Behavior and Drug Releasing Kinetics of GelMA-G-MBGN and GelMA-Lip@VEGF
The swelling behavior plays an important role in maintaining the shape and physical property of hydrogel materials implanted in vivo. Due to the high swelling ratio of the unmodified GelMA network, bare GelMA hydrogel could hardly represent a competent candidate as the outer layer of the heterogeneous scaffold. Therefore, based on the previous studies of our group on the mechanical strengthening of GelMA hydrogel, G-MBGN and liposome were respectively employed to improve the swelling performance of GelMA.
The effect of MBGN and liposome addition on the swelling behavior of GelMA hydrogel was studied by testing the swelling ratio on freeze-dried hydrogel samples after soaking them in PBS for a varying amount of time. The introduction of MBGN in the GelMA hydrogel has resulted in relatively lower swelling ratios in the hydrogel samples (Figure 4A). Specifically, both GelMA and GelMA-G-MBGN hydrogel samples achieved a stable swelling state after soaking for 48 h. Among them, the GelMA hydrogel exhibited a higher swelling ratio of 805.2% ± 10.4%, which could be attributed to the loose structure of bare GelMA. The GelMA-G-MBGN exhibited relatively lower swelling ratios, with GelMA-G-MBGN reaching 642.7% ± 9.7% after soaking for 48 h. The relatively lower swelling ratios could be attributed to the structural strengthening effect of G-MBGN on the GelMA hydrogel. Previous studies have verified the strengthening effect of MBGN on the structural integrity of hydrogels. G-MBGN could form covalent integration with the GelMA network, thus achieving a significant enhancement in structural stability as reflected by a lower swelling ratio compared with GelMA.
[image: Figure 4]FIGURE 4 | Characterization of the swelling behavior and drug release profile. (A) Swelling kinetics of hydrogels. (B) VEGF release profile from the hydrogel.
To endow the inner layer of the scaffold with effective angiogenic capacity, VEGF was loaded into GelMA-Lip hydrogel. However, burst release of VEGF from the loosened hydrogel matrix and the resulting limited half-life of VEGF at the focal area have significantly restricted the performance of VEGF-loaded hydrogel. Therefore, VEGF was loaded in liposomes embedded in GelMA hydrogel to achieve the controlled release kinetic of angiogenic factor. The release kinetics of VEGF from the liposome loaded in the GelMA-Lip@VEGF hydrogel were studied and compared with VEGF physically incorporated in the GelMA@VEGF hydrogel. Directly incorporated VEGF exhibited a burst release of 48.4% ± 4.1% within 5 days (Figure 4B). The GelMA@VEGF released 71.2% ± 5.9% of VEGF within 14 days of the release study, showing minor release in the later period. Conversely, VEGF loaded in GelMA-Lip@VEGF exhibited a significantly suppressed burst release activity, with 37.8% ± 4.1% of VEGF released in the first 5 days, and 58.5% ± 5.6% of VEGF released from GelMA-Lip@VEGF within 14 days, thus showing a controlled release profile compared with GelMA@VEGF. As one of the prevailing drug loading vehicles in tissue engineering, liposome has been employed for controlled release in various platforms ranging from hydrogel to electrospun scaffold. Under the current scenario, high water content and loosening of the structure of GelMA hydrogel could hardly achieve controlled release of physically incorporated drugs. Hence, liposome was introduced to act as the loading vehicle. Owing to the active interaction between liposome and GelMA molecular network evidenced previously, stable integration of liposome in GelMA-Lip hydrogel could be achieved as well as the lasting release of VEGF. The controlled release of the angiogenesis factor was essential for sustained vascularization in the focal area during bone regeneration (De la Riva et al., 2010; Knaack et al., 2014). GelMA-Lip@VEGF could exert stable angiogenesis activity and serve as the outer and inner periosteum.
In Vitro Characterization of Biocompatibility
The biocompatible performance of hydrogels is one of the decisive factors determining the initial effect after implantation. Although the biocompatibility of GelMA hydrogel has been thoroughly studied previously, the incorporation of G-MBGN and liposome could potentially jeopardize the original performance. Therefore, further investigation would be necessary for evaluation. The biocompatibility and bioactivity of GelMA-G-MBGN and GelMA-Lip hydrogel were assessed using in vitro experiments with BMSCs and HUVECs as model cells. The biocompatibility of different hydrogels was studied via seeding BMSCs on hydrogel samples. Cell viability and proliferation were investigated using Live/Dead staining and the CCK-8 test. The BMSCs seeded on GelMA, GelMA-G-MBGN, and GelMA-Lip exhibited adequate viability (Figure 5A). Adhesion and spread of BMSCs on hydrogels were also observed using SEM. The results showed that BMSCs exhibited a well-spread morphology on both GelMA-G-MBGN and GelMA hydrogels 1 day after seeding (Figure 5B). Additionally, significant proliferation of seeded BMSCs was observed as evidenced by a higher density of adhered cells compared with earlier time points (Figure 5B).
[image: Figure 5]FIGURE 5 | Characterization of biocompatibility. (A) Live/Dead staining of BMSCs seeded on hydrogels. (B) SEM observation of BMSCs on hydrogels.
The result of the CCK-8 test showed the stable proliferation of BMSCs after seeding (Figure 6A). When compared with the GelMA and blank control group, the addition of G-MBGN resulted in a significant increase of cells on day 5 after seeding (Figure 6A). Moreover, the addition of liposomes loaded with VEGF promoted cell proliferation significantly (Figure 6B).
[image: Figure 6]FIGURE 6 | Characterization of the proliferation rate. (A) CCK-8 test for BMSCs seeded on the GelMA-G-MBGN hydrogel. (B) CCK-8 test for BMSCs seeded on the GelMA-Lip@VEGF hydrogel.
Characterization of In Vitro Osteogenic and Angiogenic Potential From GelMA-G-MBGN and GelMA-Lip@VEGF
Apart from serving as the intermediate layer of a structured scaffold to provide mechanical support, GelMA-G-MBGN was also expected to exert biological effects on progenitor cells and guide them towards osteogenic differentiation. The bioactive performance of the GelMA-G-MBGN and GelMA-Lip hydrogel was studied using in vitro experiments with BMSCs and HUVECs. BMSCs seeded on GelMA and GelMA-G-MBGN were cultured in an osteogenic medium for 2 weeks. ALP staining was conducted to investigate the early stage osteogenic activity of BMSCs. A higher staining intensity could be observed in BMSCs cultured on GelMA-G-MBGN compared with the GelMA and blank control group (Figure 7A). Next, an ALP quantification kit was employed to further investigate the ALP activity in the BMSCs on different hydrogels. A significantly higher quantified ALP value was observed on the GelMA-G-MBGN compared with the GelMA and blank control group 1 week after seeding (Figure 7B). The results indicated that GelMA-G-MBGN could induce a higher degree of ALP activity in BMSCs at an early stage of osteogenic induction. On the other hand, in addition to ALP staining and quantification, the formation of calcium nodules in BMSCs was also investigated as a late-stage osteogenic marker via Alizarin Red staining. In addition, calcium nodule formation in BMSCs was also observed via Alizarin Red staining. Denser calcium nodule staining could be observed on the GelMA-G-MBGN at 2 and 4 weeks after seeding compared with the GelMA and blank control group (Figure 7C). This indicates the superior performance of GelMA-G-MBGN in guiding BMSC calcium deposition. The corresponding quantification test revealed a higher OD value in the GelMA-G-MBGN group compared with the GelMA and the blank control group (Figure 7D).
[image: Figure 7]FIGURE 7 | Characterization of the osteogenic activity. (A) ALP staining images for the microscopic and gross view. (B) ALP quantification test. (C) Alizarin red staining images for the microscopic and gross view. (D) ARS staining quantification.
In addition to osteogenic activity, angiogenesis was also believed to be a pivotal activity in bone regeneration. In this study, by introducing GelMA-Lip@VEGF as the outer and inner periosteum of structured, enhanced vascular formation was expected to assist the superior bone repair capacity of the scaffold. The angiogenic activity of the GelMA-Lip hydrogel was characterized by seeding HUVECs on hydrogels. Based on the SEM observation, and phalloidin and DAPI staining, the HUVEC adhesion and spreading on GelMA and GelMA-Lip hydrogel was studied comprehensively. Well spread HUVECs could be observed on day 1 after seeding (Figure 8A). More HUVECs were observed at later time points, indicating the proliferation of HUVECs on GelMA and GelMA-G-MBGN hydrogels between these time points. Next, after staining with phalloidin and DAPI, HUVECs seeded on hydrogel were observed under a fluorescent microscope for the tube formation assay. Interaction between HUVECs could be seen on hydrogels, and vascular-like networks composed of numerous cell-cell interactions could be observed on the GelMA and GelMA-Lip hydrogels (Figure 8B). To quantitatively analyze the in vitro angiogenic activity of HUVECs under the influence of different hydrogels, the staining images were quantitatively analyzed using ImageJ software to obtain the angiogenic indexes including the number of tube junctions and tube length at different time points. More junction formations could be observed on the GelMA-Lip compared with the GelMA hydrogel (Figures 8C,D). Additionally, a significantly longer tube length could be found on the GelMA-Lip, indicating its superior angiogenic potential in vitro.
[image: Figure 8]FIGURE 8 | Characterization of the angiogenic activity. (A) SEM observation of HUVECs seeded on hydrogels. (B) Phalloidin and DAPI staining of HUVECs on hydrogels. (C) Quantification of the number of junctions. (D) Quantification of the tube length.
Construction of a Biomimetic Heterogeneous Structured Scaffold
After thorough characterization of the respective performance of GelMA-G-MBGN and GelMA-Lip hydrogels, the biomimetic structured scaffold with heterogeneous architecture was built with the help of a 3D-print mold (Figures 9A,B). Molds with different inner diameters were employed to construct the structured scaffold’s inner, intermediate, and outer layers (Figure 9C). The constructed structured scaffold was observed under optical microscopy. The structured scaffold had the shape of the bone piece defect of the fractured radius. The cross-section view of the scaffold under optical microscopy also verifies the biomimetic sandwich-like structure consisting of an inner and outer GelMA-Lip layer coupled with an intermediate GelMA-G-MBGN layer. The structured scaffold would be further subjected to in vivo study to investigate its performance in promoting repair of bone defects.
[image: Figure 9]FIGURE 9 | Preparation of the 3D print mold and structured scaffold. (A) The digitally programmed shape of the 3D print mold. (B) Gross observation of the molds. (C) The inner, intermediate, and outer layers of the structured scaffold.
In Vivo Characterization of the Structured Scaffold via the Rabbit Radius Critical-Size Bone Defect Model
In order to study the in vivo performance of biomimetic heterogeneous scaffold in promoting bone regeneration, a rabbit radius critical-size bone defect model was prepared to investigate the in vivo performance of a structured scaffold (Figure 10). The structured scaffold and bulk hydrogel were implanted in the defect area to guide bone regeneration.
[image: Figure 10]FIGURE 10 | Preparation of the rabbit radius critical-size bone defect model and scaffold implantation.
At 4 and 8 weeks after surgery, the rabbits were euthanized to harvest radius-ulna samples subjected to micro-CT scanning. The coronal and axial sections of the radius and ulna were reconstructed to show the details of the bone defect (Figure 11A). Varying regeneration activities could be found in all groups. Four weeks after surgery, the blank control group induced negligible regenerated bone because of the critical size of the bone defect. Limited regeneration could be observed at the defect area 8 weeks after surgery and bone marrow cavity closure in the blank control group. Conversely, groups receiving the hydrogel scaffold achieved different healing outcomes. The bone defect treated with the GelMA-Lip bulk hydrogel produced limited new bone, leaving most defect areas filled with undegraded hydrogel 4 weeks after surgery. At 8 weeks after surgery, in spite of the bony connection achieved at the ulnar side of the radius, the bone defect remained at the radial side of the radius which was occupied by the undegraded hydrogel. For the group receiving the GelMA-G-MBGN bulk hydrogel scaffold, active osteogenesis activity was observed at both 4 and 8 weeks after surgery. However, despite abundant bone regeneration in the defect area, bone marrow cavities from two sides of the fracture did not form a connection. In comparison, a structured scaffold composed of GelMA-G-MBGN and GelMA-Lip induced bone regeneration on the radial and ulnar sides of the defect area. The bone marrow cavity could be reconnected at 8 weeks after surgery with the scaffold wholly degraded in the defect area, thus achieving the natural anatomic structure of the radius. A corresponding quantification study also revealed a similar trend (Figure 11B). Although the structured scaffold did not result in a significantly higher BV/TV ratio compared with GelMA-G-MBGN bulk materials, the restoration of the natural anatomic structure still indicated the superior treatment efficiency of the structured scaffold.
[image: Figure 11]FIGURE 11 | Radiological and pathological assessment of the animal model. (A) Micro-CT observation of the bone defect. (B) Quantified BV/TV analysis. (C) H&E staining of the samples.
The pathological study using H&E staining also revealed similar results to the micro-CT. Although active osteogenesis could be found in GelMA-G-MBGN and GelMA-Lip hydrogels, recanalization of the medullary cavity was not achieved in these two groups (Figure 11C). In comparison, owing to the biomimetic heterogeneous architecture of structured scaffolds, the group receiving structured scaffolds exhibited superior regeneration outcomes (Figure 11C). The reunion of radius on both ulnar and radial sides as well as the recanalization of radius was achieved at 8 weeks after surgery (Figure 11C).
As one of the most difficult tasks in tissue engineering, repair of critical-sized bone defects has remained a tough challenge for most biomaterials. However, due to the increasing demand for healing quality, even more requests have been put forward in treating such conditions. For instance, the healing of bone defect and the reconstruction of normal anatomic structure has been highlighted recently. Both successful healing and recanalization of long bone should be achieved. Traditional bulk materials with homogeneous structures could hardly reproduce the heterogeneous structure of natural bone. In this study, relying on the heterogeneous structured scaffold, the healing and recanalization of critical-sized bone defect were achieved and such design could represent a novel strategy for treating bone defects in the future.
CONCLUSION
This study employed GelMA-G-MBGN to mimic the bone matrix while GelMA-Lip loaded with VEGF was introduced to act as the inner and outer periosteum. A biomimetic, heterogeneous, structured scaffold reproducing the natural bone structure was constructed for the regeneration of the critical-size bone defect. Physiological characterization and in vitro experiments demonstrated that GelMA-G-MBGN had stable structural integrity and the potential for promoting osteogenesis. GelMA-Lip loaded with VEGF was also found to exhibit the controlled release of loaded VEGF and exert effective angiogenesis activity in vitro. By combining GelMA-G-MBGN and GelMA-Lip@VEGF, the structured scaffold was successfully built with the help of a 3D printing mold. After fitting this scaffold into the critical-size radius bone defect, regeneration of bone defects with recanalization of the medullary cavity could be achieved in a rabbit model, thus verifying the superior performance of the biomimetic heterogeneous structured scaffold.
MATERIALS AND METHODS
Synthesis of Gelatin Methacryloyl
The synthesis of gelatin methacryloyl was conducted according to a previously reported procedure (Hutson et al., 2011). In brief, gelatin (20 g) was dissolved in PBS (200 ml) in a 60°C water bath. Methacrylic anhydrides (16 ml) were then added to the gelatin solution using a syringe pump (speed: 0.25 ml/min). After the injection, the reaction was allowed to continue for 2 h (under stirring conditions). Next, PBS (800 ml), preheated to 50°C, was added to the reaction, followed by a further reaction for 15 min. For 1 week, the resulting mixture was dialyzed against deionized water in a dialysis tube (cut-off MW: 8,000–14,000). After dialysis, the product was filtered to remove precipitates and freeze-dried for future use.
Synthesis of Mesoporous Bioactive Glass Nanoparticles
The mesoporous bioactive glass nanoparticles were synthesized according to previous reports (Xin et al., 2017; Xin et al., 2020). In brief, the reaction was conducted in Tris-HCl buffer solution (pH 8.0) with cetyltrimethylammonium bromide (CTAB) as a templating agent. Then, tetraethyl orthosilicate (TEOS; 16 ml), triethyl phosphate (TEP; 1.22 ml), and calcium nitrate tetrahydrate (CN; 3.39 g) were added sequentially into the buffer solution (and the reaction was completed in a 60°C oil bath). The mixture was allowed to react for 24 h (at 60°C), and the produced nanoparticle was recovered using a centrifuge (at 12000xg). This nanoparticle was further washed (three times) with ethanol and deionized water. The final product containing SiO2 (80 mol%), CaO (16 mol%), and P2O5 (4 mol%) was obtained via nanoparticle sintering at 650°C for 3 h.
Synthesis of GelMA-Conjugated MBGN (G-MBGN)
Before synthesizing G-MBGN (Xin et al., 2020), the MBGN was functionalized with amine groups. In brief, MBGN (0.4 g) was dispersed in hexane (100 ml) and aminopropyltriethoxysilane (APTES; 5 ml) for 24 h at 60°C. The amine-functionalized MBGN (A-MBGN) was obtained after washing and drying at 60°C. The GelMA-G-MBGN was synthesized by dispersing MBGN (0.3 g) into deionized water (20 ml) containing GelMA (0.3 g) and reacting with 1-Ethyl-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC; 0.4 g) and N-Hydroxysuccinimide (NHS; 0.2 g) for 24 h. The GelMA-G-MBGN was obtained after washing and drying the product.
Synthesis of the VEGF-Loaded Liposome
The drug-loaded liposome was prepared via phacoemulsification (Cheng et al., 2018). In brief, soy lecithin (160 mg), cholesterol (40 mg), and octadecylamine (5 mg) were added into ether (6 ml). After oscillation to obtain the solution, VEGF (500 μg) was added into deionized water (2 ml) and mixed with the ether-based solution. The resulting mixture was emulsified via ultrasonication and then subjected to rotary evaporation under an ice bath. After the evaporation of ether, the VEGF-loaded liposome was obtained through freeze-drying.
Preparation of Gelatin Methacryloyl, GelMA-G-MBGN, and GelMA/Lip Hydrogel
The GelMA hydrogel was prepared by dissolving GelMA (10% w/v) and photoinitiator Irgacure 2959 (1% w/v) in PBS using a 60°C water bath. The solution was cured into the GelMA hydrogel via ultraviolet irradiation (10 cm W/cm2) for 3 min.
The GelMA-G-MBGN hydrogel was prepared using the previously prepared GelMA and G-MBGN. Briefly, GelMA (10% w/v), G-MBGN (3% w/v), and the photoinitiator Irgacure 2959 (1% w/v) were added to the PBS and sonicated at 60°C to dissolve the GelMA and photoinitiator and disperse the G-MBGN. After achieving the stable suspension of G-MBGN in GelMA solution, the mixture was subjected to ultraviolet irradiation (10 cm W/cm2) to obtain the GelMA-G-MBGN hydrogel.
The GelMA/Lip hydrogel was prepared by dissolving GelMA (10% w/v) and photoinitiator Irgacure 2959 (1% w/v) in PBS at 60°C. The VEGF-loaded liposome was added to the solution and cooled down to room temperature. After full dissolution, the solution was subjected to ultraviolet irradiation (10 cm W/cm2), and the GelMA/Lip hydrogel was obtained.
Physical Characterization of Nanomaterials and Hydrogels
Scanning electron microscopy (SEM, S-4800, Hitachi, Japan) was employed to observe the microstructure of MBGN and GelMA-based hydrogels. The freeze-dried samples were fixed on the sample stage using conductive tape. The SEM observation was conducted at a voltage of 5 kV after gold coating for 60 s using sputter coating equipment (SC7620, Quorum Technologies, United Kingdom). A transmission electron microscope (TEM) was employed to observe the detailed structure of MBGN and liposome.
A swelling test was applied to study the swelling behavior of hydrogels. In brief, freeze-dried GelMA and GelMA-G-MBGN hydrogel samples were weighed and immersed in PBS and then fixed on a shaker at 37°C. The swelled weights were measured at a specific time to calculate the swelling ratios.
The encapsulation efficiency of liposomes and the release kinetics of VEGF from liposome and hydrogel were studied using an Enzyme-linked immunosorbent assay (ELISA) kit. In brief, the encapsulation rate was studied (using an ELISA kit) by measuring the unencapsulated particles in the supernatant of the liposome-VEGF solution after centrifugation. The release kinetics of VEGF from liposome and hydrogel was studied via immersion of the samples in PBS solution. This was performed in a 37°C shaker with a rotating speed of 100 rpm. The released VEGF content was determined by measuring the PBS samples at different time points using an ELISA kit.
In Vitro Characterization of the Hydrogel
The biocompatibility of GelMA, GelMA-G-MBGN, and GelMA-Lip hydrogel was studied by in vitro characterization using bone marrow mesenchymal stem cells (BMSCs) and human umbilical vein endothelial cells (HUVEC). The characterization was conducted by seeding BMSCs onto different hydrogels and testing the spreading, viability, and proliferation of cells at different time points using SEM observation, Live/Dead staining kit, and CCK-8 kit. Specifically, SEM observation of the adhesion and spreading conditions was conducted after seeding cells onto hydrogels and culturing for 5 days. The hydrogel-cell samples were fixed using PFA (4%) and further dehydrated via a gradient ethanol solution. The sample was subjected to SEM observation with a voltage of 5 kV after gold coating for 75 s. The viability of cells on the hydrogel was studied using a Live/Dead staining kit (Invitrogen, United States) 5 days after seeding. A CCK-8 kit (Beyotime, Shanghai) was employed to study the BMSC proliferation rate on different hydrogels after culturing for 1, 3, and 5 days.
The in vitro bioactivity performance of GelMA-G-MBGN and GelMA-Lip hydrogel on osteogenesis and angiogenesis was investigated. The osteogenic activity of BMSCs cultured on GelMA and GelMA-G-MBGN at an early stage was characterized after seeding BMSCs and culturing in osteogenic media for 7 and 14 days using the ALP staining kit (Beyotime, Shanghai) and ALP quantification kit (Jiancheng, Nanjing). The osteogenic activity of BMSCs at later time points was measured using an Alizarin Red staining kit (Beyotime, Shanghai) after seeding BMSCs on hydrogels and culturing in osteogenic media for 14 and 21 days. A corresponding quantification study was also carried out using perchloric acid to dissolve calcium nodules and further tested for OD value (wavelength: 562 nm).
The angiogenesis of HUVECs on GelMA and GelMA-Lip hydrogels was evaluated by phalloidin and DAPI staining at 3 and 6 h after seeding. The quantification of parameters involved in tube formation based on phalloidin staining of HUVECs was conducted using ImageJ software (United States) to evaluate the angiogenic activity on different hydrogels.
Construction of a Biomimetic Structured Scaffold
A scaffold with a biomimetic heterogeneous structure was constructed with the assistance of three-dimensional (3D)-printed moldings. In brief, the rabbit radius and ulna complex were harvested from male New Zealand rabbits weighing 2.5 kg. A critical-sized radius bone defect with a length of 1.5 cm was prepared using a swing saw on the middle shaft of the radius. The structural parameters of the obtained bone sample were measured for customized 3D printing by the NovaPrint company. A 3D-print mold was prepared for the casting of the biomimetic structured scaffold. The previously prepared GelMA-Lip hydrogel was employed to cast the inner and outer layers of the structured scaffold. Finally, the GelMA-G-MBGN was used to cast the intermediate layer of the scaffold.
Animal Surgery
To characterize the in vivo performance, a male New Zealand white rabbit was used to prepare a critical-size bone defect model. All animal experiments conducted in this study, including surgical procedure, perisurgical handling, and postsurgical harvesting, were carried out following the guidelines approved by the Ethics Committee at the First Affiliated Hospital of Soochow University.
The rabbit radius critical-size bone defect model was created according to a previously described procedure (Meinig et al., 1996). In brief, general anesthesia was carried out on rabbits using an intramuscular injection of pentobarbital sodium (60 mg/kg). After skin preparation and disinfection on the forearm, a longitudinal incision was created to expose the radius shaft through blunt separation. A bone defect with a length of 1.0 cm was created using a swing saw. After proper hemostasis, the hydrogel scaffolds were placed in the defect sites, and then the wounds were closed and sutured layer-by-layer. Post-surgery, 8 × 105 U penicillin per day was applied to the rabbits to prevent infection.
Micro-CT Study
The rabbits were euthanized via air embolism at 4 and 8 weeks after surgery. The radius-ulna complex was harvested for characterization using micro-CT scanning. The samples were scanned at a resolution of 9 μm with an Al filter (1 mm), and the parameters applied in the examination were 65 kV and 385 mA. The coronal, sagittal, and axial views of the radius-ulna complex were reconstructed to observe bone regeneration in defective areas. The morphological details in the bone defect area was further studied using CTan software (Bruker). The bone volume (BV)/total volume (TV) parameter was calculated in the cylindrical region of interest (ROI) covering a defect area (diameter: 0.5 cm and length: 1 cm).
Pathological Assessment
The pathological details of the defect area were studied using H&E staining. In brief, the radius-ulna sample was decalcified by soaking in an EDTA decalcification solution (Yuanye, Shanghai) for 4 weeks. After decalcification, the sample was further dehydrated and embedded for slicing. Slices (thickness: 8 μm) were prepared for staining using an H&E staining kit (Beyotime, Shanghai). The stained slides were scanned and observed using CaseViewer software.
Statistical Methods
All data in this study were presented in the form of mean ± standard deviation. Statistical analysis was carried out using ImageJ and GraphPad Prism 7. A difference with a p-value less than 0.05 was considered statistically significant.
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Purpose: Three-dimensional (3D) printing technology has emerged as a new treatment method due to its precision and personalization. This study aims to explore the application of a 3D-printed personalized porous tantalum cone for reconstructing the bone defect in total knee arthroplasty (TKA) revision.
Methods: Between November 2017 and October 2020, six patients underwent bone reconstruction using 3D-printed porous tantalum cones in TKA revision. The knee function was assessed using the Hospital for Special Surgery (HSS) score pre- and postoperatively. The pain was measured by the visual analog scale (VAS) pre- and postoperatively. The quality of life was measured using the 36-Item Short Form Health Survey (SF-36) to pre- and postoperatively evaluate the relief of pain. Operation time, intraoperative blood loss, postoperative drainage volume, and complications were also recorded. At the last follow-up, all patients received X-ray and computed tomography (CT) to confirm the effect of bone reconstruction.
Results: After an average follow-up duration of 26.3 months, no patients developed any operation-related complications. The average intraoperative blood loss and postoperative drainage volumes were 250.1 ± 76.4 ml and 506.7 ± 300.8 ml, respectively. At the last follow-up, the HSS score was significantly higher than that before operation, indicating that the knee function was significantly improved (p < 0.001). During the follow-up, the mean VAS score decreased and the mean SF-36 score increased, both of which were significantly improved compared with preoperative conditions (p < 0.001). Radiological examination at the final follow-up showed that cones implanted into the joint were stable and bone defects were effectively reconstructed.
Conclusion: This study demonstrated that 3D-printed porous tantalum cones could effectively reconstruct bone defects and offer anatomical support in TKA revision. Further studies are still needed to confirm the long-term effect of 3D-printed tantalum cones for reconstructing bone defects.
Keywords: 3D, printed, porous tantalum, bone defect, knee arthroplasty revision, reconstruction
INTRODUCTION
Total knee arthroplasty (TKA) is an effective method for the treatment of severe osteoarthritis, rheumatoid arthritis, and various knee deformities, which can effectively relieve joint pain and reconstruct the function of the knee. Since its first clinical application in the 1960s, with the rapid update of the prosthesis design concept and the development of science and technology such as material science and bionics, the process of TKA has also been continuously improved (Fei et al., 2022; Kirschbaum et al., 2022). So far, TKA has solved various symptoms of patients with end-stage knee osteoarthritis. However, with the wide application of TKA in the clinic, the number of TKA revision is also significantly increasing year by year due to periprosthetic joint infection, aseptic loosening, polyethylene wear, osteolysis, instability, stiffness, and periprosthetic fracture, which poses great challenges to joint surgeons. According to the reports of the American Association of Orthopedic Surgeons, by 2030, the number of patients who have undergone TKA revision in the United States will reach 268,000 (Kurtz S. et al., 2007). In knee revision cases, many patients suffer from loosening of the implanted prosthesis due to metaphyseal bone defects caused by various reasons, which seriously affects the joint activity and quality of life of patients (Kurtz S. M. et al., 2007).
At present, the Anderson Orthopedic Research Institute (AORI) system is mainly used to classify metaphyseal bone defects in TKA revision. In detail, Type I has minor local cancellous bone defects which do not affect joint stability. Type II defects are mainly divided into two categories: type IIA only involves one tibial plateau or femoral condyle, while type IIB involves the entire tibial plateau or two femoral condyles (Rossi et al., 2022). Type III defects have severe bone loss and involve a wide range and are often accompanied by collateral ligament injury. The traditional treatment methods for bone defects during TKA revision mainly include bone cement filling, structural allografts, and metal cones (Ritter and Harty, 2004; Tsukada et al., 2013; Lei et al., 2019).
However, the specific bone defect in each patient is extremely complex, and the shape of the bone defect varies widely. The aforementioned treatments cannot effectively reconstruct bone defects, and it is, especially difficult to obtain an ideal therapeutic effect for giant bone defect (Daines and Dennis, 2012; Bloch et al., 2020). Three-dimensional (3D) printing provides a new treatment strategy for bone defects in TKA revision, designing personalized prostheses based on radiographic data. Porous tantalum is an ideal alternative repair material for bone defects because of its excellent biocompatibility and biomechanical properties, which have been previously used in clinical treatment and have achieved good results (Boureau et al., 2015; Hu et al., 2017; You et al., 2019). However, there are few studies on the application of 3D printing combined with porous tantalum materials in repairing bone defects. In this study, 3D printing was used to fabricate a personalized porous tantalum cone to repair bone defects in TKA revision, analyze its early treatment effect, and provide a basis for subsequent wide clinical application.
MATERIALS AND METHODS
Participants
Between November 2017 and October 2020, patients who underwent bone defect reconstruction with a 3D-printed porous tantalum cone during TKA revision were followed up. The inclusion criteria were as follows: 1) age >18; 2) patients suffering AORI II bone defects who received TKA revision; 3) detailed preoperative imaging data; and 4) patient and family signed the informed consent form and agreed to participate in this study. The exclusion criteria were as follows: 1) active infection; 2) severe coagulopathy; 3) poor cardiopulmonary function and unable to tolerate surgery; 4) unable to complete postoperative follow-up; 5) allergic to tantalum; and 6) presence of diseases such as malignant tumor that may affect postoperative follow-up. This study was approved by the Institutional Human Ethics Committee (SWH2016ZDCX2010), and all experimental study protocols conformed to ethical norms.
Study procedures
Main procedures of this study included preoperative imaging examination, prosthesis design and fabrication, surgical operation, and postoperative follow-up. The detailed procedures were as follows: 1) carefully screened the cases that met the inclusion criteria, and obtained the informed consent form; 2) collected the imaging data of the surgical site of the patient, and the professional medical 3D designer performed 3D reconstruction (Figures 1, 2); 3) the designer and the surgeon determined the surgical plan and designed the personalized porous tantalum prosthesis; 4) after determining the prosthesis design, completed the prosthesis printing and sterilization; 5) implanted the personalized porous tantalum prosthesis in TKA revision to repair the bone defect; 6) completed the postoperative follow-up and evaluated the patient’s joint function and various indicators.
[image: Figure 1]FIGURE 1 | Preoperative radiographs of the typical case showing collapse of the tibial plateau. (A) Coronal view; (B) sagittal view.
[image: Figure 2]FIGURE 2 | Three-dimensional reconstructed image of the knee based on the CT data before surgery. (A) Coronal view; (B) sagittal view.
Image data collection
All patients enrolled in this study routinely underwent X-ray and 3D CT scans ranging from the ilium to the ankle, with a scan slice thickness of 1 mm. All digital images were extracted and saved in digital imaging and communications in the medicine (DICOM) format and were uploaded into the Materialise’s Interactive Medical Image Control System (MIMICS 17.0 Software, Materialise Corporation, Belgium) for 3D reconstruction and subsequent prosthesis design.
Preoperative planning and prosthesis design
The 3D models of the bone defect and surrounding tissues were established in MIMICS software based on the acquired CT scan DICOM data as described previously, and the process of designing the prosthesis was performed by an experienced engineer (Figure 3). In order to make the prosthesis meet actual clinical demands, engineers and surgeons conducted in-depth communication. The main considerations included the following aspects: 1) most of the patients undergoing knee revision were the elderly with osteoporosis, and the bone debris might be removed during operation; 2) the anatomical shape of the prosthesis should be closely matched with the actual bone defect, so that it would have excellent stability and achieve the therapeutic effect of long-term use; 3) the prosthesis had a feature of porous structure, and its weight and elastic modulus should be considered to avoid stress shielding and other conditions; 4) according to the previous study, the optimal porosity should be designed to promote the subsequent bone ingrowth (Guo et al., 2019).
[image: Figure 3]FIGURE 3 | Process of designing the 3D-printed porous tantalum cone. (A) Simulating the position of the tibial tray (blue) in the tibia in TKA revision. (B) Designing the shape and size of the porous tantalum cone (yellow) conforming to the bone defect.
In the process of designing the porous tantalum cone, the bone defect was simulated according to the preoperative CT images of the patient. The design of the prosthesis mainly included three concepts, namely, anatomical matching,mechanical balance and restoration of function. Based on bone defects, different porous tantalum prostheses were designed. With a few modifications, the porosity was designed to be 75%–80%, so that the autologous bone tissue can be closely combined with the implanted cone as far as possible. After the preliminary design of the prosthesis, a finite element model was established for mechanical analysis to ensure that the implanted cone can better disperse the stress without affecting the joint movement.
After the prosthesis design was completed, the data of the designed prosthesis were converted into the STL format and imported into a 3D printer to print a 1:1 plastic model of the prosthesis and surrounding tissues, and the clinician performed a detailed preoperative protocol simulation. Subsequently, porous tantalum prostheses were fabricated and completely sealed and were stored for operation after disinfection (Figure 4).
[image: Figure 4]FIGURE 4 | Personalized porous tantalum prosthesis printed by pure tantalum.
Surgical procedures
The patient lied in the supine position. After successful anesthesia, a tourniquet was placed on the root of the thigh at a pressure of 280 mmHg. An anteromedial incision was made in the knee, and the skin, subcutaneous tissue, and deep fascia were incised layer by layer to expose the joint cavity. Due to the bone defect, a great number of wear debris were observed in the knee joint, and no secretion was seen in the joint cavity. The hypertrophic synovium and scar tissue in the joint cavity were removed, and the bone debris inside the joint was debrided. In the position of extreme knee flexion, the femoral and tibial prosthesis was taken out, and cement was carefully removed from the bone interface using a curette. After the removal of cement, the medical pulse irrigator was used to flush the surgical field to reduce the risk of infection. Subsequently, medullary reaming of the femur and tibia was conducted, and the excess cortical bone was cut according to the preoperative plan. A customized 3D-printed porous tantalum cone was implanted into the tibia to reconstruct the bone defect; commercial components (Zimmer, tibial component, LCCK femoral component, and LCCK liner) were also used in the revision (Figure 5). After implanting all prostheses, knee flexion and extension were conducted to confirm reliable prosthesis placement. Anticoagulation therapy and intravenous injection of antibiotics were given 6 h after the revision. A silicone drainage tube was maintained until 24 h postoperatively. Functional recovery exercises began after patient’s awakening from anesthesia, and ankle flexion and extension were performed to prevent lower limb thrombosis; daily knee flexion and extension were performed on the second postoperative day, and the angle of motion was gradually expanded to 90 degrees.
[image: Figure 5]FIGURE 5 | Operation of implanting 3D-printed tantalum prosthesis and the TKA revision surgery. (A) After trimming the tibial bone defect, the tantalum prosthesis was implanted into the tibia. (B) Subsequently, commercial components used in TKA revision were implanted into the knee.
Indicators
Time of revision, intraoperative blood loss, and postoperative drainage volume were recorded to evaluate the surgical trauma. All patients were followed up at least three times (1, 3, and 6 months after the operation). Preoperative and postoperative visual analog scale (VAS) and Hospital for Special Surgery (HSS) scores were recorded for analysis of improvement in joint function and pain. The 36-Item Short Form Health Survey (SF-36) is an easy measure of reflection in life quality. SF-36 of pre-operation and last follow-up were also recorded to assess the improvement of life quality after revision. At the last follow-up, a CT scan was performed to confirm whether the bone defect was completely reconstructed.
Statistical analysis
All statistical analyses were performed by SPSS software (version 22.0; IBM Corp, United States). The continuous variables were expressed as the mean ± standard deviation. VAS, HSS, and SF-36 scores were compared before and after the operation using the paired t-test. The significance level was set at p < 0.05.
RESULTS
All patients completed postoperative follow-up, and relevant clinical characteristics such as gender, age, diagnosis classification, and disease course are shown in Table 1. All operations were successfully and smoothly completed, and there were no postoperative complications such as infection, implant loosening, and joint dysfunction. The mean operation time was 189.8 ± 34.1 (range, 139–246) min; intraoperative blood loss was 250.1 ± 76.4 (range, 200–400) ml; mean postoperative drainage volume was 506.7 ± 300.8 (range, 100–1010) ml. The mean preoperative VAS score was 7.2 ± 1.1, the mean VAS score was 3.1 ± 0.9 at the last follow-up (t = 6.730, p < 0.001), and the VAS score was significantly improved compared with the preoperative score. The mean preoperative HSS score was 31.3 ± 5.7, the mean HSS score was 64.7 ± 7.2 at the last follow-up (t = 8.111, p < 0.001), and there was a significant improvement in joint function compared with the preoperative score. The mean preoperative SF-36 score was 38.8 ± 7.8 and the mean SF-36 score was 77.8 ± 4.2 at the last follow-up (t = 9.836, p < 0.001). Detailed data are shown in Table 2.
TABLE 1 | Demographics of patients.
[image: Table 1]TABLE 2 | Relevant data of operation and follow-up.
[image: Table 2]DISCUSSION
In this study, we used 3D printing combined with porous tantalum to manufacture a personalized cone for the clinical treatment of metaphyseal bone defects. After multiple postoperative follow-ups, it was confirmed that this technology has a significant clinical therapeutic effect, which can effectively repair the metaphyseal bone defects of the knee joint and improve the joint function of patients (as shown in Figures 6, 7). In TKA revision, most patients are prone to metaphyseal bone defects due to various causes, such as joint prosthesis instability and abnormal lower extremity alignment, affecting normal joint activity and the quality of life (Lotke et al., 2006; Engh and Ammeen, 2007).
[image: Figure 6]FIGURE 6 | CT images of the representative case showed that the tibial bone defect was effectively reconstructed by the porous tantalum cone. (A) Preoperative image; (B) postoperative image at 3 years after the operation.
[image: Figure 7]FIGURE 7 | X-ray images of a representative patient showed that the 3D-printed porous tantalum cone is stable and tightly integrated with the surrounding bone tissue. (A,B) Postoperative radiographs were taken at 6 months after surgery; (C,D) postoperative radiographs were taken at 3 years after surgery.
In the past, the treatment of metaphyseal bone defect in knee revision was mainly determined according to the patient’s underlying disease, the severity of the bone defect, the reason for revision, and the postoperative knee function and activity expectations. AORI type I bone defects, because of their small depth and area, are mainly filled with bone cement; however, the implanted bone cement may decrease in size, resulting in prosthesis loosening during recovery (Toms et al., 2009). For AORI type II bone defects, allogeneic bone transplantation is another treatment strategy. Clatworthy et al. (2001) used this technique to treat 52 patients with tibial plateau bone defect requiring knee revision. After a long-term follow-up, 75% of patients had effective improvement in joint function. However, a large defect area cannot be effectively repaired; there is also a risk of transmitting diseases and bone graft resorption, and its high treatment cost also hinders its wide application in clinical practice (Dennis and Little, 2005; Rudert et al., 2015).
The metal cone is suitable for bone defects with a large area and has a certain therapeutic effect on metaphyseal bone defects. At present, this method is widely used for the treatment of bone defects in clinical practice. This technique can solve the problem of bone absorption or transmission of diseases (Issack, 2013; Divano et al., 2018). Porous tantalum material has been widely used in many fields of orthopedics because of its excellent biocompatibility, corrosion resistance, and mechanical properties, and the porous structure is conducive to inducing host bone ingrowth and bone adhesion and is the main material of customized metal cone produced by Zimmer (Bencharit et al., 2014; Potter et al., 2016; Huang et al., 2021). Howard et al. (2011) treated patients with bone defects after TKA revision. They used porous tantalum cones to fill femoral metaphyseal bone defects, and after an average follow-up of 33 months, most patients had significant improvement in knee function. Meneghini et al. (2008) also used porous tantalum cones to treat tibial AORI type II and III bone defects in TKA revision and achieved good therapeutic results, but some patients experienced secondary revision. Brown et al. (2015) reported the cases of using porous tantalum cones to fill bone defects and performed joint replacement. After an average follow-up of 40 months, it was found that the treatment effect was good in most patients, with some patients undergoing second operation due to infection and periprosthetic fracture, etc. Lachiewicz et al. (2012) retrospectively analyzed patients treated with porous tantalum cones, and during follow-up, the radiographic findings indicated that the implant augments showed good osseointegration with the host bone. Although the therapeutic effect of the metal cone is better than that of allogeneic bone transplantation, the metal cone is a customized commodity. When the patient’s bone defect is large and irregular in shape, it is difficult to completely match. Large and complex bone defects are the main problems surgeons are confronted with.
In recent years, with the development of precision medicine, 3D printing has also become increasingly progressive. With its advantages of precision and individualization, it is, especially suitable for the design and fabrication of personalized prostheses in orthopedics (Duan et al., 2019; Sun M. et al., 2020). The rise of 3D printing has provided a new and accurate solution for the treatment of various osteoarticular diseases (Duan et al., 2018). England et al. (2021) used 3D printing to manufacture a porous titanium prosthesis for the repair of bone defects during TKA revision. The follow-up results showed that the porous titanium prosthesis had better integration and stability with the host bone and had a better therapeutic effect on bone defects. Sun M. L. et al. (2020) used 3D printing to manufacture personalized surgical guides to assist in TKA, which could make the surgical operation more accurate. Compared with titanium, tantalum has good physical and chemical properties and is more suitable for the repair of bone defects. Balla et al. (2010) used 3D printing to prepare porous tantalum and porous titanium and found that porous tantalum has better biocompatibility than porous tantalum. When osteoblasts were cultured on the surface of porous tantalum, the expression level of alkaline phosphatase was increased, indicating that porous tantalum has a better bone-promoting ability. Guo et al. (2019) found through experimental studies that porous tantalum could promote stem cell proliferation, adhesion, and differentiation more than porous titanium and had better osteointegration performance, which was more suitable for utility as a bone substitute product. For metaphyseal bone defects after TKA, 3D-printed personalized prostheses can better match the shape of the defect and help make a detailed preoperative plan and enable a smoother operation. The porous structure can make the implanted metal more tightly integrated with the host bone, ensure the stability of the implanted augment and the stability of the joint prosthesis, and avoid the occurrence of re-revision (Small et al., 2022).
To the best of our knowledge, it is rare to use 3D printing to manufacture personalized porous tantalum prostheses for repairing metaphyseal bone defects in TKA revision. In this study, 3D printing was used to fabricate a personalized porous tantalum cone for repairing the metaphyseal bone defect, achieving an ideal repair effect, effectively relieving patient’s pain symptoms and improving joint range of motion and the patient’s quality of life. This study also has some limitations: first, due to the small number of patients included in the study, it lacks a control group; second, this study mainly observes the mid-term clinical efficacy, the follow-up time is relatively short, and it still needs a longer follow-up to observe its long-term therapeutic effects; third, a simple radio imaging follow-up was performed after the operation to observe the stability of the prosthesis, but the relevant osseointegration is not analyzed in detail.
CONCLUSION
This study reported the mid-term clinical outcome of the 3D-printed porous tantalum prosthesis for reconstructing bone defects during TKA revision. In this study, a porous tantalum prosthesis manufactured by 3D printing presented favorable effects on the treatment of bone defects in revision, including relieving pain and improvement of knee function and quality of life. Great reconstruction of bone defect was achieved by anatomically conforming the design and excellent osseointegration of tantalum prosthesis. Despite these beneficial outcomes, future multicenter case–control studies are still needed to be conducted to research the long-term effect.
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Intervertebral disc (IVD) degeneration (IDD) is a common musculoskeletal disease and its treatment remains a clinical challenge. It is characterised by reduced cell numbers and degeneration of the extracellular matrix (ECM). Nucleus pulposus (NP) cells play a crucial role in this process. The purpose of this study is to explore the role of bevacizumab, a vascular endothelial growth factor (VEGF) inhibitor, in the treatment of IDD through local drug delivery. High expression of VEGF was observed in degenerating human and rat IVDs. We demonstrated that MMP3 expression was decreased and COL II synthesis was promoted, when VEGF expression was inhibited by bevacizumab, thereby improving the degree of disc degeneration. Thus, these findings provide strong evidence that inhibition of VEGF expression by local delivery of bevacizumab is safe and effective in ameliorating disc degeneration in rats. The injectable thermosensitive PLGA-PEG-PLGA hydrogels loaded with bevacizumab is a potential therapeutic option for disc degeneration.
Keywords: bevacizumab, intervertebral disc degeneration, VEGF, thermosensitive injectable hydrogel, biomaterial
INTRODUCTION
Intervertebral disc degeneration (IDD) is the main cause of low back pain, especially in the elderly population, and brings huge economic and social burden (Francisco et al., 2022). More than 40% of patients with low back pain are caused by IDD. In severe cases it can cause nerve dysfunction in the lower limbs and even incontinence. Therefore, IDD is considered to be the main pathological basis (Barber et al., 2015). Intervertebral disc (IVD) is colloids composed of nucleus pulposus (NP) and annulus fibrous (AF) cells. IDD is characterized by the progressive deterioration of the NP microenvironment, which maintains important biological functions through the production of extracellular matrix (ECM), including type II collagen (COL II), proteoglycan and aggrecan (Xu et al., 2020; Wang et al., 2022). NP requires a hypoxic and avascular microenvironment to maintain normal function. Due to the lack of a complete understanding of the mechanism of IDD, there is still a lack of effective prevention and treatment methods for disc degeneration. (Pan et al., 2018; Wang et al., 2021a).
Currently, drug analgesia is the main conservative treatment for patients with IDD. In severe cases, surgery is necessary. However, these treatment methods are still unsatisfactory due to their side effects and limitations. Hence, researchers have never stopped searching for effective treatment approaches for IDD, particularly the application of regenerative medicine strategies to repair and reconstruct IVD. (Pan et al., 2018; Liao et al., 2021).
Vascular endothelial growth factor (VEGF) plays an important role in tissue homeostasis (Kim et al., 2017). VEGF was found to be highly expressed in degenerating disc tissue, altering the NP microenvironment and accelerating disc degeneration through neovascularization and infiltration. (Lu et al., 2013). In addition, several studies have illustrated that VEGF signaling pathway plays a pivotal role in IDD (Zhang Y et al., 2019; He et al., 2020; Hwang et al., 2020; Wang et al., 2021b; Chen and Jiang, 2021; Ye et al., 2021). VEGF may represent a therapeutic target for IVD degeneration. Bevacizumab is an FDA-approved recombinant humanised monoclonal antibody that is widely used to treat tumours. It works by binding to human vascular endothelial growth factor (VEGF) and blocks its biological activity to inhibit tumour angiogenesis (Garcia et al., 2020; Haunschild and Tewari, 2020; Nakai and Matsumura, 2022). Numerous clinical cases have already proven its efficacy and safety in human patients, which making it easier to translate into clinical applications in other diseases (Garcia et al., 2020).
Nowadays, this anti-tumour drug has been reported to cause serious side effects when systemic administration. To improve the effectiveness of bevacizumab treatment and reduce its side effects. A thermosensitive injectable poly (lactide-co-glycolide)-block-poly (ethyleneglycol)-block-poly (lactide-co-glycolide) (PLGA-PEG-PLGA) hydrogel was utilized for the local controlled-release of bevacizumab to restore degenerative IVDs. The injectable hydrogel has been shown good biocompatibility and degradability and is easily to mix with drugs. It has been used for topical delivery of targeted therapies (Gao et al., 2020; López-Cano et al., 2021). The gel-like characteristic of the injectable hydrogel facilitates injection into the Degenerated area entirely (Pan et al., 2018; Wei et al., 2021). The aim of this study was to explore the Treatment potential of bevacizumab, a VEGF inhibitor, in improving IVD degeneration through local delivery.
MATERIALS AND METHODS
Collection of degenerated disc samples
All human degenerated disc samples in this research were obtained from the West China Hospital of Sichuan University, and all trials were approved by the Ethics Committee of Sichuan University. Degenerative IVD samples (n = 10, 5 males and 5 females, aged 48–69 years) were obtained from patients requiring surgical treatment for degenerative spine disease, while non-degenerative controls (n = 5, 2 males and 3 females, aged 42–59 years) were obtained from patients with lumbar fracture requiring surgery. Degenerated IVDs were identified by MRI and histological staining.
Animal experiments were approved by our Animal Protection and Utilisation Committee. Sprague Dawley rats (female, 8 weeks old, 440 g) were obtained from the West China Hospital Animal Centre. The surgical procedure was performed using a previously described method (Han et al., 2008). Briefly, 1% sodium pentobarbital (Sigma Aldrich, St. Louis, MO) was administered intraperitoneally to 48 rats at a dose of 0.3 mg/kg body weight. Pre-puncture radiographs were taken to determine the position of the caudal intervertebral disc (Co7/8) by digital palpation and confirmed by counting the vertebrae from the sacral region in the trial film (Han et al., 2008). After imaging, 48 rats were randomly allocated into four groups: a non-degenerative group (without puncture and without any injection, n = 12), and a degenerative group (with puncture and PBS injection only, n = 12), and a PLGA-PEG-PLGA hydrogel group (with puncture and hydrogel injection, n = 12), a PLGA-PEG-PLGA-Bevacizumab hydrogel group (with puncture and bevacizumab-loaded hydrogel injection, n = 12) for follow-up MRI, histological analysis and immunochemistry at week 8.
Fixation and histological examination of intervertebral disc tissues
The IVD samples were first fixed with 4% (v/v) paraformaldehyde solution for 1 day and then decalcified with neutral 10% (w/v) ethylenediaminetetraacetic acid solution for 4 weeks. Following this, the samples were dehydrated with gradient alcohol and then embedded in paraffin for tissue entire continuous section. At last, sections of each sample were stained with hematoxylin and eosin (H&E), Safranin O-Fast Green (SO) staining and immunohistochemical analysis.
Histological score of degenerative intervertebral discs
These sections (7 μm) of IVD were gathered (approximately five slides per sample) for H&E staining and SO staining. Two experienced histological pathologists observed the morphology and number of NP, AF, and endplate (EP) cells through a microscope and evaluated using previously described grading criteria (Kawchuk et al., 2001; Norcross et al., 2003). A normal disc histology score was 5 points; the moderate degenerative disc histology score was 6–11 points, and the severe degenerative disc histology score was 12–14 points.
Primary culture of rat NP cells
NP tissue was rinsed twice using a PBS containing 1% penicillin/streptomycin and then cut into small pieces. (2–3 mm3). The cells were obtained using a type II collagenase (Invitrogen, Carlsbad, CA, USA) digestion method, overnight at 37°C, and the NP cells were suspended in Dulbecco’s modified Eagle’s medium (DMEM). The NP cells cultured in DMEM containing 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Invitrogen) were placed in a 5% CO2 incubator at 37°C. The medium was replaced every 2 days. Cells of the second passage were used for subsequent experiments.
Bevacizumab and TNF-α treatment in vitro
After 24 h of 10 ng/ml TNF-α treatment, rat NP cells were treated with 1 mg/ml bevacizumab for 30 min, and then RNA and protein were extracted for subsequent experiments.
Immunofluorescence
After being seeded in 24-well plates, cells were treated with different regimens overnight. After incubation, the cells were washed three times with PBS and then fixed with 4% paraformaldehyde for 20 min, then permeabilised with 0.25% Triton X-100 and blocked with 5% bovine serum albumin for 30 min. Next, the cells were incubated with anti-VEGF (1:300; Abcam, ab69479) and anti- COL II antibodies (ab34712, 1:200, Abcam, UK) at 4°C overnight. Subsequently, the cells were washed with PBS followed by incubation with the secondary antibody IgG-rhodamine (1:500 dilution, SAB3700860) (Sigma-Aldrich) and antibody IgG-FITC (1:200 dilution) (Sigma-Aldrich, F0257) for 1 h at ambient temperature, respectively. Nuclei were dyed with 4,6-diamidino-2-phenylindole (DAPI; Beyotime, China). Fluorescence images were observed with a fluorescent microscope (Zeiss Axioplan microscope, Carl Zeiss Microscopy, Thornwood, NY, USA).
Western blotting
Western blot test was carried out according to standard methods. In brief, the proteins were transferred to the polyvinylidene fluoride (PVDF) membranes (Amersham, Buckinghamshire, UK) immediately after separation through 10% SDS-PAGE gel. Then, the membranes were blocked with 5% nonfat dried milk for 2 h and incubated overnight at 4°C with anti-COL II (ab34712, 1:200; Abcam, UK), anti-VEGF (1:200; Abcam, ab69479), or anti-MMP3 antibody (ab52915, 1:200; Abcam). The membranes were incubated with the secondary antibody at room temperature for 2 h after being rinsed with Tris-buffered saline. The proteins were measured by enhanced chemiluminescence using Bio-Rad Image Lab Software 5.2 (Bio-Rad Laboratories, Hercules, CA, USA).
RT-qPCR
RNA from rat cells was lysed with TRIzol (Invitrogen, Carlsbad, California, USA) and then reversely transcribed. PCR was implemented with Brilliant SYBR Green QPCR Master Mix (TakaRa) and a Light Cycler instrument (ABI 7900HT). The expression of the compared genes was quantified by verifying the amplification efficiency of the primer pairs. The following primer sequences were used: COL II
Sense5′-GAGTGGAAGAGCGGAGACTACTG-3′,
antisense5′-CTCCATGTTGCAGAAGACTTTCA-3'; MMP3
Sense 5′-TTT​GGC​CGT​CTC​TTC​CAT​CC-3′,
antisense 5′-TTT​GGC​CGT​CTC​TTC​CAT​CC-3'; VEGF
Sense 5′-GCA​CCC​ATG​GCA​GAA​GGA​G-3′,
antisense 5′-ACA​CAG​GAT​GGC​TTG​AAG​ATG​T-3'.
Each experiment was repeated at least three times on different experimental samples.
PLGA-PEG-PLGA-bevacizumab hydrogel synthesis
Poly (D,L-lactic acid-co-glycolic acid)-b-poly (ethylene glycol)-b-poly (D,L-lactic acid-co-glycolic acid) (PLGA–PEG–PLGA) triblock copolymers were synthesized by ring-opening polymerization of lactide (LA) and glycolide (GA) in the presence of PEG (Mn 1,500 Da), and stannous octoate was used as catalyst. PLGA−PEG−PLGA triblock copolymers were prepared for subsequent procedure. Concentrations were reported in wt/vol percentages. polymer was weighed about 3 mg and placed in a 4 ml glass bottle, then 10 ml phosphate-buffered saline (PBS) buffer (pH 7.4) was added to make a 30% solution. Then, at 4°C, the mixtures were stirred continuously overnight to ensure that complete dissolution of the polymer. At 4°C, 20% were prepared for stocking by further dilution by adding appropriate volumes of PBS. 0.25 ml of polymer solution was added to the glass vial to prepare the hydrogel. Subsequently, the vial was incubated in a 37°C incubator to trigger the gelation process.
Hydrogels loaded with bevacizumab were prepared by swelling-diffusion method. Bevacizumab (1 mg/ml) was added to PBS containing D-a-Tocopherol polyethylene glycol 1,000 succinate (TPGS), and then, by ultrasonic dispersion and free swelling in continuous contact with 20% (w/v) lyophilized PLGA-PEG-PLGA copolymer at 4°C for 24 h. Finally, at 37°C, the unloaded PLGA−PEG−PLGA hydrogel was eluted by PBS to obtain PLGA−PEG−PLGA- bevacizumab hydrogel.
Fourier-transform infrared spectroscopy spectra acquisition
Infrared spectra of lyophilized PLGA-PEG-PLGA hydrogels and PLGA-PEG-PLGA-Bevacizumab hydrogels were obtained through using a TGS detector and a ZnO crystal sampling accessory by a Jasco FT-IR-4100 spectrometer (Tokyo, Japan) in cross-task mode. The spectrometer has a detection range of 400-4000cm−1 and a resolution of 4cm−1. After 100 times scan of each sample, the average spectrum was used for analysis.
Rheological analysis
Rheological analysis of PLGA-PEG-PLGA hydrogels was carried out at 4°C by using a rheometer (MCR-92; Anton Paar, Graz, Austria). The heating rate was set to 0.5°C/min, the angular frequency (ω) was set to 1 rad/s and the temperature range tested was 10–50°C.
In vivo and in vitro evaluation of the biocompatibility of hydrogel
According to the manufacturer’s method, rat NP cells were co-cultured with hydrogel for 1,3,7 days and then tested for live/dead cell activity and CCK-8 cytotoxicity, respectively. (Thermo Fisher; Solarbio, China). After the PLGA-PEG-PLGA-Bevacizumab hydrogel was prepared, the skin was cut in the middle of the dorsum (length 2 cm) and the hydrogel polymer was implanted subcutaneously under aseptic conditions, followed by wound closure. On days 7, 14 and 20 after implantation, the rats were euthanised by inhaling carbon dioxide and the hydrogels was then collected together with the surrounding tissue. These tissue samples were then further used for histological analysis and degradation study.
In vitro release of bevacizumab
PLGA−PEG−PLGA and PLGA−PEG−PLGA-bevacizumab hydrogels were placed in 20 ml of PBS (pH = 7.4) respectively, followed by a water bath at 37°C. Then 3 ml of the supernatant was taken from each solution at different time points for testing and then 3 ml of fresh PBS was added to the original solution. The absorption value of each sample at 260 nm was measured with a UV–Vis spectrophotometer. The concentration of Bevacizumab in the sample solution was calculated via the standard curve and the cumulative release was counted to identify the bevacizumab release profile of this hydrogel delivery system. The measurement wavelength was determined by full-spectrum measurements.
Treatment effect of the PLGA−PEG−PLGA-bevacizumab hydrogel in a rat model of IDD
To assess the effect of bevacizumab in vivo, 8-week-old Sprague Dawley rats from the Sichuan University Animal Center were acquired for animal experiments. In total, rats were randomly divided into four groups: the non-degenerative (NC) group, the degenerative control (DC) group, the PLGA-PEG-PLGA hydrogel group, and the PLGA-PEG-PLGA-Bevacizumab hydrogel group. The rat IDD model was then created in accordance with previous methods. At week 8, the degree of disc degeneration was first assessed by micro-computed tomography (micro-CT) and MRI. All photos were analyzed using ImageJ software. The disc height index (DHI) was measured in accordance with previously described method (Masuda et al., 2005). Next, the rats were euthanised and the IVDs were then extracted for subsequent experiments. Such as: HEstaining, SO staining, immunohistochemistry.
Statistics analysis
Data were analyzed using SPSS 20.0 (SPSS, Chicago, IL, USA) and presented as the mean ± SD. Analysis of variance or Student’s t-test with the Student–Newman–Keuls (SNK) posthoctest were performed to determine the statistical significance between differences; p < 0.05 indicated statistical significance.
RESULTS
VEGF is highly expressed in rat and human degenerative intervertebral discs
Safranin O-Fast Green, histological staining and MRI were undertaken to determine the degeneration of rat and human IVDs. In contrast to non-degenerative IVDs, The MRI T2-weighted signal intensity was significantly lower in degenerative IVDs (Figure 1A). By H&E staining, a few chondrocyte-like cells and disordered, hypocellular fibrocartilaginous tissue was observed in IDD of rats. The NP tissue of degenerative IVDs was a loss of structural integrity and lacked extracellular matrix (Figure 1A). In SO staining, the extracellular matrix of normal NPs was cartilaginous and appears orange in colour. However, the degenerating NPs matrix was green in colour because it was fibrous. (Figure 1A). The pfirrmann MRI grading of rat and human degenerative discs was markedly higher than that of the non-degenerative group (Figure 1B). As well as the histological score of rat and human degenerative IVDs above non-degenerative controls (Figure 1C).
[image: Figure 1]FIGURE 1 | Aberrant VEGF expression in IVDs in rats and humans. (A)MRI, H&E staining, SO staining for observation of disc degeneration, and immunofluorescent staining for measurement of VEGF (red) and COL II (green) expression in human and rat IVDs. (B,C) The histological scores and MRI grading scores in human and rat IVDs. (D) Ratio of VEGF positive NP cell numbers to total NP cells in IVDs of human and rat. data are expressed as mean ± SD (n = 5). *p < 0.05; ***p < 0.01. Scale bar = 500 um.
The expression levels of VEGF and ECM component COL II in NP cells was observed by immunohistochemistry (Figure 1A). The proportion of positive cells showed that VEGF was notably upregulated in degenerating IVDs in rats and humans and COL II expression was significantly inhibited. (Figure 1D). This indicated that the catabolism was more active in degenerated discs.
Bevacizumab inhibited the expression of vascular endothelial growth factor and prevented the degeneration of NP cells in vitro
After confirming that high expression of VEGF may be a potential contributor to IDD, we assessed whether bevacizumab, a specific small molecule inhibitor of VEGF, could inhibit or repair degeneration in NP cells by inhibiting VEGF expression. COL II expression was significantly reduced in degenerating NP cells by Immunofluorescence. Meanwhile, COL expression was partially restored in degenerating NP cells treated with Bevacizumab (Figure 2A). RT-PCR results showed that the results of PCR showed that COL II mRNA expression levels were significantly restored after inhibition of VEGF expression, while the expression levels of MMP3 mRNA were significantly inhibited (Figure 2B). Similar to RT-PCR results, after VEGF expression was inhibited, Western blot results showed that COL II protein expression was significantly increased and MMP3 expression was decreased in TNF-α treated NP cells (Figure 2C). These results suggest that bevacizumab inhibited the degeneration of NP cells by suppressing the expression of VEGF.
[image: Figure 2]FIGURE 2 | Bevacizumab promotes NP cells anabolism by inhibiting VEGF expression. (A) Immunofluorescence analysis of COL II (green) and VEGF (red) production of rat NP cells in 4 groups. Scale = 50 μm. (B) The relative expression levels of mRNA in the 4 groups were assessed by RT-qPCR. (C) Western blot analysis of VEGF, COL II and MMP13 proteins are displayed in 4 groups. data are presented as mean ± SD (n = 5). *p < 0.05; ***p < 0.01. Scale bar = 50 um.
Controlled release of bevacizumab injectable thermosensitive hydrogel with proven biocompatibility
To achieve a safe and effective therapeutic effect, we need to work on the development of a drug delivery system for locally controlled release of bevacizumab. PLGA-PEG-PLGA polymers have been successfully used as drug delivery vehicles due to their excellent biocompatibility and thermosensitive as well as their ability to form hydrogels in situ. Therefore, it was chosen for local delivery of bevacizumab (Figure 3A). FTIR analysis confirmed the successful synthesis of PLGA-PEG-PLGA-bevacizumab (Figure 3B). The 20% concentration copolymer is liquid below room temperature and forms a gel as the temperature rises. Similar results for the sol-gel transition temperature were obtained by rheology (Figure 3C). We examined the composition and structure of the copolymers by 1H NMR spectroscopy (Figure 3D). The signals of −CH3 and −CH in the LA segment appeared at 1.57 and 5.16 ppm; −CH2 of the GA and EG fractions were observed at 4.29 and 3.65ppm, respectively. At 37°C, release profile of bevacizumab from PLGA-PEG-PLGA hydrogel shows a long drug duration of action (Figure 3E).
[image: Figure 3]FIGURE 3 | Controlled release of bevacizumab from thermosensitive injectable hydrogels with biocompatibility. (A) Sol-gel phase transfer measurement of PLGA-PEG-PLGA copolymers at 37°C using the vial inversion test. (B) FTIR transmission spectra of PLGA-PEG-PLGA-bevacizumab hydrogel. (C) Storage modulus G′ and loss modulus G″ of the PLGA-PEG-PLGA in PBS (20%). (D)The 1H NMR spectrum of the PLGA-PEG-PLGA triblock copolymer. (E) Release curve of bevacizumab releasing from PLGA-PEG-PLGA hydrogel at 37°C. (F) Live/dead dyeing of NP cells in rats incubated on PLGA-PEG-PLGA hydrogels and PLGA-PEG-PLGA-bevacizumab hydrogels on day 1, 3 and 5, respectively. Red fluorescent cells indicate dead cells and green fluorescent cells are surviving. Scale bar = 200 um. (G) H&E staining of subcutaneously implanted PLGA-PEG-PLGA-bevacizumab hydrogels on postoperative days 14, 28, and 56. The green box indicates subcutaneous hydrogel. Scale bar = 500 um. data are expressed as mean ± SD (n = 5).
To observe the impact of bevacizumab-encapsulated hydrogels on cellular activity at different time points, a live/dead cell assay was performed. After 1, 3 or 7 days of incubation respectively, the cell viability or cell numbers of each group were tested and the results were not significantly different. (Figure 3F). In order to further investigate its biocompatibility, PLGA-PEG-PLGA-Bevacizumab hydrogels were implanted subcutaneously in rats to evaluate degradation rates and local responses with animal tissues, as well as immune reactions with the host. At days 14, 28, and 56, improvements in biocompatibility and integration of the hydrogel in vivo were observed (Figure 3G). These results suggest that thermosensitive hydrogel containing bevacizumab is safe and effective for the treatment of IDD.
Treatment effect of injected bevacizumab-loaded thermosensitive hydrogel in a puncture-induced rat model of IDD
Puncture-induced rat IDD model was established to assessment the therapeutic effect of PLGA-PEG-PLGA-Bevacizumab hydrogels in vivo. At 8 weeks following puncture injury, a significant increase in the number and size of osteophytes was observed in the degenerative control (DC) group. In contrast, less bone formation was detected in the intervertebral space in the non-degenerative (NC) group and the bevacizumab-loaded hydrogel group compared to the DC group (Figure 4A). Changes in the water content of the nucleus pulposus, assessed by MRI T2-weighted signals, can also reliably reflect disc regeneration. At 8 weeks, compared with the DC group, the MRI T2-weighted signal in nucleus pulposus was significantly restored in the bevacizumab-loaded hydrogel group. (Figure 4A). The DHI% (disc height index %) values and MRI grading score were significantly higher in the bevacizumab-loaded hydrogel group than in the DC group (Figure 4B). Thus, the bevacizumab-loaded hydrogel group showed the best protection against IVD, while the hydrogel treatment alone did not have a significant protective effect.
[image: Figure 4]FIGURE 4 | Radiological data of animal experiments by imaging system. (A) Representative X-ray, CT and MRI images of the rat’s caudal vertebrae at 8 weeks. (B) The change of DHI% in 4 groups at 8 weeks. (C) MRI grading changes in each group at 8 weeks. data are expressed as mean ± SD (n = 5). *p < 0.05; ***p < 0.01.
H&E staining confirmed that bevacizumab-loaded hydrogel played a protective role in NP degeneration and deterioration of IVD structure. In DC group and hydrogel-only group, NP structure was obviously lost, and there was no visible demarcation between AF and NP. However, in the bevacizumab-loaded hydrogel group, the NP cells were slightly degenerated, and although the intact structure of the NP tissue was somewhat disrupted (Figure 5A). With SO staining, the normal extracellular matrix was orange, but the severely degenerated fibrous tissue stained green. In the bevacizumab-loaded hydrogel group, plenty of orange extracellular matrix was found in the NP tissue with only Mild degeneration (Figure 5A). Immunochemical staining revealed an upregulation of COL II and a downregulation of VEGF, MMP3 in the bevacizumab-loaded hydrogel group, compared to what was observed in the DC group and hydrogel-only group (Figure 5A). The histological score in the bevacizumab-loaded hydrogel group was obviously lower than in DC group and hydrogel-only group, with a relatively mild degree of IDD (Figure 5B). The ratio of positive cells revealed that COL II was upregulated in the bevacizumab-loaded hydrogel group, whereas VEGF, MMP3 was downregulated, compared to DC group and hydrogel-only group (Figure 5C). Combined with the results of our in vitro study, these findings suggest that PLGA-PEG-PLGA hydrogels loaded with bevacizumab improve IDD by modulating the expression of VEGF and MMP3 in a rat model of IVD degeneration through local delivery of the drug.
[image: Figure 5]FIGURE 5 | Histological assessment of rat IDD model. (A) H&E staining, SO staining, and Immunohistochemistry staining of COL II, MMP3, VEGF. (B) Histological grades in week 8 in each group. (C)Ratio of COL II, MMP3, VEGF positive NP cell numbers to total NP cells in 4 groups. data are presented as mean ± SD (n = 5). *p < 0.05; ***p < 0.01. Scale bar = 200 um.
DISCUSSION
IDD is one of the leading causes of impaired movement and low back pain. Because the underlying molecular mechanism of IDD is still unclear, the clinical treatment mainly aims to relieve the symptom instead of targeting IDD directly (Francisco et al., 2022; Wang et al., 2022). In this study, a new strategy was established to treat IDD by the controlled release of bevacizumab from thermosensitive hydrogels, which was shown not only to inhibit the degradation of cartilage matrix, but also to promote the synthesis of COL II. These findings suggest the local administration of bevacizumab for the treatment of disc degeneration has potential clinical application.
Some studies have observed a relationship between VEGF and chondrocytes in terms of physiology and pathology (Chen et al., 2019; Qian et al., 2021; Xiao et al., 2021; Xiaoshi et al., 2021), but there was a lack of relevant studies in IVD. We found that VEGF is highly expressed in IDD of humans and rats. VEGF is an important factor in promoting angiogenesis in both physiological and pathological conditions. High expression of VEGF was associated with vascular infiltration in tissues. Some studies have found that High expression of VEGF is a major factor contributing to angiogenesis in NP tissue (David et al., 2010; Lee et al., 2011; Lu et al., 2013; Binch et al., 2015). Angiogenesis during disc degeneration is thought to be the main cause of low back pain (Pohl et al., 2016; Melincovici et al., 2018; Azarpira et al., 2021). In addition, our study also found that MMP3 expression was significantly reduced following inhibition of VEGF with bevacizumab. Sahin et al. (Sahin et al., 2012) found that VEGF promotes angiogenesis through the induction of matrix metalloproteinase-3 (MMP3) expression, which in turn attenuates tendon biomechanical properties in degenerative tendon disease. It has also been shown that MMP3 promotes the catabolism of extracellular matrix during IDD (Zhang B et al., 2019; Zhao et al., 2020; Song et al., 2021).
Bevacizumab specifically binds VEGF and impedes blood vessel growth and formation. It has been widely used in oncology patients (Garcia et al., 2020; Haunschild and Tewari, 2020; Nakai and Matsumura, 2022). There have been a number of studies applying it to age-related macular degenerative diseases (Gil-Martínez et al., 2020; Weinstein et al., 2020). Our results revealed that inhibition of VEGF with bevacizumab protects IVDs from degeneration. To reduce the side effects associated with the systemic administration of Bevacizumab, such as gastrointestinal perforation, wound healing complications, congestive heart failure, bleeding, the injectable thermosensitive PLGA-PEG-PLGA hydrogel is used as a vehicle for local release of the drug in the treatment of IDD. As a well-established thermosensitive hydrogel, PLGA-PEG-PLGA hydrogel has been used in previous study for the treatment of IDD (Zou et al., 2013). In addition, unique structure of the hydrogel has been shown to be a good carrier for small molecule drugs (Bakhaidar et al., 2019; Chan et al., 2019). When mixed with bevacizumab, the hydrogel can be injected into the NP tissue through a small diameter needle, thus reducing the chance of annulus fibrous damage.
Due to its temperature sensitivity, it forms gel within a few seconds after injection into IVD, thus reducing the risk of drug leakage. Moreover, the characteristics and excellent biocompatibility of the PLGA-PEG-PLGA hydrogel render it an effective and safe drug delivery system (Yu et al., 2013; Dimchevska et al., 2017). The results of our animal experiments showed that the PLGA-PEG-PLGA hydrogels containing bevacizumab had a remarkable effect on the maintenance of the disc height, synthesis of the COL II, and integrity of the disc structure. Nevertheless, without the help of the drug carrier, small molecule drugs are prone to leakage. It was difficult to maintain adequate drug concentrations in lesion areas of the IVD and may cause adverse events. When PLGA-PEG-PLGA hydrogel was used alone, it did not produce a therapeutic effect in the degenerated discs due to insufficient biological effect. Our results, which are identical to those of previous studies, confirm this again (Zou et al., 2013; Frauchiger et al., 2017). The therapeutic effect of bevacizumab alone or hydrogel alone was not ideal, which also confirmed the necessity and effectiveness of demonstrating the necessity of using the PLGA-PEG-PLGA hydrogels drug delivery system in IDD treatment. The degenerative disc did not recover completely after treatment with bevacizumab-encapsulated hydrogels, which may be due to the complex microenvironment of the degenerative disc. Inhibition of VEGF alone is not sufficient to address all issues. The molecular basis and targeting factors of IDD need to be further explored.
There are some limitations to our work, for example, the rat IDD model established by caudal disc puncture, which differs from human IDD. Not only that, the main limitation is the biological differences between rat and human IVD. Compared with human NP cells, rat NP cells were more spinal cord cells than chondrocytes; thus, rat NP cells may have differential response to treatments (Bang et al., 2018; Dudli et al., 2018). Moreover, because rats are reptiles, unlike humans, their intervertebral discs do not bear the longitudinal load of their body weight. Therefore, more studies are needed on bipeds that are biologically and biomechanically similar to humans IVDs, so that the results can be applied to humans.
CONCLUSION
In conclusion, our findings provide evidence that bevacizumab, an FDA-approved drug, plays a protective role in disc degeneration by inhibiting VEGF expression and promoting extracellular matrix synthesis. These results believe that bevacizumab, administered topically through the injectable thermosensitive PLGA-PEG-PLGA hydrogel drug delivery system, has a potential therapeutic effect on IDD.
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First Species  Number  Character  Type of study Evaluation method Injury site(number) Degree of damage
author
Henson  Weish 40 3-dyear-old Comparative  MRI, Gross Morphology, the medial femoral condyle ~ Full-thickness chondral
etal. Mountain (adult (mean age  study Histology, and defects of 8 mm
(2021) female 3.2 years), Immunohistochemistry diameter
sheep 40-42 kg
Broeckx  Horse 75 22 mares, RCTs visual lameness assessment, Fetlock joint Early staged fetlock
etal. 16 geldings and flexion test degenerative joint
(2019) 37 stallions disease
Broeckx  horse 12 8geldingsand  RCTs weekly joint assessment, AAEP  Metacarpophalangeal OA  surgically induced OA
etal. 9 mares (median score, an inertial sensor-based
(2019) age 8.5 years) system, X-ray, Synovial fluid
analysis, OARSI, and
Immunohistochemistry
Fueta.  Rabbit 30 New Zealand Controlled histological scoring, histochemical  the trochlear groove of the  Ful-thickness articular
2014) White rabbits, laboratory staining, and distal fernur osteochondral defects
aged about study immunohistochemistry (5 mm in diameter and
4 months. 1-2 mm in depth)
Broeckx  Horse 50  cinical lameness  Preliminary Cytological Staining, fetiock NA
otal. for at least study Immunocytochemistry, Flow
(2014) 3 months Gytometry, RT-PCR, and AAEP
Broeckx  Horse 165 NA Pilot study Ginical lameness; locomotory Stifle joint (30), fetiock joint  Degenerative joint
et al. disorder; and positive flexion test ~ (58), coffin joint (43), disease
(2014) pastern joint (34)
First author Cell source Cuitivation and Cell character number of Cell Surgical approach
extraction markers cells implantation
methods method
Henson et al.  Autologous G-CSF Apheresis CD34, CD45, CD73,CD0, and ~ NA intra-artioular intra-artioular injections
(2021) activated PB CD105 injections
Broeckx et al.  Chondrogenic induced DGC and PA CD45, MHC II, CD29, CD44, and 2 x 10° Articular injection  Articular injection
(2019) PBMSCs CDgo oells/ml
Broeckx et al.  Chondrogenic induced DGC and PA Aggrecan+, Col ll+, COMP+, p63+ 2 x 10° cells  Articular injection  Articular injection
(2019) PBMSCs and GAG+; decrease in Ki67, in/ml
Fuet al. Autologous G-CSF Erythrocyte Lysis ~ CD44, CD45, and MHC Il 4% 10° cells/  Surgical Establishment of animal
(2014) activated PB and PA scaffold implantation model
Broeckx et al.  PB-MSCs (native or DGC and PA Col Il, Ki67 p63, vimentin, and NA Single IA injection  PB-MSCs with or without
(2014) chondrogenic induction) MHCII aggrecan PRP injection
Broeckx et al.  PB-MSCs (native or DGC and PA Col Il, Ki67 p63, vimentin, and NA Single IA injection  PB-MSCs with PRP
(2014) chondrogenic induced) MHCIl aggrecan injections
First Time Postoperative Clinical outcome Imaging results Experimental results Adverse event
author treatment
Henson ~ Bweeks  NA NA SPION labeled cells could  ICRS found No significant no adverse event
etal. not be detected within the  difference between treatment
2021) defect at any of the time  groups the repaired tissue was
points studied despite fiorocartiagenous in nature
using MRI sequences rather than hyaline cartilage
Broeckx  1year Dexmedetomidine Improved AAEP score’,  NA NA 3 mildinfections of the
et al. hydrochloride and Flexion score® and Pain Upper respiratory tract
(2019) Ketoprofen score”
Broeckx 11 weeks  Dexmedetomidine AAEP scores in week 7*  radiographic changes were  higher viscosity score”, less 1 horse had an
etal. hydrochloride not significantly diifierent  wear lines were present in the  increase in local
(2019) intervention group®, higher temperature 2 horses
COMP in the cartiage adjacent”  had a limited range of
motion
Fuetd.  24weeks alowed to move freely  NA NA PB MSCs had a greater NA
(2014) and had free access to chondrogenic abilty than BM
food pellets and water MSCs" The histological scores
were significantly better in PB
MSCs" defects were
synthesized with abundant
cartiage matrices with a regular
arrangement in PB MSCs
Broeckx 12 months NA Improved short- and NA exhibiting increases in the levels  NA
etal. long-term ciinical of ColIl, aggrecan and cartilage
(2014) evolution scores*; Relief oligomeric matrix protein
from clinical lameness,
flexion pain and joint
effusion
Broeckx 18 weeks NA Improved short- and NA NA Moderate flare
otal. long-term iinical reaction (without long-
(2014) evolution scores"; Relief term effects, 3 horses)

from clinical lameness
and locomotor disorder
DGC, density gradlient centrifugation; PA, plastic adherence; AAEP, American association of equine practitioners; OARSI, the Osteoarthitis research society international; OA,
osteoarthitis; COMP, cartilage oligomeric matrix protein; NI, notinvolving; AAV, human adeno-associated virus; rAAV:recombinant AAV; AAPBSC, autologous activated peripheral biood
stem cells; IA, intraarticular: rt-PCR, reverse transcriptase-polymerase chain reaction: HHS, the Harris Hip score.* means statistically different.
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Firstauthor ~ Species  Number Character Type of Evaluation method Injury site(umber)  Degree of damage
Study
Ying et al Human  37(15 males) age range prospective  HHS, LCT Scanning, hip microfracture and/or
(2020) 31-64 years study Histochemistry, oystic degeneration
Immunohistochemistry (IHC), and existed between
Immunofluorescence analyses, cartiage and
subchondral bone
Monckeberg ~ Human 20 7 women and Comparative  IKDC, VAS, MRI, and ICRS 1.Trochleal9) ICRS grade>3
etal. (2019) 13 man with study 2. Femoral condyle(5)
average age 3.Patella(6)
of 32.7
Fuet al. (2014) Human 1 19 years old casereport  X-rays, CT and MR, Tegner, Lateral femoral Full-thickness cartiage
Lysholm, and IKDC 2000 scores.  trochlea defects(ICRS grade IV)
Turajane etal.  Human 5 52-59yearsold  Casereport  WOMAC and KOOS Medial condyle (4) Early-stage OA(CRS
(2013) and patellofemoral (1) grade lil and V)
Skowroriski Human 46 7-52yearsold  Comparative  KOOS and Lysholm and VAS ~ Medial femoral Osteochondral
and Rutka. (average age: study scales condyle lesions(ICRS grade IV)
2013) 26 years)
Saw et al. Human 50 22-50yearsod  RCTs IKDC, MRI scan, and ICRS Knee Chondral defects(ICRS
(2013) grade lll and V)
Skowroriski Human 52 16-55yearsold  Casereport  KOOS, Lyshoimand VAS scales, Patella (22), medial  Cartilage lesions (ICRS
etal. (2012) and MRI femoral condyle (38),  grade i and IV)
and lateral femoral
condyle (6)
Saw et al. Human 5 19-52yearsold  casereport  Second-Look Arthroscopy and  Knee Chondral defects (ICRS
2013) Histology grade lll and IV)
Jancewicz, Human 9 NA Case report  dlinical examination, Magee Talus Osteochondral
P.(2004) score, and MRI defects(ICRS IV)
First author Cell source Cultivation and Cell Number of Cell implantation Surgical approach
extraction character cells method
methods markers
Ying et al. (2020 G-CSF activated PB  apheresis NA minimum concentration  arterial injection infused through the medial
of 8x 10% circumflex femoral artery.
Monckeberg etal.  PBSCs autologous PB NA 430,000 PBSC + articular injection  knee arthroscopy
(2019) (Apheresis) 270.000/ml with PRP
Fu et al. (2014) Autologous G-CSF  Blood cell NA 3.496 x 107 cels/ml Surgical Debridement + PBSCs with
mobiized P8 separation implantation autologous periosteum flap cover
Turajaneetal. (2013)  Autologous G-CSF  Leukapheresis cD34" 2.67-599 x 107 cells/  Repeated IA Debridement + BMS + repeated
activated PB CD105* injection injections IA injections
Skowroriski and Autologous G-CSF~ NA NA 1.25 x 10°-5.2 x 10° Surgical Debridement + modified
Rutka. (2013) activated PB, cells/mi implantation sandwich technique
Sawetal. (2013)  Autologous G-CSF  Apheresis NA NA A injections IA injections
mobiized PB
Skowroriski et al. Autologous G-CSF  Apheresis NA 2.0 x 107 cells/injection  Repeated IA Debridement + BMS + HTO(1) +
(2012) mobiized P8 injections repeated IA injections
Sawet al. (2013)  Autologous G-CSF  Blood el cps4a NAG Surgical Debridement + sandwich
activated PB separation implantation technique
First author Time Postoperative Clinical outcome Imaging results Experimental results  Adverse event
treatment
Ying et al. 36 months NA no significant difference o significant differences  no significant difference in
(2020) in HHSs betweenthe  between the control group  osteoclast number was
two groups at and the combination found between the control
36 months treatment group in uCT group and the combination
Scanning, treatment group
Monckeberg 5 years Nonsteroidal anti- Improved IKDC score’  improved Improved ICRS score® 2: myalgia and
et al. (2019) inflammatory drugs and  and lower VAS score® fever
acetaminophen,
rehabiltation protocol
Fuetal. 2014) 7.5 years Strict rehabiltation improved IKDC CT: subchondral bone Regenerated articular NA
program 2000 subjective score’,  Recovery; MRI: near-normal ~ cartiage with a smooth
Lysholm score and cartilagelike tissue surface, but with a sightly
Tegner score® regeneration yellowish and shallow
morphology
Turgjane etal. 6 months Nonweight bearing Improved WOMAC and ~ NA NA Mild sweling and
(2013) KOOS"* Succeeded in discomfort
regenerating articuiar
cartiage
Skowroriski 5 years Passive and active Improved KOOS and ~ 92% of patients with good ~ NA NA
and Rutka. exercises, nonweight to  Lysholm scales, refief of  results MRI: satisfactory
2013) full-weight bearing VAS scale’; reconstruction of the
cartilaginous surface and
good regenerative
integration
Saw et al. 18 months NA No IKDC score Improved MRI morphologic  Improved total ICRS I Deep vein
(2013) difference compared to  scores histologic scores thrombosis
the control group (1 patient in the
control group)
Saw et al. 10-26 months  crutch assisted partial to  NA X-ray: reappearance of generated ful-thickness Minimal
2013) full weight-bearing medial articulation articular hyaline cartiage  discomfort from

* means statistically

different.

PBSCs
harvesting and IA
injection





OPS/images/fbioe-10-956614/fbioe-10-956614-t003.jpg
First author Species Number Character Type of Evaluation method Injury Degree of damage

study site(number)
Frisch, in vitro NI 4 donors age 42 + 27 Basic Medical ~ Biochemical analyses, Histological and NI NA
1(2019) Experiment  immunohistochemical analyses,
Histomorphometry, and Real-time RT-PCR
analyses
Hopper, invito NI 12 young (329 + Basic Medical ~ Scratch assay, xCELLigence assay, Cell NI NA
N.(2015) 9.3years) volunteers  Experiment  proliferation, Cell proiferation, mRNA
expression, PCR array, and Quantitative
real-ime PCR
Tugjane,  invitro 10 10 patients (median age  Basic Medical  Attachment and prolferation assays, NI Half ICRS grade =
T.(2014) 58 years, range Experiment  Attachment and prolferation assays, Flow 2 Remainder ICRS
56-60 years, eight cytometry analysis, RT-PCR analyss, grade>3
females) Scanning electron microscopy, and
Histology
Kim, J.(2012)  in vitro NI NA Basic Medical In vitro differentiation, Classification of NI NI
Experiment  differentially regulated proteins, western

blot, and real-time RT-PCR analysis, and
Immunofiuorescent-staining

Chong, P. in vitro NI NA Basic Medical  Biochemical Assays, Morphological NI NI
P.(2012) Experiment  Analysis of Chondrogenic, Osteogenic, and

Adi-Pyogenic, and Gene Expression

Analysis,t-PCR,
Casado, inviro NI Large White pigs aged  Basic Medical flow cytometry, adipogenic, chondrogenic NI NI
J. G(2012) between 3and 4 months  Experiment  and osteogenic differentiation, and

Quantiative RT-PCR
Pufe, inviro  NA NA Basic Medical  Immunohistochemistry, Electron NI NI
T.(2008) Experiment  Microscopy, and Enzyme-Linked

Immunosorbent Assay.t-PCR,
First author Cell source Cultivation and Cell character Number Cell Surgical

extraction markers of implantation  approach
methods cells method
Frisch, TAAV transferred DGC and PA IGF-1, aggrecan, COL2A1, and SOX9 NA NA NA
J.(2019) PB MSC
Hopper, PBSCs DGC C5a, CXCL1, ICAM-1, IL-1, IL-1ra, IL-6, IL-8, IL-13, NA NA NA
N.(2015) IL-16, CXCL10, CXCL11, CCL2, MIF, CCLS5, and
PAI-1
Turajane, Autologous DGC CD34, CD29, CD44, CD45, CD90, and CD105 NA NA NA
T.2014) G-CSFactivated PB
Kim, J.(2012) PBMSC NA CD34, CD45. CD133, CD73, CD90,CD105,PDGF-B, NA NI NI
and HLA-ABC
Chong, P. PBMSC NA CD105, CD166, and CD29 NA NI NI
P.2012)
Casado, Peripheral blood Erythrocyte lysis, CD29*, CD44*, CD45™, CD90", and CD105+ NA NI NI
J.G(2012)  mononuclear cells DGC and PA
Pufe, T.(2008)  Peripheral blood DGC and PA NA NA NA NA
mononuclear cells
First author Time  Postoperative  Clinical Imaging Experimental results Adverse
treatment outcome results event
Frisch, J2019)  NA N NI NI Enhanced prolferative and chondrogenic actiies, Significantly NA
increased celularity, Enhanced levels of chondrogenic marker
expression

Hopper, NA NI NI N The wound closure rateat the 3 h time point was significantly higher* no  NA
N.(2015) significant difference between the PBMC-stimulated and non-

stimulated test groups in the total DNA amount The mRNA levels for
these genes were upregulated by the 24 h PBMC stimulus: SOX9 and

COL2A1
Turajane, 7days NI NI NI Cell proliferation on day 7 showed statisticaly significant differences” ~ NA
T.(2014) increase in cell attachment and cell proliferation* Sox9 increased in days

7 and 14, Sox9 increased on days 7, Aggrecan increases were
statistically significant on days 7 and 14

Kim, J.(2012) NA NI NA NI MSC from PB also shows the differentiation of chondroitin NA

Chong, P. NA NI NA NI MSCs from PB maintain similar characteristics and have similar NA

P.(2012) chondrogenic differentiation potential to those derived from BM while
producing comparable s-GAG expressions to chondrocytes

Casado, 2weeks NI NA NI PBMSC have both chondrogenic and adipogenic potential NA

J. G(2012)

Pufe, T.(2008) 6weeks NI NI NI A strong accumulation of collagen type Il after a 6 weeks found NA

chondrogenic differentiation with a continuous expression of collagen
type Il MRNA and protein
* means statistically different.
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2020
2020
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2020
2020
2020
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2020
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2021
2021
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Authors
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Guénard V. et al. (Guénard et al,, 1992)
Tang JB. et al. (Tang et al., 1995)

Weber RA. et al. (Weber et al., 2000)

Miler C. et al. (Miler et al., 2001a)
Rutkowski GE. et al. (Rutkowski et al., 2004)
Wang X. et al. (Wang et al., 2005)

Hu X. et al. (Hu et al., 2009)
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Marcol W. et al. (Marcol et al., 2011)
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Rbia N. et al. (Rbia et al., 2019)

Chang W. et al. (Chang et al,, 2020)

Donsante A. et al. (Donsante et al., 2020)
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Panzer KV. et al. (Panzer et al., 2020)
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Kong Y. et al. (Kong et al., 2021)
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NGC design

PGA
Collagen

Semipermeable PAN/PVC condut loaded with Schwann cells

Vein graft

PGA

Laminin-coated PDLA seeded with Schwann cells

PDLLA condit seeded with Schwann cells

Chitosan/PGA

Collagen/Chitosan conduit with microchannels

PGA conduit

Commercially available collagen versus allograft

NGCs coated with PPy-PCL and PPy-PECA co-polymers

Chitosan gel covered proximal nerve end

Deceluiarized vein grafts filed with spider ik fibers

Collagen conduit filed with collagen-glycosaminoglycan

Sik-based scaffold with hollow channels

Collagen versus allograft

Collagen conduits seeded with Schwann cells

PLA-conduit and siicon conduit filed with Collagen

Vein filed with minced nerve

PDMS (polydimethylsioxane) microchannel scaffold with microwires (used as recording
electrodes) embedded within the microchannels

Microchannel electrode implants with sificone rubber and efastic thin-fim metalization
Vein graft with VEGF and stem cells

GDNF loaded nerve guidance siicone-condits with chronically implanted macro-sieve:
electrode

Multi-channeled scaffolds with electrospun nanofibers and NGF and BDNF

Bisvinyl sulfonemethyl (BVSM)-crosslinked gelatin conduit

Vascularized neurotube

Chitosan conduit with micropatterned inner wall

Chitosan wrap

PLLA-electrospun nanofibrous conduit loaded with VEGF and NGF

Ppy-coated nerve guidance condut

Carboxylic graphene oxide-composited polypyrrole conduits loacled with mouse fibroblast
cells and rat pheochromocytoma cells

Multichannel PCL spiral with aligned collagen nanofibers

Polyurethane condit filed with aligned chitosan-gelatin cryogel filer

PPy-b-PCL based conductive scaffolds seeded with peripheral neuronal cells

Commercially avaiable collagen versus allograft
Laminin cross-linked PCL/PEG spiral conduit with outer nanofibrous tube

PCL conduit integrated with phase-change material loaded with NT-3 and ChABC
Hyaluronic acid and sik fibroin conduits

Chitosan-collagen hydrogel conduit loaded with Schwann cells

Polycarbonate condit with poly-L-omithine and double-walled carbon nanotubes

Tissue engineered bands of Bingner

PLCL conduit with 3D printed collagen hydrogel

Polypyrrole/silk fibroin (PPy/SF) conductive composite scaffold seeded with Schwann Cells
Silk fibroin loaded with NGF and GDNF

Alginate-gelatin hydrogel with graphene mesh, loaded with netrin-1

HA-phenylboronic acid-poly (vinyl alcoho) -heparin hydrogel loaded with GDNF

Spider sik-based artiicial nerve graft

Chitosan-halloysite nanotubes conduit loaded with 4-aminopyridin

Grooved PLCL with laminin peptide gradient

Schwann Cells 3D printed in gelatin-based microchannel condit

In vivo
Model

Monkey
Rat and
monkey
Rat
Human
Human
Rat

Rat
Dog
Rat
Human
Rat

Rat

Rat
Sheep
Rat

Rat

Rat

Rat

Rat

Rat

Rat
Rat
Rat

Rabbit
Rat
Rat
Rat
Human
Rat
Rat
Rat

Rat

Human
Rat
Rat
Rat

Rat
Rat
Rat
Rat
Mouse
Sheep
Rat
Rat
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