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Editorial on the Research Topic 
Bio engineering and translational research for b one and joint diseases

Musculoskeletal disorders, commonly caused by sporting injuries, aging, accidents, and pathological factors, are one of the nonnegligible burdens that render severe pain and disability (Shang et al., 2022). As a long-term and costing disease, osteoarthritis occurs at a six folds higher rate, secondary to joint and bone lesions such as ligament rupture, cartilage defects, meniscus tear, and bone injuries (Snoeker et al., 2020). Different tissues show a great variation in the ability of post-injury self-repair. Due to increased angiogenesis and the capability to differentiate osteoblasts (Glowacki, 1998), bone is recognized as relatively prone to heal when lesions are small, whereas large instances remain challenging clinically and preclinically (Schemitsch, 2017). Unlike the adequation of blood supply in bone tissue, articular cartilage is an avascular, alymphatic, aneural, and hypocellular structure (Pathria et al., 2016). Chondrocytes, the predominant and well-differentiated type of cells in cartilage, cluster in the lacuna rich in water, proteoglycans, and collagens. Under natural situations, articular cartilage microstructure degenerates in pace with systemic aging, such as a loss in water volume and thinning of the calcified cartilage layer (Hoemann et al., 2012). Due to its biological properties, once injured, cartilage can hardly heal itself, rather injury progresses to the deeper layers and is finally in need of arthroplasty (Baumann et al., 2019). Current strategies, including conservative surgeries like arthroscopic debridement and chondroplasty (Chilelli et al., 2017), bone marrow stimulating therapy like microfracture (Allahabadi et al., 2021), and autologous transfer therapy such as osteochondral autograft transfer (McCormick et al., 2014) cated on the tibia plateau, are indispensable structures that facilitate load transmission, shock absorption, joint lubrication, and proprioception (Fox et al., 2015). Meniscus tears, commonly due to trauma or degenerative diseases, badly influence the mobility of knees, especially in athletes (Fox et al., 2015). With adequate vascularity only in the outer red-red zone, tears occurring in the inner white-white zone cannot self-repair (Makris et al., 2011). Tendon and ligament injuries are also health problems that cause pain and instability of the joints (Donderwinkel et al., 2022). Current therapies including ligament repairing and reconstruction, though commonly used in clinical settings, still have some limits, such as complications and imperfect biomechanics (Pang et al., 2022).
Tissue Engineering (TE), a combination of material science, engineering science, and regenerative medicine, is a booming and emerging technique in recent years (Wang et al., 2022). TE has already achieved conspicuous development based on the elaboration of mechanisms of injury and repair (Hodgkinson et al., 2022), the excavation of novel materials with potential use in regenerative medicine (Kluyskens et al., 2021), use of manufacturing products through advancing techniques like 3D printing (Hatt et al., 2001) and electrospinning (Lim, 2022), and by being applied in vivo to realize tissue repair. Despite these promising prospects, some limitations are still hindering its clinical application, such as cell sourcing, biological variability, biomimicry, implant integration and protection, inflammation, and immunogenicity (Kwon et al., 2019). This Research Topic explores the development of bioengineering strategies and their potential for clinical translation.
Primarily, we focus on research that uncovers mechanisms fundamental to bioengineering. Vascularity and mechanical loading are essential factors to promote osteanagenesis after injury. An interesting study by Zhou et al. explors the effect of inter-fragmentary gap size on neovascularization. Comparing rats fixed with different gap sizes after osteotomy, they observe that smaller gaps benefit neovascularization in the early stages, while larger gaps delay the occurrence of angiogenesis at a later phase. Liu et al. discuss the potential mechanism of mechanical strain effects and how they induce osteogenic differentiation of mesenchymal stem cells. By seeding bone marrow mesenchymal stem cells (BMSC) on the surface of TiO2 nanotube-modified titanium matrix loaded with cyclic stress, which exhibited induction of osteogenic differentiation of BMSC, their studies demonstrated that histone acetyltransferase GCN5, a member of histone acetyltransferases located in the nucleus, is upregulated when cyclic mechanical stress is loaded, hence promoting osteogenic differentiation through positively effecting the downstream Wnt/β-Catenin signaling pathway.
In addition, emerging evidence has revealed that systematic energy balance plays a role in bone mass regulation. Du et al. further demonstrate that exposure to cold temperature negatively influences bone volume (BV) in short term (14 days), whereas BV recovers to normal level in prolonged coldness exposure (28 days). To excavate the mechanism, the authors undertook further experiments, illustrating that cold exposure induces shortened canalicular length and apoptosis of osteocytes, providing evidence of the effect of bone remodeling by temperature.
Novel biomaterials are springing out with great versatility. Han et al. systemically review the opportunities and challenges of 3D bioprinting scaffolds, which can be applied in cartilage tissue engineering. They summarize inspiring bio-inks based on hydrogels like hyaluronic acid, gelatin, cellulose, alginate, and artificially synthetic materials like PEG, PLGA, PCL, and PLA, emphasizing that while excellent biological properties mean they have unlimited potential, issues such as cell cultivation and delivery are still on the way.
Graphene, an emerging biomaterial with great biocompatibility and controlled biodegradability, as well as enough biomechanical strength and outstanding atomic structure stability, has been extensively applied in bone regeneration. Cheng et al. reviewed derivatives (GDs), including graphene oxide (GO) and reduced graphene oxide (rGO), and applications of graphene as biomaterials. GDs-based scaffolds compounded with hydroxyapatite or collagen showed excellent enhancement of bone tissue regeneration, while mesoporous structure facilitates vascular growth. GDs based membranes or films like graphene hydrogels demonstrate even better biocompatibility and osteogenic differentiation ability. Moreover, Shen et al.discuss the promising future of copper-based biomaterials in their review, ranging from their antibacterial actions to applications such as synthetic material scaffolds, hydrogels, and bone cement. They observe the excellent antibacterial properties, sustainability, various bioactivities, and low cytotoxicity of copper in lowering the risk of infection when implanting biomimetic substitutes to repair large bone defects. Yang et al.concentrate on stem cell-laden hydrogel-based 3D bioprinting techniques in their review. The authors systematically discuss hydrogels, stem cells, and growth factors, which can be applied via 3D bioprinting processes, highlighting the challenges and perspectives in this field.
A novel injectable and thermoresponsive 3D hydrogel loaded with icariin was constructed by Zhu et al., demonstrating the prominent promotion of chondrogenic differentiation of BMSC through the activation of Wnt/β-catenin signaling, thereby sustaining the integrity of cartilage and alleviating the progression of osteoarthritis in vivo. It is an inspiring work, encouraging attention towards the potential of Traditional Chinese Medicine, excavating in depth the mechanism and its great potential.
With appropriate biomaterials, scaffolds combined with mesenchymal stem cells (MSCs) or growth factors are delicately manufactured and applied. With the assistance of 3D-printing techniques, Li et al. and Wang et al. respectively fabricated well-designed scaffolds to facilitate bone regeneration. An β-TCP/PLGA composite scaffold incorporated with bisperoxovanadium (bPTCP scaffold) provides a novel strategy to treat avascular necrosis of the femoral head (ANFH) through promoting angiogenesis and inducing autophagy and inhibiting apoptosis by activating the AKT/mTOR signaling pathway. A Ti6Al4V scaffold incorporated with BMP-2 and osteoprotegerin (OPG) targeted bone protection in osteoporosis. Liu et al. reviewed the structure and material properties as well as the evaluation aspects of porous femoral stems designed and applied for hip arthroplasty. They elaborate on the advantages and disadvantages of each design of the porous femoral stem, emphasizing widely used structures and materials as well as some important evaluating factors. In another review, Fu et al. summarize the microstructures and properties of OC and some effective tissue engineering strategies for especially well-designed scaffolds that benefit OC tissue repair.
Differentiation of multipotent stem cells (MSCs) is another challenge in regenerative medicine. Zhou et al. systematically review current techniques in promoting meniscus regeneration, focusing mainly on the sources and characteristics of MSCs. In their review, they summarize diverse kinds of MSCs, including bone marrow-derived (BMSC), synovium-derived (SMSC), adipose-derived (AMSC), and meniscus-derived (MMSC), cartilage-derived chondrogenic progenitor cells, etc. Mao et al. investigated the potential for peripheral blood-derived mesenchymal stem cells (PBMSCs) to assist meniscal reconstruction as a novel source of MSCs. Augmented with demineralized cortical bone matrix pretreated with TGF-β3, tissue-engineered PBMSCs showed significant ability in trilineage differentiation and meniscus repair, which broadened the source of MSCs in tissue engineering. In another review by Hu et al., various strategies in chondrocyte redifferentiation were detailedly discussed. The authors summarize the different cell sources for chondrocyte cultivation, influential microenvironment factors like temperature, hypoxia, 3D culture, matrix, and growth factors, as well as gene expression regulation. Yang et al. focus their review on the RGD peptide family, a sort of polypeptide with Arg-Gly-Asp sequence functioning as integrin receptors. They discuss the diverse function of RGD peptides interacting with integrin, including cell adhesion, MSCs differentiation, bone mineralization, and OA progression regulation. In their review, they also analyze the application of RGD in bone and cartilage tissue engineering, finding it sophisticated and immature to adopt. 
Clinically, matrix-assisted autologous chondrocyte transplantation (MACT) is an emerging procedure aimed at patients with large articular cartilage lesions. Li et al. evaluated the early efficacy of type I collagen-based MACT for the treatment of isolated full-thickness cartilage lesions of the knee. They demonstrated an inspiring result and significant clinical improvement was achieved, evidenced by subjective alleviation of symptoms and objective reconstruction of cartilage surface integrity 2 years post operation.
The articles included in this Research Topic comprehensively discuss important aspects surrounding tissue engineering, ranging from basic research to clinical translation. The great efforts made in these explorations shed light on the development of this thriving subject. Despite these promising results, a great amount of work still has to be achieved, and there is a long distance between the laboratory and the clinic. More research is required to elucidate the deeper mechanisms of injury and repair, excavate biomaterials with more biomimetic characteristics, and fabricate more bionic products, ultimately benefiting more patients.
AUTHOR CONTRIBUTIONS
YD and DJ drafted the manuscript. DJ, YF, CZ, and WF provided suggestions and revised the paper. All authors reviewed and commented on the final manuscript, and approved it for publication.
ACKNOWLEDGMENTS
The editors would like to thank all the authors that contributed to this Research Topic.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Allahabadi, S., Allahabadi, S., Allala, R., Garg, K., Pandya, N. K., and Lau, B. C. (2021). Osteochondral lesions of the distal tibial plafond: A systematic review of lesion locations and treatment outcomes. Orthop. J. Sports Med. 9, 2325–9671. doi:10.1177/2325967121997120
 Baumann, C. A., Hinckel, B. B., Bozynski, C. C., and Farr, J. (2019). “Articular cartilage: Structure and restoration,” in Joint preservation of the knee: A clinical casebook ed . Editors A. B. Yanke, and B. J. Cole (Cham: Springer International Publishing), 3–24. doi:10.1007/978-3-030-01491-9_1
 Chilelli, B. J., Cole, J., Farr, C., Lattermann, A. H., and Gomoll, A. H. (2017). The four most common types of knee cartilage damage encountered in practice: How and why orthopaedic surgeons manage them. Instr. Course Lect. 66, 507–530.
 Donderwinkel, I., Tuan, R. S., Cameron, N. R., and Frith, J. E. (2022). Tendon tissue engineering: Current progress towards an optimized tenogenic differentiation protocol for human stem cells. Acta Biomater. 145, 25–42. doi:10.1016/j.actbio.2022.04.028
 Fox, A. J., Wanivenhaus, A. J., Burge, R. F., Warren, S. A., and Rodeo, S. A. (2015). The human meniscus: A review of anatomy, function, injury, and advances in treatment. Clin. Anat. 28 (2), 269–287. doi:10.1002/ca.22456
 Glowacki, J. (1998). Angiogenesis in fracture repair. Clin. Orthop. Relat. Res. 355, S82–S89. doi:10.1097/00003086-199810001-00010
 Hatt, L. P., Thompson, K., Helms, J. A., Stoddart, M. J., and Armiento, A. A.-O. (2001). Clinically relevant preclinical animal models for testing novel cranio-maxillofacial bone 3D-printed biomaterials. Clin. Transl. Med. 12, e690. doi:10.1002/ctm2.690
 Hodgkinson, T. A.-O., Kelly, D. C., Curtin, C. M., and O'Brien, F. A.-O. (2022). Mechanosignalling in cartilage: An emerging target for the treatment of osteoarthritis. Nat. Rev. Rheumatol. 18 (2), 67–84. doi:10.1038/s41584-021-00724-w
 Hoemann, C. D., Lafantaisie-Favreau Ch Fau - Lascau-Coman, V., Lascau-Coman V Fau - Chen, G., G Fau - Guzmán-Morales, ChenJ., and Guzmán-Morales, J. (2012). The cartilage-bone interface. J. Knee Surg. 25 (2), 85–97. doi:10.1055/s-0032-1319782
 Kluyskens, L., Debieux, P., Wong, K. L., Krych, A. J., and Saris, D. B. F. (2021). Biomaterials for meniscus and cartilage in knee surgery: State of the art. J. ISAKOS 2020, 000600. doi:10.1136/jisakos-2020-000600
 Kwon, H., Brown, W. E., Lee, C. A., Wang, D., Paschos, N., Hu, J. C., et al. (2019). Surgical and tissue engineering strategies for articular cartilage and meniscus repair. Nat. Rev. Rheumatol. 15 (9), 550–570. doi:10.1038/s41584-019-0255-1
 Lim, D. J. (2022). Cross-linking agents for electrospinning-based bone tissue engineering. Int. J. Mol. Sci. 23 (10), 5444. doi:10.3390/ijms23105444
 Makris, E. A., Hadidi P Fau - Athanasiou, K. A., and Athanasiou, K. A. (2011). The knee meniscus: Structure-function, pathophysiology, current repair techniques, and prospects for regeneration. Biomaterials 32 (30), 7411–7431. doi:10.1016/j.biomaterials.2011.06.037
 McCormick, F., Harris, J. D., Abrams, G. D., Frank, R., Gupta, A., Hussey, K., et al. (2014). Trends in the surgical treatment of articular cartilage lesions in the United States: An analysis of a large private-payer database over a period of 8 years. Arthroscopy . 30 (2), 222–226. doi:10.1016/j.arthro.2013.11.001
 Pang, L., Li, P., Li, T., Li, Y., Zhu, J., and Tang, X. (2022). Arthroscopic anterior cruciate ligament repair versus autograft anterior cruciate ligament reconstruction: A meta-analysis of comparative studies. Front. Surg. 9, 887522. doi:10.3389/fsurg.2022.887522
 Pathria, M. N., Chung, C. B., and Resnick, D. L. (2016). Acute and stress-related injuries of bone and cartilage: Pertinent anatomy, basic biomechanics, and imaging perspective. Radiology 280 (1), 21–38. doi:10.1148/radiol.16142305
 Ruiz-Alonso, S., Lafuente-Merchan, M., Ciriza, J., Saenz-Del-Burgo, L., and Pedraz, J. L. (2021). Tendon tissue engineering: Cells, growth factors, scaffolds and production techniques. J. Control Release 333, 448–486. doi:10.1016/j.jconrel.2021.03.040
 Schemitsch, E. H. (2017). Size matters: Defining critical in bone defect size!. J. Orthop. Trauma 31, S20–S22. doi:10.1097/bot.0000000000000978
 Shang, H., Younas, A., and Zhang, N. (2022). Recent advances on transdermal delivery systems for the treatment of arthritic injuries: From classical treatment to nanomedicines. WIREs Nanomed Nanobiotechnol 14 (3), e1778. doi:10.1002/wnan.1778
 Snoeker, B., Turkiewicz, A., Magnusson, K., Frobell, R., Yu, D., Peat, G., et al. (2020). Risk of knee osteoarthritis after different types of knee injuries in young adults: A population-based cohort study. Br. J. Sports Med. 54 (12), 725–730. doi:10.1136/bjsports-2019-100959
 Steinmetz, R. G., Guth, J. J., Matava, M. J., Smith, M. V., and Brophy, R. A.-O. (2022). Global variation in studies of articular cartilage procedures of the knee: A systematic review. Cartilage 13 (2), 19476035221098169. doi:10.1177/1947603522109816
 Wang, L., Jiang, J., Lin, H., Zhu, T., Cai, J., Su, W., et al. (2022). Advances in regenerative sports medicine research. Front. Bioeng. Biotechnol. 10, 908751. doi:10.3389/fbioe.2022.908751
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Dou, Fang, Zhao, Fu and Jiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 31 August 2021
doi: 10.3389/fbioe.2021.726041


[image: image2]
Boost Tendon/Ligament Repair With Biomimetic and Smart Cellular Constructs
Jianping Zhao1,2, Xiang Wang2, Jinyu Han2, Yin Yu2*, Fei Chen2* and Jun Yao1*
1Department of Orthopedics Trauma and Hand Surgery & Guangxi Key Laboratory of Regenerative Medicine, International Joint Laboratory on Regeneration of Bone and Soft Tissue, The First Affiliated Hospital of Guangxi Medical University, Nanning, China
2Center for Materials Synthetic Biology, Institute of Synthetic Biology, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China
Edited by:
Yin Fang, Nanyang Technological University, Singapore
Reviewed by:
Dongfang Zhou, Southern Medical University, China
Lu Wang, Donghua University, China
* Correspondence: Jun Yao, yaojun800524@126.com; Fei Chen, fei.chen1@siat.ac.cn; Yin Yu, yin.yu@siat.ac.cn
Specialty section: This article was submitted to Biomaterials, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 16 June 2021
Accepted: 22 July 2021
Published: 31 August 2021
Citation: Zhao J, Wang X, Han J, Yu Y, Chen F and Yao J (2021) Boost Tendon/Ligament Repair With Biomimetic and Smart Cellular Constructs. Front. Bioeng. Biotechnol. 9:726041. doi: 10.3389/fbioe.2021.726041

Tendon and ligament are soft connective tissues that play essential roles in transmitting forces from muscle to bone or bone to bone. Despite significant progress made in the field of ligament and tendon regeneration over the past decades, many strategies struggle to recapitulate basic structure-function criteria of native ligament/tendon. The goal here is to provide a fundamental understanding of the structure and composition of ligament/tendon and highlight few key challenges in functional regeneration of these connective tissues. The remainder of the review will examine several biomaterials strategies including biomimetic scaffold with non-linear mechanical behavior, hydrogel patch with anisotropic adhesion and gene-activated scaffold for interactive healing of tendon/ligament. Finally, emerging technologies and research avenues are suggested that have the potential to enhance treatment outcomes of tendon/ligament injuries.
Keywords: tendon/ligament repair, biomimetic, smart hydrogels, anisotropic adhesion, gene therapy
INTRODUCTION
Basic Anatomy of Tendon/Ligament
Composition
Tendon and ligament are crucial components of the musculoskeletal system that serve important mechanical roles in providing joint stability and enabling mobility. The primary difference between these connective tissues is what they connect: tendon connects muscle to bone and transmits forces from muscle to bones while ligament form links between bones. Despite of the differences in functions, tendon and ligament are composed of similar constituents that include collagen (roughly 70–80% dry weight), proteoglycans, elastic fibers and other minor proteins, and water (∼65–70% wet weight). Many different types of collagens have been found in tendon and ligament, including collagen I, II, III, IV, XI and XIV. Collagen I is the most predominant type in both tissues, and ligament also contain 9–12% of collagen Ⅲ (O’brien, 1997). Other collagens are involved in regulating fibril and fiber assembly, such as Collagen Ⅱ is detected at enthesis which is the connective tissue between tendon or ligament and bone (O’brien, 1997; Lu and Thomopoulos, 2013).
Hierarchical Structure
Tendon and ligament are hierarchical structures that build from the nanoscale to the centimeter scale, mainly composed of type I collagen. Soluble tropocollagen molecules produced by tenocytes and ligamentocytes form insoluble collagen molecules by crosslinking, which subsequently aggregate into microfibrils and progressively form the microscopically visible collagen fibrils. Collagen fibers, the basic units of tendon and ligament, are composed of bundles of fibrils. Subsequently, collagen fibers bind to a fine layer of connective tissue surrounding them, namely endotenon and aggregate into the primary fiber bundles (subfascicles), which then form the secondary fiber bundles (fascicles). Tertiary bundles are composed of these fascicles, which eventually make up the tendon and ligament (Figures 1A–C) (Kannus, 2000; Reese et al., 2013). The orientation of collagen fibers depends on the tension to which they are subjected. Most collagen fibers are longitudinal and parallel to the tendon axis, while there are a few collagen fibers that are horizontal and transversal to transmit forces from both directions (Jozsa et al., 1991). In microscopic level, the structures of collagen fibers and fibrils are crimped and wavy (Hochleitner et al., 2018). The crimp angles are determined by anatomical location of tendon and ligament, such as the mean crimp angle in rectus femoris tendon, vastus intermedius tendon and patellar ligament of rat, which is 141.5 ± 15.0°, 122.3 ± 14.8° and 146.2 ± 12.2° respectively (Franchi et al., 2009). In an ovine model, several parameters are significantly different between tendon and ligament. For example, the diameters of ovine tendon are larger than those of ligament (Rumian et al., 2007). The stress-strain curves of tendon and ligament usually are sigmoidal shaped, consisting of the initial “toe region”, the linear response region, the “yield point” and the final ultimate load. The ultimate load is an important parameter in mechanical assessment of different tendon and ligament. It is generally believed that the ultimate load of tendon is greater than that of ligament (Birch et al., 2013).
[image: Figure 1]FIGURE 1 | (A): hierarchical structure of tendon/ligament [Adapted from No et al. (2020)] (Created with BioRender.com). (B): longitudinal section show crimped and uniformly oriented fibers (Strocchi et al., 1991). (C): in transverse section, the same size collagen fibrils are seen (Strocchi et al., 1991).
Besides, the discrepancies in mechanical properties between human and animal models shouldn’t be ignored and we listed the mechanical properties of T/L in most investigated models which include human, goat, rats, rabbits and (Table 1).
TABLE 1 | Mechanical properties of tendon/ligament in different species.
[image: Table 1]Cellular Composition and Molecular Cues
In addition to extracellular matrix (ECM) components, tendon and ligament contain cells, mainly fibroblasts but also progenitor cells. Tenocytes are the major cell types in tendon, while in ligament, ligament fibroblasts are the predominant cells, which are surrounded by matrix and only represent a small percentage of the ligament volume. Communication among these dispersed fibroblasts may be achieved by cytoplasmic extensions (Frank, 2004).
There are three major transcription factors involved in the growth, development and homeostasis regulation of tendons and ligaments: Scleraxis (Scx), Mohawk (Mkx), early growth response factor1 (Egr1). Sck expressed in tendon progenitor cells is responsible for regulating early tendon growth and development. It has been known that the transcription of Col1a1, Col1a2, Acan and Tnmd is Sck-dependent. In contrast to Sck, Mkx works primarily during tendon maturation (Asahara et al., 2017). As Dochevaa et al. reviewed, there are several growth factors participate in the repair of tendon/ligament, including bone morphogenetic proteins (BMP), connective tissue growth factor (CTGF), insulin-like growth factor-1(IGF-1), basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF) and transforming growth factor beta (TGFβ) (Docheva et al., 2015), which promote the synthesis of collagen, glycosaminoglycan and other ECM, improve cell proliferation and angiogenesis, change the way of tendon healing, and enhance their mechanical properties.
Damage, Native and Clinical Repair of Tendon/Ligament
The development of tendonopathy (tendinopathy) is related to many factors, such as age, sex, weight, overuse, fatigue, and occupational environment. Tendonopathy is usually divided into chronic injury and acute injury according to the pathology and can be classified into tendonitis (tendinitis) and tendonosis (tendinosis) by pathogenesis (Docheva et al., 2015). Tendonitis is an inflammatory infiltration of the primary affected tendon and is often used clinically to describe a specific clinical syndrome. Tendonosis is not a disease that must have symptoms. Its essence is not an inflammatory disease but a degenerative disease (Maffulli, 1998). Unlike normal white tendon with a firm fibrous texture, tendon with chronic tendon injuries are yellowish-brown, thin, and brittle. With histological staining, tendinopathy shows thinner collagen fibers, increased extracellular matrix, increased cell death, altered cellular structure, and more new blood vessels (Kaux et al., 2011). Acute tendon injuries usually refer to tendon ruptures caused by acute trauma and spontaneous tendon ruptures due to tendinopathy, which has been proven to be the primary cause of tendon ruptures (Sharma and Maffulli, 2005). Similarly, ligament injuries can be caused by various internal and external factors, including trauma, overuse, poor tissue structure or growth and development. In a case of violent trauma, it is more common that more than one ligament gets injured, whereas the rest of the musculoskeletal system may also get involved (Rodrigues et al., 2013).
The native repair process of ligament is similar with that of tendon, thus we will only briefly describe the repair process of tendon here. There are two different ways of tendon repair. One occurs intrinsically which involves the epitenon and endotenon tenocytes. The other develops extrinsically taking cells from surrounding sheath and synovium. Tendon healing is a complex process that require the cooperation of cells, ECM, cytokines, and other proteins (Sharma and Maffulli, 2005). The process is usually described as four overlapping sequential stages: inflammatory stage, proliferation stage, remodeling stage and maturation stage (Figure 2D). At the onset of injuries, hematomas form and pro-inflammatory cytokines are produced by mast cells which recruit neutrophils, macrophages and monocytes to the injury site. Angiogenesis is induced by the increased secretion of vascular endothelial growth factor (VEGF). ECM, primarily collagen III, are subsequently synthesized by the recruited fibroblasts at the injury site which is a hallmark of proliferation stage. During the remodeling stage, ECM production and cell activities are decreased. Collagen III is replaced by collagen I and the collagen fibers start to organize along the direction of tendon stress. At the stage of maturation, the crosslinking of collagen fibrils increase and mature tendonous tissues form with their mechanical strength being gradually improved (Docheva et al., 2015). However, due to the lack of appropriate mechanical stimulation, scar tissue formation as well as other reasons, the naturally repaired tendon can hardly restore their full functions and the risk of re-rupture of these repaired tendon remains high.
[image: Figure 2]FIGURE 2 | (A): Anatomical position of Achilles tendon, rotator cuff and anterior cruciate ligament (Created with BioRender.com). (B, C): General view and HE staining of tendon injury (TI) (scar and adhesion) and normal control (Chen et al., 2017). (D): the process of tendon repair (Docheva et al., 2015).
Among different tendon and ligament, Achilles tendon (Raikin et al., 2013), anterior cruciate ligament (Grassi et al., 2020) and rotator cuff (Tashjian, 2012) showed prominently higher incidents of rupture, which aroused wide interests in the repair of these tissues. And these three kinds of tendon and ligament are particularly important for the body to maintain normal physiological function, it is necessary to choose the appropriate treatment to repair the tendon and ligament to the maximum extent (Figure 2A). The selection of repair methods for tendon and ligament diseases in clinical practice depends on the severity and the site of diseases as well as the age of patients. For tendinopathy or mild to moderate tendon and ligament injuries with incomplete ruptures and good blood supply of peritendinous tissue, conservative treatment is generally adopted (Orava and Kujala, 2005). Common conservative treatments include rest, non-steroidal anti-inflammatory drugs, local hormonal blocking, immobilization, laser treatment and bracing (Lim et al., 2019). However, some studies have found that immobilization during conservative treatment will attenuate therapeutic effects, resulting in decrease of mechanical strength of repaired tendons, such as ultimate tensile and deviation characteristics. Appropriate rehabilitation training can reduce adhesion and promote flexor tendon healing (Voleti et al., 2012; Barfod, 2014). Surgical treatments are required when conservative treatments failed and patients suffer from severe tendon/ligament injuries such as a complete tendon rupture or multiple ligament injuries and need a rapid restoration (Lim et al., 2019). For massive rotator cuff tears, Thorsness R et al. proposed to treat repairable tissue with superior capsular reconstruction in patients who were young or did not have significant arthritis. Reverse Total Shoulder Arthroplasty is preferred by elderly patients with pseudo paresis, tendinopathy and low repair needs (Thorsness and Romeo, 2016). In some special cases, such as the defect or shortening of tendon and ligament, autograft, allograft and xenograft may be introduced (Sakabe and Sakai, 2011). The application of these tissue transplant in musculoskeletal system repair is promising. Nevertheless, the success rate of autograft is low and complications such as pain, instability and mechanical incompetence can hardly be ignored. Besides, general concerns like immunological rejection and zoonosis in allograft and xenograft should be considered when therapies are selected (Lim et al., 2019).
As has been mentioned, existing clinical treatments can rarely restore the full functions of tendons and ligaments. The major limitations of the conservative treatment are poor healing, scarring and the risk of refracture. The main histological difference between native tendon/ligament and scar tissue is that former fiber orientation is more disordered than the latter (Bruns et al., 2000). Besides, from a biomechanical properties perspective, scar tissue exhibited decreased strength, increased brittleness and was more likely to induce adhesion formation compared with native tissue (Voleti et al., 2012). Scar tissue does not match the mechanical properties of native tissue, nor does it have the nonlinear response mode of tendon/ligament tissue. Therefore, the repaired tissue is prone to re-fracture when it is subjected to a force less than the stress limit of normal tissue (Nourissat et al., 2015). Similarly, surgical treatment also has complications such as scar healing. Postoperative infection and postoperative adhesion are also problems that cannot be ignored in surgical treatment. The occurrence of adhesions is related to the factors that include tissue injury and surgical procedures. It prolongs the healing time and a second operation is often required. Improper selected suture materials, incorrect suture methods, premature postoperative rehabilitation training and surgical anatomical location are the main reasons leading to poor surgical treatment effect (Voleti et al., 2012) (Figures 2B,C). Due to above limitations, researchers are exploring different functional tissue substitutes to promote regeneration and healing of tendon and ligament tissue.
SMART HYDROGELS TO ADDRESS SOME KEY CHALLENGES OF TENDON/LIGAMENT REGENERATION
Tissue Engineered Medical Products (TEMPs) are a series of medical products designed by tissue engineering principle that can repair, improve and regenerate the structure and function of tissues and organs (Wang et al., 2016). The potential of TEMPs in tendon/ligament repair has been extensively studied over the past two decades. Products were developed to improve the natural healing process of tendon or ligament and to enhance their mechanical properties during surgical repair. Tendon and ligament are dense and anisotropic connective tissues, which contains collagen fibers in response to mechanical stimulation, cellular components regulating ECM and a large volume of water that ensures elasticity (Rodrigues et al., 2013). To mimic natural tendon or ligament, a tissue-engineered tendon or ligament need to meet the following requirements. First, TEMPs should have good biocompatibility that allows for cell adhesion, proliferation, migration, extracellular matrix deposition. Second, such products should have mechanical properties equivalent to those of normal tissues.
In this review, we focus on emerging strategies for the design and implementation of TEMPs to promote tendon/ligament repair, we highlight few strategies which we believe could greatly boost tendon/ligament repair in the future including: 1) biomimetic fibrous scaffold which mimic the unique biomechanical properties of tendon/ligament, 2) Bioinspired hydrogel patch with anisotropic surface adhesion to reduce postoperative adhesion and 3) biomaterial-assisted gene therapy for in-site drug delivery to facilitate tendon/ligament repair (Law et al., 2016).
Fibrous Scaffolds With Non-Linear Mechanical Behavior to Mimic the Extracellular Matrix of Native Tissue
The native human tendon/ligament primarily consists of aligned crimped collagen I fibers ranging from 1 to 30 um in diameter grouped into subfascicles. These organized and aligned collagen fibrils are critical for the generation and direction of force by providing the topographical cues to the imbedded cells. Experimentally, stress-strain curves of native tendon/ligament exhibit a J-shaped and a ‘toe region’, where the stress on the tissue is minimal typically at strain values lower than 2–5%. Above this ‘toe region’ follows a linear reaction region. This non-linear stress-strain behavior is critical for tendons and ligaments in resisting cyclic fatigue and effects of creep, and protect the collagen fibers and other ECM from the effects of low physiological strain (No et al., 2020). It is thus envisioned that fibrous scaffold with biomimetic geometry as native tendon/ligament will offer promising results for tendon/ligament regeneration.
Over the years, Electrospinning has been most commonly adapted technique to constructing scaffold with specific size (0.1–1.5 um) and pattern after a charged polymer solution is extrude from a needle onto a static or rotating collector (No et al., 2020). Surrao et al. synthesized self-crimping nanofibers by putting dimethylformamide (DMF) plasticized poly (L-lactide-co-D, L-lactide) (PLDLLA) electrospun nanofiber films into PBS solution at a temperature higher than its glass transition temperature. The post-spinning thermal treatments induced the formation of crimped morphology of fabricated nanofibers which resembles the pattern of anterior cruciate ligament. The crimp parameters (amplitude and wavelength) of the nanofibers were controllable by changing the difference between the operating temperature and the glass transition temperature of fibers (Surrao et al., 2010) (Figure 3A).
[image: Figure 3]FIGURE 3 | (A): a)control, b)incubated at 4°C, c)incubated at 22°C, d)incubated at 37°C (Surrao et al., 2010). (B): fabrications of crimped and cross-linked fiber scaffolds (Chen et al., 2014). (C): schematic diagram of controllable crimp fiber (Liu et al., 2015). (D): the 3D structure of the scaffold was obtained by braiding (Laranjeira et al., 2017).
Dynamic loading on aligned fibrous scaffold has been shown to further enhance secretion of tendon/ligament specific ECM components (No et al., 2020). Amsden et al. explored the effects of different mechanical stimulation amplitude on crimped or non-crimped nanofiber membrane and found that 10% strain amplitude could significantly increase the synthesis of ECM in crimped fibers compared to straight fibers (Surrao et al., 2012). However, crimped nanofibers synthesized in previous studies are prone to lose their microstructures after dynamic stimulations. Chen et al. synthesized a crimp-stabilized fibrous scaffold by electrospinning and photo-cross-linking the copolymerized L-lactide with acryloyl carbonate (AC) monomer. Cross-linking stabilized the crimped morphology of scaffolds which possess a Young’s modulus comparable to that of human anterior cruciate ligament (Chen et al., 2014) (Figure 3B).
Crimped fibrous scaffolds produced by electrospinning are usually too dense which cells can hardly infiltrate through. To better control the crimp pattern of fibrous scaffold, Liu et al. electrospun arrays of uniaxially aligned poly (lactic acid) (PLA) filaments with an initial length (L0). The stretched filaments were then socked in ethanol and shrank into short crimped filaments with a new length (L). By controlling the ratio of L/L0, nanofibers with different degree of crimping were made. Their results showed that fibers with a L/L0 ratio of 50% maintained highest tendon fibroblast viability (Liu et al., 2015) (Figure 3C). To obtain a scaffold with higher porosity, Spencer et al. co-electrospun poly (ethylene oxide) (PEO) and an water-insoluble material, followed by water washing to remove PEO. This method enlarges the spacing between the nanofibers and increases the available space for the fibers to shrink, thus providing a better non-linear mechanical response than those treated with traditional thermal treatment alone (Szczesny et al., 2017).
Compared with two-dimensional scaffolds, three-dimensional porous scaffolds improve cell permeability and nutrient exchange. Laranjeira et al. used electrospinning technology to construct continuous aligned nanofiber threads by combining PCL, chitosan and cellulose nanocrystals, and weaved the two-dimensional nanofiber threads into a three-dimensional structure through different textile processes. The braided three-dimensional scaffold not only had the non-linear stress-strain curve similar to the normal tendon tissue, but also induced the tenogenic-like differentiation of adipose stem cells, and formed the neotissue similar to native tendon tissue (Laranjeira et al., 2017) (Figure 3D).
In summary, most crimped fibers synthesized in above studies can meet the requirements for human ligament/tendon repair, in consideration of the Young’s modulus of native human ligament/tendon under physiological conditions (Table 2). A controllable crimped fiber was constructed by Surrao et al., but its Young’ modulus was low and failed to meet the lowest limit of normal value (Surrao et al., 2010). This shortage was overcome in subsequent studies by stimulating extracellular matrix differentiation with dynamic loading (Surrao et al., 2012), modifying composition and cross-linking (Chen et al., 2014), incorporating new monomers (Liu et al., 2015; Szczesny et al., 2017), or manufacturing with braided technology (Laranjeira et al., 2017). These crimped fibers with non-linear response have better biomechanical properties, which pave the way for future exploration of biomimetic scaffold for engineered T/L tissue.
TABLE 2 | Summary of mechanical properties of crimped fibers in literature.
[image: Table 2]However, despite some advantages of synthetic polymers over natural polymers, few limitations of synthetic polymers do exist. For instance, the degradation time of synthetic polymers are normally much longer than the time for the formation of regenerative tissue and thus results in mechanical irritation and chronic inflammation. In addition, many synthetic polymer materials will evoke host response and even fibrous encapsulation occurs in the long time. Therefore, an ideal scaffold should not only possess the appropriate biomechanical properties but also biological functions to recreate a pro-regenerative microenvironment for tendon/ligament repair.
Bioinspired Hydrogel Patch for Tendon/Ligament Repair
Although surgical reconstruction is the primary treatment for tendon and ligament related injuries, many individuals suffer from postoperative complications including re-rapture, reduced function and postsurgical adhesion between adjacent tissues. Bioadhesives are widely used in the repair of skin (Chen et al., 2018), cartilage (Ozturk et al., 2020), muscle (Hong et al., 2019) and other tissues due to their excellent tissue adhesion and cytocompatibility. Numerous bioadhesives have been reported thus far, for instance, adhesive hydrogels were made of gelatin methacryloyl and methacryloyl-substituted recombinant human tropoelastin by cross-linking under visible light (Annabi et al., 2017). Strong adhesion hydrogels using a combination of physical and chemical reactions with an adhesion interface and background hysteresis have been explored (Li et al., 2017). Gan et al. constructed a highly adhesive hydrogel with biocompatibility, long-term adhesion and anti-infection ability by using Ag-lignin nanoparticles with the reversible conversion ability of quinone-catechol (Gan et al., 2019). There are also physiological adhesion sites in tendon/ligament tissues, which are the tendon-bone interface connecting tendon/ligament with bone or cartilage. Among them, the calcified fibrochondral regions are the key to fatigue-resistant adhesion. In order to meet the normal physiological needs, the interface toughness of some cartilage-bone interfaces should meet the requirements of 800Jm−2 after 1 million loads per year (Liu et al., 2020). Adhesive can be used as an adjuvant for surgical treatment of tendon/ligament injuries, with attention to anisotropy and the direction of force applied. The toughness of the adhesive will also have a large impact on the treatment efficacy (Avgoulas et al., 2019). Nanocrystalline domains composed of PVA hydrogels were anchored to solid substrates through annealing treatment, endowing fatigue-resistant adhesion to engineering materials including glass, stainless steel and ceramics. When applied between articular cartilage and rigid machines, the hydrogel coating exhibits excellent wear and slip resistance (Liu et al., 2020) (Figure 4A) researchers also anchored hydrogels to a solid substrate through silane modification and EDC chemistry, and confirmed that interfacial toughness is superior to the adhesions between tendon-bone interfaces (Yuk et al., 2016) (Figure 4B). Adhesive hydrogel can also be used as Photochemical Tissue Bonding (PTB) as a supplement to surgical sutures. Chan et al. tested the PTB treatment of Achilles tendon ruptures in rats. Rose Bengal (RB) solution was applied to the ruptured end of Achilles tendon and irradiated with laser to obtain a PTB treated model. PTB was found as an effective approach facilitating tendon repair (Chan et al., 2005). However, the traditionally used (green) laser (532 nm) has poor tissue penetration, which requires a direct exposure to wounds. To address this issue, RB-containing Chitosan/β-GP hydrogels were loaded with upercoversion nanoparticles which covert the infrared light (808 nm) to the green light. Noninvasive photochemical sealing was achieved for Achilles tendon ruptures, which was even more effective than the conventional PTB (Zhu et al., 2020).
[image: Figure 4]FIGURE 4 | (A): high-energy nanostructures bioinspired fatigue-resistant adhesion, fatigue-resistant adhesion of poly (vinyl alcohol) (PVA) hydrogel (Liu et al., 2020). (B): design idea of hydrogel adhesion to different material surface (Yuk et al., 2016). (C): the illustration depicts the formation of a bioinspired structural color patch (Wang et al., 2020a). (D): the illustration depicts the process of construction of a Janus hydrogel and repair of rabbit’s perforated stomach (Cui et al., 2020).
Postoperative adhesion between tendon/ligament and surrounding tissue is a unmet clinical need, it is thus of clinical significance to design and construct a bioadhesive that can adhere injured tendon/ligament and facilitate healing while prevent post-surgical tissue adhesion simultaneously (Zhang et al., 2021). Studies have shown that the external repair through the surrounding tendon sheath and synovial origin cells is the main cause of adhesion, and the association between inflammatory response and adhesion should not be underestimated (Zhou and Lu, 2021). Various types of hydrogels, including hyaluronic acid, have been used to repair tendons and ligaments in order to reduce extrinsic healing and inflammation (Zhang et al., 2021). They can adhere to different tissue surfaces, simulate the function of extracellular matrix, allow cells, cytokines, oxygen and other components penetrate, and play a physical barrier to reduce the extrinsic repair of tendons and inflammation, thus promoting the functional repair of tendon and ligament.
Therefore, ideal hydrogels for tendon and ligament repair should not only meet the requirement of stable and fatigue-resistant adhesion to the tissue surface, but more importantly, reduce the adhesion between the damaged tissue and the surrounding tissue. Yan et al. constructed a double-layer adhesive hydrogel patch, with the outer layer of which was a hydrophobic anti-inflammatory and anti-adhesive PLGA electrospun nanofilm containing ibuprofen, and the inner layer was a PEG-PLV hydrogel containing basic fibroblast growth factor. The researchers found that this unique drug delivery system was able to effectively deliver the drug in situ over a long period of time, reducing adhesion and thus promoting Achilles tendon healing in rats (Yan et al., 2021). By enclosing B-type synovial cells in self-assembled peptide hydrogel and adding electrospun PCL nanofilm on the outer layer, which physically insulates tendon tissue from subcutaneous tissue contact, Imere et al. successfully constructed a system that provides moderate sliding in early healing and can resist peripheral adhesion (Imere et al., 2021). Despite the great potential and increasing interest in these anisotropic adhesive hydrogels, their applications thus far have been limited to monitoring cardiac activity (Wang et al., 2020a) (Figure 4C), preventing postoperative adhesion of the abdominal wall, and suturing gastric tissue (Cui et al., 2020) (Figure 4D). To the best of our knowledge, no anisotropic adhesives have been used in load-bearing tissues such as tendon/ligament defects but the potential of this smart hydrogel adhesive for tendon/ligament defects remains attractive and promising.
Biomaterial-Assisted Gene Therapy to Treat Tendon/Ligament Defects
Growth factors can be produced and acted at every stage of tendon/ligament healing, especially in the early stage of healing, and play a pivotal role in inducing cell growth and tissue development (Docheva et al., 2015). However, traditional in-situ loading of growth factors around tissues is often difficult and full of challenges. It is not only necessary to control the timing of the release of growth factors, but also to control the amount of release. Responsive drug delivery system solves some of the issue of growth factor delivery but the high cost and short half-life of growth factors still limits their wide application in tendon/ligament repair in clinic. Gene therapy offers an exciting approach to improving tendon and ligament healing (Docheva et al., 2015). Gene therapy was defined by The Food and Drug Administration (FDA) as “the administration of genetic material to modify or manipulate the expression of a gene product or to alter the biological properties of living cells for therapeutic use.” Sustained and regulated expression of transgenes in situ can be achieved by gene therapy and this regulatory manner can enhance the biological activities of proteins of interest (Evans and Huard, 2015). A variety of growth factors, signal molecules, anti-inflammatory factors can be synthesized in situ through gene therapy (Ilaltdinov et al., 2020).
According to the central dogma of molecular biology, the transmission of genetic information is a gradual process from DNA to RNA and finally to proteins. Genetic engineering is a technology that modifies and processes many different kinds of DNA and RNA. These two nucleic acids have their advantages and disadvantages when used. DNA has the risk of integration into the host genome, while RNA can avoid the risk but its transfection efficiency is limited and it is easy to be cleared (Attia et al., 2021). Foreign gene transfer can be introduced into cells either by viruses or non-viral vector such as cationic liposomes vectors. The former makes use of viral innate ability of infection to delivery genes into recipient cells and is engineered non-replicable. Adenoviruses, lentiviruses and retroviral related viruses are the most commonly used viruses in gene therapy. Because viral vectors are often complex and expensive, non-viral vectors with high safety, low restriction and good immunogenicity are often more attractive (Docheva et al., 2015). Genes can be delivered into host tissue via in vivo (in vivo injection) or ex vivo methods (in vitro transduction). In vivo delivery can be divided into two ways: the use of vectors alone and the combination of a matrix. The ex vivo strategy of gene delivery through autologous cells or allogeneic cells has attracted more and more attention because it can not only artificially regulate gene expression accurately but also promote cell proliferation (Evans and Huard, 2015).
Using a recombinant adenovirus transduction method, the researchers successfully transferred the target gene LacZ expressing E. coli β-galactosidase into the tendon and tendon sheath of chickens, and demonstrated that the gene expression product can be maintained for a long time without degradation (Lou et al., 1996). In order to investigate the relationship between intracellular focal adhesion kinase (FAK)-related signaling pathway and tendon adhesion, Lou et al. transfected the recombinant adenovirus containing the FAK gene (PP125 FAK) into tenocytes in vitro and into tendons of chickens in vivo, and successfully observed the overexpression of proteins and adhesion (Lou et al., 1997). However, due to the immunogenicity of adenovirus vectors to a certain extent, adenovirus-associated vectors have been used in most subsequent studies. Moreover, Zhu et al. demonstrated that compared with plasmid vector, the tendon healing induced by adenovirus-associated vector is most consistent with the normal tendon healing process, so this vector may be a more suitable vector for gene transfer in tendons (Bei et al., 2006). Through the transduction of basic fibroblast growth factor (bFGF) by adeno-associated virus vector, Wang and colleagues studied the effect of gene therapy on the regulation of collagen fibers by tenocytes in vitro (Xiao et al., 2005), Tang and colleagues explored the effect of gene therapy on flexor tendon healing in vivo (Jin et al., 2008). Combined with previous studies on bFGF in vivo and vascular endothelial growth factor (VEGF) in vitro induction of tenocytes, the researchers respectively loaded the two genes into adeno-associated viruses, and found that in the condition of no increased adhesion or decreased gliding, tendon repair showed a two-fold increase in strength and less adhesion to surrounding tissue (Tang et al., 2016).
Non-viral vectors have gained increasing attention because of their superior safety, low immunogenicity and minimal risk of viral genes being integrated into host cells. Chemically modified mRNAs that encode bFGF are more stable and less immunogenic than unmodified mRNAs, and can enhance repair when directly injected into defective tendon tissue (Herbst et al., 2018). Given the traditional use of non-viral vectors, which are usually injected into tissues as a solution, the anchoring is often uncontrollable. Therefore, researchers chose to fix the non-viral vector to the scaffold material before implantation in vivo, and then anchor the scaffold material to the wound area, so as to realize in situ gene therapy (Zaitseva et al., 2018). Using degradable PLGA nanoparticles to encapsulate plasmids carrying bFGF and VEGF genes, Zhou’s team demonstrated the effectiveness of transfection by conducting in vivo tendon and in vitro tenocyte experiments (Yang et al., 2018). Zhou et al. coated the cyclooxygenase-engineered miRNA (COX-1 and COX-2) plasmids in PLGA nanoparticles and then placed the nanoparticles in a HA hydrogel. They proved this system not only reduced inflammation level by downregulating significantly COX-1 and COX-2 expression, but also decreased formation of adhesion between tendon and the surround (Zhou et al., 2018).
Different from the repair of common tendon and ligament injuries, attention should be paid to the unique fibronochondral transitional zone of the tendon in the repair of the tendon and bone connection interface, so greater mechanical strength and appropriate cartilaginous development environment should be met. Lattermann et al. successfully introduced the target gene into the tendon-bone interface using an adenovirus vector (Lattermann et al., 2004). Smad3 small interfering RNA (Wang et al., 2020b), SOX9 gene (Zhu et al., 2014), BMP4 gene (Coen et al., 2011), COX2 gene (Rundle et al., 2014), MT1-MMP gene (Gulotta et al., 2010) and BMP-2 gene (Martinek et al., 2002) can promote the strengthening of tendon-bone junction healing and early physiological repair through adenovirus or lentivirus transduction (Figure 5).
[image: Figure 5]FIGURE 5 | Current strategies of gene therapy of tendon/ligament (Created with BioRender.com).
The results of gene therapy for tendons/ligaments are encouraging, but there is a lack of extensive experimental confirmation of optimal nucleic acids, carrier types, and delivery modes. Based on the successful application of functional genetic circuit in immunotherapy and other cell therapy in recent years (Nims et al., 2021), we envision that living materials constructed by synthetic biology methods including gene therapy will further promote the development of tendon/ligament repair.
SUMMARY AND FUTURE PERSPECTIVES
In this review, biomechanical, hierarchical structure and cellular composition of native tendon and ligament were briefly discussed, followed by introduction of biomechanical and biological problems facing repair and healing of tendon and ligament injuries in native and clinical scenario. There have been tremendous improvements to clinical treatment options for tendon or ligament injuries, however, many issues still remain. We highlight few advanced engineering strategies aimed to restore the properties of healing tissue to normal levels. These strategies include designing fibrous scaffold to mimic the ultrastructural and biomechanical properties of native tendon or ligament, hydrogel adhesives to facilitate the injured tissue healing while prevent the post-operational adhesion between tissues. In addition, biomaterial-assisted gene therapy and genome editing tools offer an exciting approach to improving tendon and ligament healing as it could be more precisely regulate the gene transcription during tendon/ligament healing thus is potential to increase the therapeutic efficacy in clinical application. However, lack of efficient delivery strategies to the target cells and tissues, such as ligament and tendons which have dense extracellular impedes the widespread use of genome editing technology in clinic. These new therapies will likely be approved on a case-by-case basis as they need to be rigorously validated in cells, animals, and in humans for safety. Despite of these challenges, the potential of genome editing and advanced gene therapy technology in the development of new treatment strategies is confidently expected to have a major effect on the practice of tendon/ligament repair.
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Bone regeneration or replacement has been proved to be one of the most effective methods available for the treatment of bone defects caused by different musculoskeletal disorders. However, the great contradiction between the large demand for clinical therapies and the insufficiency and deficiency of natural bone grafts has led to an urgent need for the development of synthetic bone graft substitutes. Bone tissue engineering has shown great potential in the construction of desired bone grafts, despite the many challenges that remain to be faced before safe and reliable clinical applications can be achieved. Graphene, with outstanding physical, chemical and biological properties, is considered a highly promising material for ideal bone regeneration and has attracted broad attention. In this review, we provide an introduction to the properties of graphene and its derivatives. In addition, based on the analysis of bone regeneration processes, interesting findings of graphene-based materials in bone regenerative medicine are analyzed, with special emphasis on their applications as scaffolds, membranes, and coatings in bone tissue engineering. Finally, the advantages, challenges, and future prospects of their application in bone regenerative medicine are discussed.
Keywords: graphene, bone tissue engineering, scaffolds, membranes, coatings
INTRODUCTION
For the past decades, the incidences of bone defects caused by different musculoskeletal conditions (e.g., congenital, degenerative, post-traumatic, neoplastic, metabolic and infectious) are continuously increasing (Katagiri et al., 2017). Bone regeneration or substitution has been proved to be valid approaches for the current therapy (Bhattacharjee et al., 2017; Zhang et al., 2019a). In this context, bone transplantation has become the second frequent tissue transplantation after blood transfusion, with over two million cases worldwide per year (Liu et al., 2017). With the advent of an aging society, the clinical requirement for effective bone regeneration therapy will continue to increase. Despite autogenous bone transplantation has undoubtedly become the gold standard for bone regeneration, the applications are still limited because of the insufficient supply, loss of function as well as secondary defects at the bone donor site (Shukla et al., 2017; Benlidayi et al., 2018; Zhang et al., 2019b). Allogenous bone transplantation is an alternative approach, but this therapeutic method has to face risks such as disease transmission, infection, and immunogenicity (Calori et al., 2011; Campana et al., 2014). Although some existing synthetic biomaterials have achieved favorable clinical efficacy, there is still a lack of outstanding biomaterials that can provide excellent load-bearing, complete biodegradability, osteogenesis and osteoconductivity simultaneously (Fayyazbakhsh et al., 2017; Li et al., 2018a; Ju et al., 2021). As a result, there has been an urgent need for the development and application of synthetic bone graft substitutes.
Tissue engineering has been considered as a viable solution to the aforementioned challenges, which has led to significant advances in cell and organ transplantation over the past decades, as well as greatly stimulating innovation in new materials, application models, preparation techniques, and performance evaluation (Rose and Oreffo, 2002; O'Keefe and Mao, 2011). Tissue engineered bone grafts have great potential to alleviate the need arising from the lack of suitable autograft and allograft materials for bone repair (Yadav et al., 2021). Up to now, a great deal of effort has been made in the design, fabrication, characterization, and application of emerging materials, such as scaffolds, coatings, membranes. (Zwingenberger et al., 2012; Eivazzadeh-Keihan et al., 2019; Du et al., 2021). Among these promising solutions, scaffolds play a central role and exhibit several unique advantages in bone tissue engineering (Shadjou and Hasanzadeh, 2016). Scaffolds can not only provide mechanical support for local load-bearing, but also offer structural support for specific cells, and thus guide new tissue growth and promote bone regeneration (Sill and von Recum, 2008). Coatings for bone repair implants are perceived as another promising approach in bone tissue engineering. Coated materials can enhance the mechanical properties of the implants and improve the interfacial reaction physiologically (Pereira et al., 2020). Membranes for bone tissue engineering can provide an independent space for bone regeneration and act as a barrier against soft tissue ingrowth (Du et al., 2020).
The success of tissue engineering heavily depends on the performance of the materials. For the desired bone regeneration materials, excellent biocompatibility, controlled biodegradability, appropriate mechanical strength, and suitable porosity to support cell differentiation, growth, and proliferation all should be emphasized (Kim et al., 2013; Freeman et al., 2021; Hajiali et al., 2021). Research on graphene-based nanomaterials has boomed in biomaterial applications over the past few years. With outstanding physical, chemical and biological properties, graphene is considered to be revolutionary material and shows great potential for applications in tissue regeneration, drug delivery and other biomedical areas (Hu et al., 2020; Fu et al., 2021; Unal et al., 2021). Therefore, the purpose of this review is to highlight the scientific progress over the years and further summarize the physical and chemical properties, family members and applications in bone tissue engineering of this graphene-based nanomaterial.
ADVANTAGES OF GRAPHENE IN BONE TISSUE ENGINEERING
Graphene, a single-atom thick and two-dimensional sheet of sp2-hybridized carbon atoms, was isolated from highly oriented pyrolytic graphite by two British physicists (Feng and Liu, 2011). This revolutionary discovery quickly attracted great attention in the fields of materials science, chemistry, physics and biotechnology, and the 2010 Nobel Prize in Physics attests to its extraordinary significance (Dresselhaus and Araujo, 2010). Since its discovery in 2004, graphene has received increasing interest for its remarkable properties, including high fracture strength, outstanding Young’s modulus, excellent thermal and electrical conductivity, large specific surface area, atomic structure stability and biocompatibility (Kumar et al., 2016; Sayyar et al., 2017; Zhao et al., 2017; Nezakati et al., 2018). There have been great expectations for the application of this “future material”.
Graphene is known as one of the strongest materials in existence (Lee et al., 2008). With exceptional mechanical properties, graphene stands out as the most promising candidate to be a major filling agent for bone repair composite. Nevertheless, it should be emphasized that the mechanical reinforcement effect from graphene is closely related to its distribution in the composite (Young et al., 2012). Homogeneous distribution leads to effective mechanical property enhancement, but the cohesion between graphene molecules can hinder the distribution and therefore needs to be overcome (Gao et al., 2018). Electrical conductivity can confer better osteogenic activity to bone repair materials (Huang et al., 2019). Owing to its unique molecular structure, graphene can be used to formulate three-dimensional composites with good electrical conductivity. Moreover, the large specific surface area of graphene can greatly improve cell adhesion, which likewise benefits the osteogenic activity (Gao et al., 2017). Large specific surface area also facilitates the further functionalization of graphene, thus being able to impart better chemical activity and improve its hydrophilicity and dispersibility (Trusek et al., 2020). The molecular size, content and uniformity of graphene will significantly affect the mechanical and electrical properties of the bone repair composite, and it is therefore important to determine the appropriate graphene content and ratio.
Biocompatibility is a prerequisite for the in vivo application of bone repair materials (Mehrali et al., 2014; Qi et al., 2020; Jyoti et al., 2021). A number of studies have demonstrated the biocompatibility of graphene through in vitro cell co-culture and in vivo metabolic analysis, however, this observation is accompanied by qualifying conditions (Alaghmandfard et al., 2021). The physical and chemical properties have been proved to greatly affect the interaction of graphene with living cells, and that the dose and concentration of graphene in the matrix are also related to its cytotoxicity (Cao et al., 2021; Pulingam et al., 2021). The resulting cytotoxic effects occur mainly at the cellular and molecular levels and may be attributed to increased oxidative stress (Sasidharan et al., 2016). Therefore, as with other nanomaterials, smaller particle sizes and higher concentrations are more likely to induce cytotoxic effects, while concentrations below 5–10 μg/ml are relatively safe (Chang et al., 2011). The long-term safety of biomaterials for in vivo applications also depends on their biodegradability. The degradation products from graphene have not been shown to cause substantial cell damage, however, the in vivo retention period may be associated with several pathological changes (Mukherjee et al., 2018; Daneshmandi et al., 2021). The enzymatic environment as well as specific chemical modifications are available to regulate the rate of degradation and thus reduce the potential of graphene-induced cytotoxicity (Palmieri et al., 2019; Ma et al., 2020; Peng et al., 2020).
DERIVATIVES OF GRAPHENE
The growing demand for solving clinical challenges is forcing the studies on tissue engineering to progress (Wang et al., 2021). As one of the most promising emerging materials, graphene has been widely explored in the fields of regenerative medicine (Kolanthai et al., 2018; Liu et al., 2019; Cojocaru et al., 2021). Nevertheless, there are still much room for improvement to overcome existing challenges for its application in bone regeneration (Cernat et al., 2020; Nimbalkar and Kim, 2020; Bruschi et al., 2021). In spite of remarkable properties, it is difficult for pristine graphene to form three-dimensional scaffolds on its own. In general, graphene needs to be compounded with other materials for bone repair (Raslan et al., 2020), but the strong van der Waals forces between particles lead to the poor dispersibility in aqueous media and physiological fluids (Li et al., 2017a). Functionalization of pristine graphene is an effective method to improve the solubility and dispersibility, so that a growing number of studies have been focusing on its derivatives for regenerative applications in recent years (Driscoll et al., 2021).
Graphene oxide (GO) is the oxidized form of graphene, which has been the most widely used graphene family member in biomedical applications today (Reina et al., 2017; Han et al., 2018a; Martín et al., 2019). After oxidation, GO retains its laminar structure. There are various oxygen functional groups distributed on the carbon atom sheet, mainly including hydroxyl and epoxy groups on the basal plane, carboxyl and carbonyl groups attached to the edge (Park et al., 2009). The introduction of functional groups not only offer the hydrophilicity and dispersibility (Chen et al., 2012), but also provide more opportunities to manipulate and customize the properties of GO (Kim et al., 2010). On the other hand, the presence of these functional groups produces high defect density in the perfect planar structure of graphene, which leads to the reduction of its mechanical, electrical, and thermal properties (Zhao et al., 2021). Therefore, GO is considered as an attractive and cost-effective alternative for graphene due to its accessibility, hydrophilicity, dispersibility, chemical tunability and processability.
Reduced graphene oxide (rGO) is obtained through chemical or physical methods to eliminate the oxygen functional groups (Dash et al., 2021). Reduction of GO is done to restore physical properties to some extent, but this also leads to a decrease in hydrophilicity and dispersibility, as well as a weakening of the chemical tunability (Bagri et al., 2010). rGO can be used as an alternative for large-scale production of graphene-based materials. Based on number of layers in the sheet, graphene can be classified into single layer graphene, few-layers graphene and multi-layer graphene (Daneshmandi et al., 2021). Ultimately, the application of graphene and its various functionalized derivatives can be selected according to specific clinical needs in bone regenerative medicine (Zhao et al., 2017). Currently, graphene and its derivatives (GDs) have been used to prepare various scaffolds, coatings, membrane materials and injectable hydrogels for bone tissue engineering by compounding with various matrices such as metals, polymers and inorganic substances (Park et al., 2016; Li et al., 2018b; Saravanan et al., 2018).
APPLICATIONS OF GDS IN BONE TISSUE ENGINEERING
It is necessary to have a thorough understanding of the basic structure before discussing bone tissue engineering. In addition to bone cells, bone tissue contains a large number of matrices, mainly including collagen, non-collagenous proteins and calcium phosphate deposits (Katz and Meunier, 1987). Macroscopically, bone tissue can be divided into dense cortical bone and porous cancellous bone or trabecular bone. In general, cortical bone acts as a shell to encase cancellous bone. Tissue regions with higher mechanical stress contain a higher percentage of cortical bone (Rho et al., 1998). It can be assumed from the composition contained in bone tissue, the mineral component provides stiffness while the collagen assemblies provide viscoelasticity and toughness (Kadler et al., 1996; Iyo et al., 2004; Shah et al., 2019). Microscopically, pristine fibers, formed from collagen and minerals, can aggregate and assemble into nanoscale fibers. Subsequently, the nanoscale fibers gathering as lamellar structures that are arranged in cylinders parallel to the long axis in cortical bone and irregularly woven arrays in cancellous bone (Rho et al., 1998). Bone tissue is also a highly dynamic system. Continuous remodeling occurs through osteolysis by osteoclasts and osteogenesis by osteoblasts (Hadjidakis and Androulakis, 2006). The process of bone remodeling can be induced by mechanical stress, with areas of higher mechanical stress producing stronger tissue and higher overturn rates (Herring, 1968).
GDs-Based Scaffolds
Synthetic scaffolds have become attractive alternative to natural graft materials due to their accessibility, affordability, adjustability and stability (Damien and Parsons, 1991). In addition to immediately restoring the mechanical integrity at the bone defect site, the ideal biodegradable scaffolds should also provide spaces to guide new bone tissue growth and reconstruction (Kim and Mooney, 1998). The selection of suitable materials for the fabrication of high-quality three-dimensional porous scaffolds is quite an important issue in bone tissue engineering. On account of the ability to significantly improve mechanical and biological properties in the field of synthetic scaffolds, significant research has focused on GDs in recent years.
Hydroxyapatite (HAP), due to its similarity to the inorganic composition of bone tissue and good biocompatibility, was the most popular bone replacement material. However, its low fracture toughness, low wear resistance, brittleness, and poor osteoinductive ability greatly limit the application, which needs to be solved urgently (Shin et al., 2015). Zhou et al. (2019) successfully prepared a porous scaffold with hierarchical pore structure and good biomechanical strength using a soft template method. With HAP as substrate of the scaffold, rGO was introduced to improve mechanical properties and promote proliferation and spontaneous osteogenic differentiation of bone marrow mesenchymal stem cells (BMSC). More importantly, it allowed the rate of scaffold degradation to closely match the rate of new bone growth. The hierarchical porous HAP/rGO composite scaffolds was proved to accelerate bone growth in the scaffold, providing a potential clinical candidate for regeneration of critical bone defects (Figure 1). To avoid HAP agglomeration affecting the overall bioactivity and stability, Zhao et al. (2019) introduced nano-hydroxyapatite (nHAP) into the chitosan (CS)/GO covalently-bound network matrix. The covalent bonding between CS and GO provided the underlying stability of the scaffold. The nanoscale network substrate could promote uniform dispersion of nHAP, reinforcing the interactions between organic and inorganic materials, which further increased the overall bioactivity and stability. The lamellar structure of GO created a certain spacing between the composite units, thus enhancing the hydrophilicity of the scaffold. The abundant functional groups on the surface of GO and CS promoted the recruitment, proliferation and differentiation of endogenous stem cells. In vitro experiments demonstrated that these GO/CS/nHAP scaffolds achieved excellent endogenous bone tissue regeneration, and the new bone formed an almost complete structure with the surrounding natural bone.
[image: Figure 1]FIGURE 1 | SEM image of (A) the porous structure in HA/rGO-6/0.3 composite scaffold, and (B) (D) the pore structure, (C) cross-sectional structure of hole wall, (E) pore wall structure and (F) enlarged view of the cross-section of hole wall. (G) Pore structure of HA/rGO-6/0.3 and EDS (H) Ca, (I) P (J) C mapping images of Figure 2G. Reproduced from Zhou et al. (2019) with permission from Copyright 2019 American Chemical Society.
Collagen is an organic component of the bone tissue matrix that is widely used in bone tissue engineering (Ahn et al., 2021). Biocompatibility, biodegradability, bioactivity, and low immunogenicity are the advantages of collagen-based scaffolds. However, due to insufficient mechanical strength, they usually need to be used in conjunction with other materials for bone reconstruction, wherein GDs are one of the ideal choices (Sarker et al., 2015). Taking advantage of the biocompatibility of collagen and GO, Liu et al. (2018) constructed a novel scaffold that mimic the extracellular matrix environment of BMSC. An osteoinductive extracellular matrix (OiECM) was obtained by incubation of osteo-differentiated BMSC for 21 days. Then the OiECM was completely wrapped with GO-collagen (Col) hybrids to construct the OiECM-GO-Col scaffold. The excellent bone repair effect of the new scaffold was demonstrated using a 5 mm rat cranial defect model. In addition, Zhou et al. intended to form bone-like apatite (Ap) on natural polymers through biomimetic mineralization using simulated body fluid (SBF), thus enhancing the osteoconductivity and biocompatibility (Zhou et al., 2018). To improve the coating efficiency of the bone-like apatite layers, GO, which is rich in functional groups, was utilized to provide more active sites for biomimetic mineralization. Different concentrations (0, 0.05, 0.1, and 0.2% w/v) of GO were introduced into the collagen scaffold, and the fabricated scaffolds were then immersed into SBF for 1, 7, and 14 days. Through a series of experiments, it was observed that the 0.1% GO-Col-Ap group formed more bone-like apatite and showed significantly higher rat BMSCs adhesion and proliferation in vitro and higher bone formation in vivo (Figure 2).
[image: Figure 2]FIGURE 2 | In vivo evaluation of the scaffolds using the critical-sized defect (A, C) Three-dimensional reconstruction and (B, D) coronal section analysis of the defect areas at 4 and 12 weeks (A, B) New bone was formed in the four groups at 4 weeks, and (C, D) almost complete healing of the bone defects was observed in 0.1 and 0.2% GO−Col−Ap groups at 12 weeks. Dotted red circle: defect area. Reproduced from Zhou et al. (2018) with permission from Copyright 2018 American Chemical Society.
A microenvironment with adequate blood supply is equally crucial for bone tissue engineering (Yap et al., 2018). Some implant failures were caused by the lack of nutrients secondary to insufficient vascularity (Auger et al., 2013). Wang et al. (2019) designed a scaffold comprising of mesoporous bioactive glass (MBG) and GO to investigate its ability to promote local angiogenesis and bone healing. In a rat cranial defect model, the MBG-GO scaffold demonstrated its ability to promote inward vascular growth. The osteogenic-angiogenic properties made this novel material as an attractive candidate for bone repair. For example, Zhao et al. (2018) developed a novel thermosensitive injectable scaffold material via combination of GO with a citrate-based hydrogel called PPCNg. BMP9-encapsulated GO-PPCNg scaffold greatly enhanced the expression of osteogenic regulators, bone markers and vascular endothelial growth factor (VEGF). Moreover, the formation of well-mineralized and highly vascularized trabecular bone was observed in vivo. Tissue engineering chamber is an in vivo transplantation device that cannot only provide the mechanical support for transplanted tissue or cells but also endow a relatively isolated and vascularized environment (Rouwkema et al., 2008). Fang et al. (2020) established a vascularized GO-collagen chamber by embedding blood vessels into the internal BMSCs-gelatin grafts (Figure 3). After placement in the inguinal region of rats for 1 month, GO-collagen chambers were shown to significantly improve the angiogenic process and promote the survival and osteogenic differentiation of BMSCs.
[image: Figure 3]FIGURE 3 | Schematic illustration of the preparation and in vivo application of the GO-collagen tissue engineering chamber in a rat groin model. GO and collagen were dissolved, blended and injected into molds to obtain GO-collagen scaffolds with disc shape and hollow cylindrical shape. After the cross-linking process, GO-collagen scaffolds were fabricated to make a tissue engineering chamber. Then, the BMSCs-gelatin grafts were encased in the GO-collagen chamber and implanted into the rat groin area, with vessels traversing through the graft. Reproduced from Fang et al. (2020) with permission from Copyright 2020 Ivyspring International Publisher.
GDs-Based Membranes or Films
Artificial barrier membranes can seal bone defects and promote bone regeneration during a regenerative period of up to several weeks, and have likewise attracted a lot of attention in bone tissue engineering (Retzepi and Donos, 2010). Previous studies have reported the use of titanium, polymers and some bioactive materials for fabrication of bone repair membranes (Molly et al., 2006; Gentile et al., 2011; Tejeda-Montes et al., 2014). Its properties are yet to be improved, especially mechanical properties matching the bone tissue, osteogenic activity, controlled degradability and selective permeation of nutrients (Lee et al., 2009; Pinheiro et al., 2009; Choi et al., 2010). During regenerative period, the bone repair membrane not only acts as a framework allowing new bone formation, but also provides a sealed space to prevent rapid ingrowth of connective tissue (Zhang et al., 2021).
Lu et al. (2016) reported a graphene hydrogel (MGH) membrane fabricated by multiple, face-to-face stacked chemically converted graphene (CCG) sheets. This multilayer nanostructure was robust and flexible, with an average tensile modulus close to the order of magnitude of that of rat skull. Removal of water molecules between the CCG layers resulted in the irreversible collapse of the multilayer microstructure to form a more compact structure. In a typical rat cranial defect model, the authors verified that the MGH membrane could act as a barrier membrane for guiding bone regeneration. Micro-CT and histological analysis demonstrated the potential of the membrane to promote early osteogenesis and accelerate regenerative mineralization of mature lamellar bone (Figure 4). Lu et al. (2013) designed a self-supporting graphene hydrogel (SGH) film as an experimental platform to evaluate the biomedical properties of graphene particularly for bone regeneration. This strategy provided a valuable information for developing further applications of graphene in bone tissue engineering. Prakash et al. (2020) prepared a series of nanocomposite films containing GO, CS, HAP, polyvinyl alcohol (PVA), and gold for bone tissue engineering. The CS/PVA/GO/HAP/Au film showed good biocompatibility and osteogenic differentiation ability. The antimicrobial analysis demonstrated its significant inhibition against both Gram-positive and Gram-negative bacteria.
[image: Figure 4]FIGURE 4 | The bone regeneration 8 weeks after surgery. (A) Micromorphometric analysis of treated calvarial defects including superficial, interior, coronal, and sagittal section views of micro-CT images taken at the eighth week after surgery. (B) Micromorphometric bone parameters including bone volume fraction and bone mineral density analyzed after 8 weeks of surgery. Note that both the bone volume fraction and mineral density of the MGH membranes group are higher than the rest of the groups analyzed. (C) Van Gieson’s staining of calvarial undecalcified sections after 8 weeks of implantation. Low-magnification histological images (left) showed osteogenesis of the testing groups with/without barrier membranes (M). High magnification histology (right) showed boxed areas in the left images, both the lateral margin and center region of defects. In the MGH membrane group, the newly formed bone (NB) exhibited a mature lamellar bone structure with external cortical bone (E), diploic bone (D), and internal cortical bone (I) all discernable. Triangles denote the original bone margins. Scale bars, 250 μm. Reproduced from Lu et al. (2016) with permission from Copyright 2016 Wiley.
By incorporating graphene nanoplates into poly (lactic-co-glycolic acid) (PLGA), Wu et al. (2018) fabricated a biofilm with osteogenic activity. The composite film was observed to enhance alkaline phosphatase (ALP) activity, calcium mineral deposition and osteogenesis-related gene expression levels. The activation of PI3K/Akt/GSK-3β/β-catenin signaling pathway by graphene may be the mechanism behind its osteoinductive properties. Pazarçeviren et al. (2019) fabricated a bilayer membrane through the covalent bonding of a dense polycaprolactone-polyethylene glycol-polycaprolactone (PCEC) membrane layer and a hydrogel layer, which was composed of bismuth doped bioactive glass (BG, 45S5) and graphene oxide (GO) particles incorporated in gelatin. The membrane could fill cavities and prevent soft tissue invasion, thus providing a barrier function for months. It also showed good osteoinductivity, osteoconductivity, high-resorbability and flexibility, thus creating a favorable microenvironment for bone regeneration. Su et al. (2019) prepared a highly interconnective nanofibrous membrane by electrospinning technique with GO and electrospun poly (lactide-co-glycolide acid) (PLGA). In a rabbit supraspinatus tendon repair model, membranes were implanted in the gap between the tendon and the bone. Compared with the PLGA group, GO-PLGA membrane could promote the tendon healing and bone regeneration, which significantly improved the collagen alignment and biomechanical properties (Figure 5).
[image: Figure 5]FIGURE 5 | (A) General view of PLGAand PLGA-GO membranes and (B–F) surgical procedure of interposition of PLGAand PLGA-GO membranes in the rabbit supraspinatus tendon repair model. Reproduced from Su et al. (2019) with permission from Copyright 2019 Dove Medical Press Ltd.
Implants Coated with GDs
GDs have been used as coatings for implants to improve durability and mechanical properties (Shin et al., 2017; Tobin, 2017; Madni et al., 2018). Many scaffolds including metals, inorganic nonmetals, natural or synthetic polymers can be coated with GDs to better adapt to the load-bearing environment of bone tissue (Lee et al., 2008). At the same time, surface properties of implants such as porosity, hydrophilicity, biomineralization ability, cell adsorption can be enhanced to improve the interaction between implants and bone tissue interface (De Marco et al., 2017). In addition, the osteoconductive and osteoinductive properties of GDs facilitate the new bone formation and promote the new bone integration with the surrounding bone tissue (Erezuma et al., 2021).
Inspired by the natural layer-by-layer assembly process, Guo et al. (2019) developed a multifunctional tissue scaffold with porous polyurethane as the matrix and a mixture of nanoscale CS and GO as the coating. CS and GO nanosheets were alternately held together by powerful electrostatic interactions, forming a robust multilayer structure to encase the polyurethane substrate. The authors were able to control the orientation and chemical composition of structural elements at the nanoscale and fill them with drug components. This multifunctional material could repair bone defects while allowing for drug release in response to pH changes, thus enabling potential multimodal therapeutic applications. Lee et al. (2015) explored the effect of rGO-coated HAP composites on osteogenic differentiation of BMSC. Using ALP activity and calcium-phosphate mineralization as early and late markers of osteogenic differentiation, respectively, this study confirmed that rGO synergistically enhanced the spontaneous osteogenic differentiation of human BMSC when wrapped around HAP particles. In addition, Zhao et al. (2015) explored the preparation, characterization, and cellular behavior of GO coatings on quartz substrates. These coatings with uniform thickness were prepared by a modified dip-coating procedure. Compared with the non-coated substrata and tissue culture plates, higher levels of ALP activity and osteocalcin secretion were revealed on the GO-coated substrates, while no significant differences in cytotoxicity, viability, proliferation and apoptosis were observed. Miyaji et al. (2014) wrapped the collagen scaffolds with GO and rGO, and then examined the bioactivity of GO and rGO films respectively. Compared with the non-coated group, GO- and rGO-coated groups showed significant increases in compressive strength and bioactivity. Moreover, rGO-coated scaffolds were more bioactive than GO-coated scaffolds due to their higher tissue ingrowth rate and better enhancement of calcium absorption and ALP activity.
Titanium (Ti)-based endosseous implants have been widely used for a variety of bone defects and conditions because of their suitable mechanical properties, biocompatibility, and chemical stability (Rad et al., 2013; Abdel-Hady Gepreel and Niinomi, 2013; Qiang et al., 2021). However, weak osteoinductivity and osteoconductivity result in a lack of integration of the Ti scaffolds with the surrounding bone tissue (Li et al., 2015). This situation is expected to be improved by the addition of GDs-coating. To overcome the challenge of uniformly depositing GO on chemically inert Ti scaffolds, Han et al. (2018b) designed and developed a strategy by inspiration of mussels. Polydopamine (PDA) mediated the interaction between GO and Ti surfaces, thereby resulting in a homogeneous coverage of GO on Ti scaffolds (Figure 6). The nanostructure and functional groups of GO enabled the delivery of biomolecules and provided sites for cell adhesion, which provided a nanostructured environment for bone regeneration. Li et al. (2017b) further explored the effect of graphene coating on the bioactivity of Ti alloy (Ti6Al4V), which was widely used for hip and knee joint replacements. The final results showed that the cell proliferation rate and the level of osteoblast-specific gene transcription of graphene-coated Ti6Al4V were significantly increased.
[image: Figure 6]FIGURE 6 | (A) Photo of the pure Ti, PDA modified Ti (PDA-Ti), and GO-wrapped Ti scaffolds. (B) SEM micrographs showing micropores in the Ti scaffold. (C) PDA ad-layer was coated on the surface of the Ti scaffold. (D) GO uniformly covered on the PDA-Ti scaffold. (E) Magnified image of (D), showing wrinkled GO nanosheets wrapped in the pores of the Ti scaffold. Reproduced from Han et al. (2018b) with permission from Copyright 2018 Royal Society of Chemistry.
Zhang et al. (2016) fabricated the water-soluble GO-copper nanocomposites (GO-Cu) as coating for porous calcium phosphate (CaP) scaffold (Figure 7). The composite material could be uniformly distributed on the scaffold surface and maintain the long-term release of copper ions. The GO-Cu-coated CaP scaffolds significantly promoted the angiogenesis and osteogenesis after implanting into the critical-sized rat cranial defects. Santos et al. (2015) prepared a multifunctional biodegradable coating material by hybridization of GO and HAP nanoparticles. The coating was then deposited on the ultra-high purity magnesium surface by a parallel nano assembling process. The surface properties of the coating can be tailored by adjusting the content of GO and HAP. Thereby, appropriate hydrophilicity, degradability, and surface mineralization could be obtained. The cobalt-chromium-molybdenum-based alloy (CoCrMo) was also an important candidate for orthopedic implants due to its excellent corrosion and wear resistance. Nonetheless, their biocompatibility and bioactivity were unsatisfactory (Lohberger et al., 2020). Although many attempts have been made to improve their biocompatibility, none of the efforts are effective (Poh et al., 2011; Logan et al., 2015; Sahasrabudhe et al., 2021). Zhang et al. (2018) intended to propose a solution to this challenge. Though an improved wet transfer approach, graphene was transferred to the surface of the alloy. Ultimately, in vitro experiments showed the improved biocompatibility and bioactivity of the graphene-coated CoCrMo alloy.
[image: Figure 7]FIGURE 7 | Schematic of the experimental protocol for the fabrication of GO-Cu-coated CPC scaffolds. (A) The pattern of GO. (B) Premature Cu nanoparticles on GO film. (C) Mature nanoparticles on GO film. (D) GO-Cu coated porous CPC scaffold. Reproduced from Zhang et al. (2016) with permission from Copyright 2016 Wiley.
SUMMARY AND PROSPECT
The ultimate goal of bone tissue engineering is to achieve restoration and reconstruction of human bone tissue to meet clinical treatment requirements, including but not limited to bone defects caused by trauma, infections, sarcomas and metabolic diseases (Holzapfel et al., 2013; Jakob et al., 2013; Fernandez-Yague et al., 2015). Bone regeneration is a complex and dynamic physiological process which macroscopically involves local mechanical stability, environmental matrix, and blood supply, and microscopically involves the interaction of multiple cells, signaling molecules, and effectors in a spatiotemporal sequence (Winkler et al., 2018). Therefore, an ideal bone graft substitute should exhibit the following characteristics: 1) good biocompatibility and non-immunogenicity to ensure safe clinical application; 2) suitable mechanical properties, including strength, viscoelasticity, toughness, and wear resistance to match the properties of host bone and ensure adequate longevity; 3) porous structure or rough surface to facilitate the ingrowth of cells and tissues; 4) favorable osteoconductivity and osteoinductivity to promote new bone production; 5) controlled degradability to match the rate of new bone ingrowth; 6) facile modifiability to meet the specific functional requirements of different application scenarios.
GD’s outstanding properties make it as one of the most anticipated materials for bone tissue engineering (Guo and Dong, 2011; Ding et al., 2015). Mechanical properties including strength, stiffness, and flexibility can best reflect the irreplaceability of GDs in bone repair. The mechanical reinforcement of GDs on the bone repair composites can be adjusted by the selection of different derivatives or by changing their content. GDs-based composites possess favorable viscoelasticity that can be molded as needed to better adapt to the physical characteristics of bone tissue. GDs also has strong structural stability and is less likely to be destroyed during complex preparations as well as in the physiological environment of the implant site. In addition, good electrical conductivity of GDs can not only directly stimulate cellular osteogenic activity, but also indirectly adsorb active factors to promote bone formation (Turk and Deliormanlı, 2017; Dalgic et al., 2018). Conductivity can also be used for signal control or magneto-thermal therapy in special cases, such as focal clearance for osteosarcoma or local infections. Moreover, GDs can promote biomineralization and bone-like apatite formation on the implant surface, thus enhancing osseointegration and osteoconductivity. Planar structure and large specific surface area impart GDs with excellent ability to immobilize various biomolecules, cells, drugs and other desired substances (Wang et al., 2011; Shen et al., 2012; Feng et al., 2013; Yang et al., 2013). On the other hand, such structure makes it easier for GDs to be modified with multifunctional groups, which in turn significantly improve the dispersibility and hydrophilicity of GDs in the composites. Based on the above advantages, GDs have become an indispensable component of bone repair composites in many studies.
Although promising progress has been made in current research of GDs-based materials, there are still many challenges to be faced before clinical application. Firstly, taking into account the cost-effectiveness and accessibility, the production and processing techniques of GDs are yet to be broken through. At present, the broad application of GDs is restricted due to the difficulty of large-scale synthesis. Cost may become a constraint for further research. Furthermore, the problem of GD’s aggregation in solution during the fabrication of composites also remains to be solved (Xu et al., 2016; Syama et al., 2017). How to promote the homogeneous distribution of GDs in the matrix will also be a focus of future research. Secondly, the long-term safety of GDs-based materials for in-vivo use is still unclear. It is imperative to gain insight into the interactions of GDs with biological systems. There have been concerns regarding its biocompatibility and toxicity, but convincing, high-quality studies are still insufficient. The observation period of existing studies is not long enough, so chronic toxicity studies longer than 6 months should be encouraged; on the other hand, the most of adopted animal models were rats and rabbits, lacking large animal models such as pigs, goats and monkeys. What’s more, the mechanism of interaction between GDs and the in vivo environment after implantation needs to be further clarified. Exploration of osteogenic mechanisms may point out the right direction for further study; analysis of cellular uptake and response mechanisms facilitates the prediction of acute and chronic adverse reactions; then the clarification of degradation and metabolism mechanisms will help to understand the spatiotemporal distribution of GDs in vivo. In summary, in spite of various challenges, GDs are likely to be a real breakthrough for future research in regenerative medicine, and advances in related technologies will pave the way for earlier clinical use of GDs.
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Bioprinting has gained immense attention and achieved the revolutionized progress for application in the multifunctional tissue regeneration. On account of the precise structural fabrication and mimicking complexity, hydrogel-based bio-inks are widely adopted for cartilage tissue engineering. Although more and more researchers have reported a number of literatures in this field, many challenges that should be addressed for the development of three-dimensional (3D) bioprinting constructs still exist. Herein, this review is mainly focused on the introduction of various natural polymers and synthetic polymers in hydrogel-based bioprinted scaffolds, which are systematically discussed via emphasizing on the fabrication condition, mechanical property, biocompatibility, biodegradability, and biological performance for cartilage tissue repair. Further, this review describes the opportunities and challenges of this 3D bioprinting technique to construct complex bio-inks with adjustable mechanical and biological integrity, and meanwhile, the current possible solutions are also conducted for providing some suggestive ideas on developing more advanced bioprinting products from the bench to the clinic.
Keywords: bio-ink, bioprinting hydrogel, cartilage repair, polysaccharides, tissue engineering
INTRODUCTION
Bioprinting is defined as the spatial patterning of living cells and other biologics using computer-aided interlayer deposition to stack and assemble them to fabricate the living tissues and organs. As a novel 3D technology to print a variety of biological materials containing viable cells, bioprinting has received increasing attention worldwide and widely applied for broad-spectrum applications of regenerative medicines, tissue engineering and transplantation, pharmaceutical field, and cancer therapy (Ozbolat, 2015). Based on the precise deposition and administrative advantages, biomaterials, viable cells, drugs, and growth factors are concurrently deposited within a computer-aided layer-by-layer stacking pattern to obtain mimicking natural constructs, such as skin, bone, cartilage, lung, liver, and cardiac tissues (Figure 1) (Knowlton et al., 2016; Askari et al., 2021). Bioprinting technology always requires three main components: polymer solution, viable cells, and 3D printers. In general, bioprinting technology mainly relies on the advanced 3D bioprinters and designable bio-ink (polymer solution and viable cells), which can produce accurate tissue models with adjustable pore structures and diversified physicochemical features in a high-throughput fashion, thus facilitating the cocultivation of multiple or specific cells/organs and biological drugs/agents (Ozbolat and Yu, 2013; Park et al., 2016; You et al., 2016; Ji et al., 2019; Wang et al., 2019; Zhang et al., 2019).
[image: Figure 1]FIGURE 1 | 3D bioprinting of hydrogel constructs for tissue regeneration. Reproduced from Askari et al., (2021) with permission from Copyright 2021 Royal Society of Chemistry.
Typical 3D-bioprinting scaffolds are stuffed with bioreactors with sufficient mechanical support and chemical stimuli to benefit the cell growth, which may be directly implanted to the infected site and kept in in vitro environment. Although modern bioprinting technology has a wide range of advantages, it currently faces some challenges that were closely related to how to tune the properties of the polymers for the preparation of the bio-inks. For example, the printed hydrogel is always too fragile to support the growth of hard tissues (e.g., bones and cartilage). In addition, the limited cell viability, adhesion, proliferation, growth, and differentiation on polymer-based scaffolds hinder the bioprinting of various tissues, and the specialized physiology and biological function of most cells can be severely impaired in vivo (Hong et al., 2015). For example, the selected polymer solution requires low viscosity, stiffness, and cross-linking to promote cell migration, nutrient diffusion, and tissue formation. In contrast, these polymers are also required with high viscous and stiff to fulfill dimensional accuracy and mechanical support. These contradictory requirements demonstrate a challenge balance between the architectural topology, physico-mechanical property, and biological activity to ensure the high cellular viability of the bioprinting materials. Moreover, co-printing various cells always needs varied bio-inks with more complicated printing process, and these prepared bio-inks have limited shelf-life and face storage difficulties (Murphy and Atala, 2014). Together, it still faces great challenge in bioprinting of natural-like full-scale organs.
Hydrogel with 3D cross-linked networks is a kind of essential components of bio-ink, which can directly contact with cells, keep cell activity, and support their adhesion, growth, and proliferation. On account of the adjustable physico-mechanical properties, high water content, and advanced biodegradability, hydrogel is recognized as an ideal bio-ink for cell bioprinting. Hydrogels have the advantages of biocompatibility, biodegradation, facile injection growth under specific conditions, convenient transportation of nutrients during development, and easy to be used in different places. However, poor mechanics greatly impair its tissue regeneration applications like cartilage, bone, and other organs. Although there are many published reports about the various methods to improve the mechanical performance via physical or chemical cross-linking with other materials, nanoparticles, and inorganic agents, these traditional hydrogels do not have satisfying capacities to provide uniform porous structures to allow sufficient exchange and filtration of nutrients and offering suitable ECMs to support cell growth (Grande et al., 1997). Therefore, an ideal hydrogel should take both mechanical and biological properties into account for high-resolution printing and cell viability, which require designable structures, highly porous networks, biocompatibility, biodegradability, favorable mechanics, suitable viscosity, and excellent printability.
Bioprinting hydrogels are categorized into two natural and synthetic polymer–based hydrogels. Natural polymers like hyaluronic acid, gelatin, chitosan, and collagen have good hydrophilicity, biocompatibility, safety, and biodegradability, but the poor mechanical properties limit their bio-applications. Although synthetic biomaterials possess good mechanics, adjustability, and mechanical stability, their hydrophilicity and cell compatibility are lower (Tan and Marra, 2010; Gasperini et al., 2014; Tang et al., 2020). Therefore, in order to create a matrix with favorable cell compatibility and mechanical strength, this current review describes the potential of various polymer-based hydrogel bioprinting with their unique characteristics and tunable properties, which can promote cell adherence, proliferation, and migration on bioprinting scaffolds for cartilage repair. It is also focused on the current challenges on bioprinting technology for broad-spectrum practical applications in tissue engineering and regenerative medicine. This review can systemically describe the relationship between polymer sciences and bioprinting technology in applications of cartilage regeneration.
BIOPRINTING HYDROGEL CONSTRUCTS
Although 3D bioprinting technology is recognized as an effective method for cartilage repair, scaffold design and preparation still face some challenges due to the biological and mechanical performances of bio-inks (Derby, 2012; Chia and Wu, 2015; Kumar et al., 2016). An ideal bio-ink should meet the integrated printability, cell compatibility, and mechanical property for tissue engineering applications, but there is a trade-off between cell culture and the ideal 3D printing bio-ink. Therefore, many bio-inks lack suitable printability and shape fidelity, insufficient biodegradability and biological activity, and weak mechanical strength (Mandrycky et al., 2016).
Among various bio-inks, hydrogels have gained most popularity because of their hydrophilic polymer chains, high water absorbability, adjustable topologies, designable size, biological property, and cell/drug carriers in tissue engineering and drug delivery. For example, cell, nutrients, drugs, and growth factors can be directly loaded into the hydrogels in situ to recapitulate native tissue microenvironment, which can provide comfortable conditions to benefit the cell adhesion, migration, growth, proliferation, and differentiation. Therefore, hydrogel-based systems have been a prime candidate in cartilage tissue engineering using 3D bioprinting techniques (Piras et al., 2017; Chimene et al., 2020). By means of advanced physical means (blending with functional nanoparticles) and chemical methods, physicochemical capacities of hydrogels can be easily tailored, but the complexity of the biological tissue–like porous network, bionic structure, beneficial cell compatibility, mimicking ECM environment, and biomechanical support is difficult to be replicated completely for cellular activities in biomedical applications because most of the biological processes are always heterogeneous in nature. Thereby, development of various innovative preparation technologies not only satisfies the dynamic adjustment for gradual shape change in a predetermined path but also controls spatial heterogeneity to meet the needs of organization integration, local cell behavior, and cell–substance interaction (Daly et al., 2016; Donderwinkel et al., 2017; Ligon et al., 2017; Zheng et al., 2018; Ashammakhi et al., 2019).
The outstanding mechanics (e.g., cross-linking degree and stiffness) of traditional bio-inks require high density that is not benefited for the cell growth and matrix deposition. Conversely, low density of bio-inks can reduce their shape fidelity, making it difficult to retain shape after post-printing (Cheng et al., 2008). This contradiction hinders to achieve ideal cell culture. Therefore, new bio-inks are required to design with simultaneous biocompatibility and printability via the precise control of physical, chemical, and biological properties. There are a number of performance metrics that need to be met, such as viscoelasticity, viscosity, gelation kinetics, cell migration, growth and proliferation, porous structures, and biodegradation. In order to solve the trade-off between cell viability and the feasible printability, photo cross-linking bio-inks have been proposed and developed via the simple in situ cross-linking strategy, which is directly cured by photo-permeable capillary before the deposition (Daly et al., 2017; Piras et al., 2017; Galarraga et al., 2019). However, clogging and the stability are some common defects for preparing the structurally integrated bio-inks. Therefore, many developed strategies are widely applied to repair the focal cartilage defects based on the polymer-based bioprinting hydrogels.
POLYMER-BASED BIOPRINTING HYDROGELS FOR CARTILAGE TISSUE ENGINEERING
Cartilaginous tissue possesses a hydrated heterogeneous and avascular structure with specific characterizations of low friction, wear-resistant, and load-bearing surfaces for effective joint protection and movement (Yan et al., 2020). Although many conventional surgical treatments have been proposed for chondral injuries, few clinical studies have shown the reliable regeneration of normal hyaline cartilage due to its poor self-healing capacity originating from the insufficient supply for defected sites. In addition to the difficult structural similarity to the native tissue, its functional regeneration of articular cartilage like the different cell morphologies, mimicking ECM environment, cell activity, and growth, was full of challenges (Xu et al., 2020). Moreover, scaling up bioengineered transplants to match native structures is also challenging because the diffusion of nutrients and metabolites may be affected. Therefore, the advent of 3D bioprinting technology provides the precise architecture and biological multifunction to the native tissues, which have attained prominent progress on fabrication of many cartilage-like hydrogel constructs for cartilage tissue engineering. Hydrogel constructs mainly consist of natural and synthetic polymer-based or combination of both (Fan et al., 2020a; Li et al., 2020a; Bao et al., 2020; Yu et al., 2020; Zhu et al., 2021), which are used and selected for the construction of 3D printable bio-inks for cartilage tissue regeneration.
Natural Polymer-Based Bioprinting Hydrogels for Cartilage Tissue Engineering
Natural polymers mainly include hyaluronic acid, gelatin, cellulose, alginate, chitosan, starch, silk, and fibroin, which are important elements for providing ECM environments to cells and widely applied for bioprinting hydrogels in tissue regeneration.
Hyaluronic Acid
Hyaluronic acid (HA) is a non-sulfated linear polysaccharide with outstanding biocompatibility, biodegradability, and high viscoelasticity, which has been a promising ECM material for the construction of bio-inks using the bioprinting technology (Pescosolido et al., 2011). However, its high hydrophilicity leads to the weak stability of bioprinting hydrogel constructs. To address this dilemma, many strategies have been developed by physical blending and chemical cross-linking methods with other functional moieties. Nedunchezian et al. developed a kind of HA-based bioprinting HA–biotin–streptavidin (HBS) hydrogels via chemical cross-linking modification and noncovalent bonding interactions for the cartilage repair (Nedunchezian et al., 2021). These hydrogels were further treated with sodium alginate and immersed into CaCl2 solution to obtain a stable 3D HBSAC (HBSA + Ca2+) hydrogel scaffold via ion cross-linking. The physicochemical characteristics of the hybrid bio-ink had been testified with good printability and structural integrity, which was benefited for the chondrogenic differentiation both in vitro and in vivo. Hauptstein et al. prepared a HA-based bio-ink composition for cartilage regeneration (Figure 2). By means of the UV light, thiolated HA and allyl-modified poly (glycidol) were cross-linked to form the hydrogels (Hauptstein et al., 2020). Then unmodified high molecular weight of HA was further blended to form composite hydrogel constructs, which promoted the chondrogenic differentiation of human mesenchymal stromal cells with good biological and mechanical properties.
[image: Figure 2]FIGURE 2 | Chemical structure and cross-linking mechanism of hydrogels. Reproduced from Hauptstein et al., (2020) with permission from Copyright 2020 Wiley.
Gelatin
Gelatin is derived from the collage via hydrolytic degradation and is able to possess outstanding biocompatibility, cytocompatibility, degradability, low melting point, and favorable thermal stability, which has made great progress for the tissue engineering scaffolds (Li et al., 2018). As a bioprinting hydrogel construct, gelatin has the amino acid composition and sequence within its backbone, and therefore displays the unique amphoteric capacity for bio-ink application. Huang et al. prepared the gelatin/hydroxyapatite hybrid materials through the microextrusion 3D bioprinting technique and enzymatic cross-linking method to obtain the hydrogel scaffolds, which could play an important role in improving cell adhesion, proliferation, and growth to promote the chondrogenic differentiation (Huang et al., 2021). In vivo results showed this implanted cell-laden bioprinting scaffold exhibited effective articular cartilage regeneration using a pig model. On account of the precise architecture and suitable porosity by 3D printing technique, these biocompatible scaffolds demonstrated the outstanding chondrogenic differentiation behaviors and potential treatment for the cartilage injury.
Yang et al. developed a 3D-bioprinted difunctional scaffold for articular cartilage regeneration. By means of the photo-crosslinking method, the aptamer and TGF-β3 were encapsulated to form the functional GelMA bio-ink, which could recruit MSCs and promote cell chondrogenic differentiation (Yang et al., 2021a). This bio-ink was further co-printed with PCL for improving the mechanical property. Therefore, this 3D-bioprinted difunctional constructs could not only recruit the MSCs and offer the bionic microenvironment for cell growth and chondrogenesis but also provide the powerful mechanical support for neotissue maturation and cartilage repair using a rabbit model.
Methacrylate gelatin (GelMA) is prepared by the modification of gelatin with the methacrylate groups, which possess similar composition to the natural ECM to facilitate cell adhesion and growth. By means of the photo-crosslinked strategy, these biocompatible GelMA hydrogels were widely used for 3D bioprinting hydrogels with good biological and adjustable physicochemical properties (Lam et al., 2019). In recent years, these GelMA hydrogels were generally combined with other biomaterials to acquire the multifunction for satisfying tissue engineering. For example, Luo et al. demonstrated a cell-laden GelMA-based bio-ink with excellent cell activity and chondrogenesis by the photo-crosslinking method (Luo et al., 2020). By means of precise extrusion bioprinting technology, the printed GelMA hydrogel was obtained with the continuous microfibers and stabilized by the photo-crosslinking method. This bio-ink could express the chondrogenic gene by the immunofluorescence after culturing the constructs into the chondrogenic medium in vitro, and in vivo results showed that these cell-laden bio-ink possessed good printability, structural integration, and high cell viability, which could successfully promote the effects of cartilage regeneration. Lam et al. used a stereolithographic bioprinting approach to achieve a tissue-engineered cartilage bio-ink with the main components of biocompatible GelMA and methacrylated hyaluronic acid (Lam et al., 2019). These bioprinting constructs possessed good stability, chondrogenic viability, and differentiation, which could obviously support cartilage ECM formation and enhance cartilage-typical zonal segmentation for effective treatment of cartilage defects. Lee et al. prepared a hybrid bio-ink comprising GelMA and glycidyl-methacrylated HA (GMHA) for the cartilage repair (Figure 3). After optimizing the ratios, 7% GelMA and 5% GMHA bio-ink was selected with good mechanics, rheology, and printability. In vitro and in vivo results verified the important roles in offering the suitable microenvironment for stem cell chondrogenesis and cartilage tissue regeneration (Lee et al., 2020).
[image: Figure 3]FIGURE 3 | Scheme of the preparation of GelMA/GMHA bio-ink using the 3D bioprinting technique. Reproduced from Lee et al., (2020) with permission from Copyright 2020 Elsevier.
Cellulose
Cellulose comprises glucose units by the β-(1–4)-glycosidic linkages, which is one of the most available natural polymers (Ul-Islam et al., 2014; Ul-Islam et al., 2013; Yin et al., 2017). On account of its advantages on hydrophilicity, water-locking ability, biocompatibility, and biodegradability, cellulose has been greatly applied in the biomedical application. Cellulose is classified with micro-fibrillated, nano-crystalline cellulose and bacterial nanocellulose (BNC). The BNC possesses similar size of collagen fibrils that is widely used for constructing cartilage tissue engineering scaffolds. It is reported that nanocellulose-based bio-inks can be used as hydrogels for 3D bio-printing of living cells. For example, Fan et al. presented a hybrid printing platform of two hybrid hydrogel bio-inks for achieving the simple fabrication and seamless structural integration (Figure 4) (Fan et al., 2020b), wherein cellulose nanocrystals and GelMA/HA were photo-crosslinked to improve mechanical properties and cell growth environment. These hybrid bioprinting scaffolds could encapsulate the chondrogenic cell using two optimized inks with the layer-by-layer method, and the cell viability was basically unaffected during the printing procedure, which suggested its valuable applications for cartilage regeneration.
[image: Figure 4]FIGURE 4 | (A) Illustration of the hybrid printing procedure. (B) Optical and confocal microscopic observation of the hybrid printed construct. The resulting holes are defined by blue dashed lines. The fluorescence in confocal images is from fluorescence-labeled GelMA (red: rhodamine-labeled GelMA; Green: FITC-marked GelMA) in CNC-enhanced inks or GelMA/HAMA inks. Reproduced from Fan et al., (2020b) with permission from Copyright 2020 Wiley.
Apelgren et al. developed a cartilage-specific bio-ink via the aqueous counter collision strategy, which could prolong the fibrils and induce the negative charges (Apelgren et al., 2019). After encapsulating the human nasal chondrocytes into the scaffolds, these cell-laden constructs presented good printability, structural stability, and integrity, thus demonstrating the outstanding chondrocyte proliferation using the nude mice at 2 months. In vivo results showed that a full-thickness skin graft was integrated on these cell-laden bio-inks with potential clinical translation for cartilage repair.
Alginate
Alginate or sodium alginate (raw form), as an anionic polysaccharide from seaweed source, consists of mannuronic acid and guluronic acid units (Ahn et al., 2012). With a similar structure to the native ECM, alginate has good biocompatibility, high viscosity, and facile gelation for the development of promising bioprinting constructs. However, due to its insufficient ability for cell adhesion and proliferation, alginate is acquired by blending and mixing some other compatible components or cell-adhesion moieties. Based on this, cell-laden bioprinting alginate hydrogels are designed and prepared in recent years. For example, Yu et al. developed a scaffold-free strategy on fabrication of an engineered scaffold-free alginate stretchable tissue strand as a novel robot-assisted bio-ink, which achieved the construction of an 8-cm long tissue strand with the rapid fusion property, thereby avoiding the requirement for solid supports or molds (Yu et al., 2016). Moreover, Kim et al. developed a multilayered composite scaffold through coating an alginate-based bio-ink on the PCL surface, which possessed the powerful mechanics and outstanding cell viability for tissue repair (Kim et al., 2016). Wang et al. prepared a functional alginate–gelatin bio-ink with the interpenetrating network (IPN) for cartilage repair. Embedding of alginate sulfate had a limited effect on the viscosity and shear-thinning properties, which could enable the high-fidelity bioprinting and support the MSC viability (Figure 5) (Wang et al., 2021). The rigidity of the bioprinting constructs was greatly improved compared to that of individual alginate or GelMA bio-ink. In addition, due to high affinity on the heparin-binding growth factors, it possessed a sustained release behavior of TGF-β3 and promoted the chondrogenesis both in vitro and in vivo with high level of cartilage-specific extracellular matrix deposition.
[image: Figure 5]FIGURE 5 | Schematic representation of alginate/alginate sulfate-GelMA IPN bio-ink and bioprinting constructs using the ionic cross-linking strategy. (A) Preparation of bio-ink. (B) Image of 3D-bioprinting constructs. (C) Cross-linking processes. Reproduced from Wang et al., (2021) with permission from Copyright 2021 Elsevier.
Chitosan
Chitosan is a linear amino-polysaccharide with the backbone of β-(1–4)-linked D-glucosamine, which possesses favorable biocompatibility, biodegradability, high viscosity, and unique antibacterial property for bio-applications (Yang et al., 2018; Li et al., 2020b; Tang et al., 2020; Yang et al., 2021b; Yang et al., 2021c). However, its poor solubility in neutral pH requires the manufacturing process in acidic condition for bio-ink preparation, which greatly limits cell viability and proliferation, especially for the direct bioprinting. To overcome this problem, various alternative strategies have been developed. For example, He et al. prepared a carboxymethyl chitosan-based 3D bioprinting bio-ink for the cartilage repair. Based on the physical crosslinking between the carboxyl groups and calcium, the mechanical properties of hydrogel scaffold were improved. Moreover, in vitro and in vivo experiments showed the favorable cell viability, attachment and proliferation, and obvious chondrogenic expression to verify the cartilage regeneration (He et al., 2020). Chen et al. synthesized a structure-supporting, self-healing, and high permeating hydrogel bio-ink, which was composed of aldehyde HA (AHA)/N-carboxymethyl chitosan (CMC) and gelatin (Gel)/4-arm poly (ethylene glycol) succinimidyl glutarate (PEG-SG) (Chen et al., 2021). The obtained hydrogel bio-inks possessed good printability, self-healing capacity, and high permeability, thus achieving long-term cell viability, attachment, and growth for biological application (Figure 6).
[image: Figure 6]FIGURE 6 | Schematic representation of bioprinting TSHSP hydrogel constructs from AHA/CMC and GEL/PEG-SG. (A) Microstructure fusion of constructs. (B) Time-consuming pre-printing preparation. (C) TSHSP formulation by the complementarity of AHA/CMC and GEL/PEG-SG. (D) Uniform proliferation pattern of cells in tissue-like constructs. (E) Proliferation pattern of cells in low permeating constructs. Reproduced from Chen et al., (2021) with permission from Copyright 2021 Elsevier.
Silk
Silk is a natural protein polymer found in the glands of arthropods, and silk fibers were extracted from silk with the main components of silk fibroin and sericin proteins, which has vastly progressed in tissue engineering and drug delivery applications (Lamboni et al., 2015; Gregory et al., 2016). However, this progress has been challenged by the difficulty of developing bioprinting materials, because most bio-inks require toxic chemical cross-linking. To overcome this problem, Singh et al. developed silk fibroin blends with gelatin through the polymeric chain entanglements and physical cross-linking interactions, which were printed as bio-inks with suitable swelling behavior, optimal rheology, and supportive structure (Figure 7) (Singh et al., 2019). By increasing the content of sulfated glycosaminoglycan and collagen, this bioprinting construct allowed the chondrocytes growth and proliferation to generate the cartilage extracellular matrix and upregulate the chondrogenic gene expression, which indicated this cross-linker–free silk-gelatin may be explored as potential candidates in cartilage regeneration.
[image: Figure 7]FIGURE 7 | Schematic representation of (A) bio-ink formulation, (B) polymer entanglement and interaction, (C) digital modeling, and (D) 3D bioprinting and maturation of cell-laden construct. Reproduced from Singh et al., (2019) with permission from Copyright 2019 American Chemical Society.
Ni et al. used the silk fibroin (SF) and hydroxypropyl methyl cellulose (HPMC) to construct a novel cell-laden double network hydrogel through 3D bioprinting technology for cartilage repair (Ni et al., 2020). SF possessed a high β-sheep structure as the first rigid and brittle network and HPMC was acted as the second soft network; in this case, this hydrogel exhibited high strength and remarkable compressive reproducibility, which could support the cell growth and proliferation. After encapsulation of bone marrow mesenchymal stem cell (BMSC), this SF-based bio-inks also expressed the outstanding biochemical property for cartilage tissue regeneration.
Protein
Fibrin is a fibrous protein and component of native ECM formed by the interaction between protease thrombin and fibrinogen, which can combine with the platelets from the hemostatic clots for blood coagulation and has been widely used for cartilage engineering tissues due to its biocompatibility, biodegradability, and nanofibrous structural properties. The presence of cell adhesion motif and cell compatibility allows fibrin to benefit in biological printing applications. However, fibrin soft and fragile characteristics lead to the poor structural integrity and cannot maintain shape fidelity for 3D biofabrication and bioprinting constructs. Therefore, it is committed to overcoming this problem by combining fibrin with various polymers. For example, Ning et al. prepared a Schwann cell-laden scaffold using the bioprinting technique with the main components of RGD modified alginate, hyaluronic acid, and fibrin, which exhibited outstanding machinability and biological properties for the tissue regeneration (Ning et al., 2019). Honarvar et al. prepared a kind of polycaprolactone (PCL) scaffolds by coating with fibrin and cartilage acellular ECM using 3D-printing methods. After encapsulating the adipose-derived stem cells (ADSCs) into fibrin/ECM hydrogel and seeding onto the PCL scaffolds, this 3D-printed constructs possessed higher compressive properties and water uptake for benefiting the cell growth, which indicated the important roles in cartilage tissue engineering (Honarvar et al., 2020).
In addition, soy protein is an important natural polymer from shelled and degreased soybeans, which accounts for 6% of the total polymer distribution used in bioprinting applications. The structure and physiological characteristics of soybean protein can be adjusted by various processing. Its improved thermoplastic properties and high biocompatibility allow it to be used for the development of porous scaffolds and tissue engineering applications (Manan et al., 2017).
Synthetic Polymer–Based Bioprinting for Cartilage Tissue Engineering
The emerging 3D printing technology is the result of the combination of biological materials and related technologies such as biology, chemistry, physics, mechanics, and medicine. Distinct from natural polymers with similar ECM components, synthetic polymers are generally required to combine with other natural polymers to tailor the degradability and improve the biological property through reasonable physical–chemical methods for bioprinting application (Li et al., 2016; Wang et al., 2016; Wang et al., 2018). Synthetic polymers play a key role in supporting cellular and biomolecular (or bioactive) activity before, during, and after the 3D printing process. In particular, biodegradable synthetic polymers have excellent mechanical properties, tunable chemical structure, nontoxic degradation products, and controllable degradation rate, making them the first choice for the manufacture of cartilage tissue engineering.
Poly(ethylene Glycol)
PEG was a promising material for bioprinting hydrogel due to its good biocompatibility, high solubility, and easy modification. In general, poly (ethylene glycol) diacrylate (PEGDA) was applied for construction of hydrogel bio-ink through UV-induced polymerization. Daniele et al. prepared an interpenetrating network with the main component of GelMA and PEG, which could satisfy the requirement of cell attachment and growth within this composite bioprinting constructs (Daniele et al., 2014). Mouser et al. designed a bioprinting construct with suitable biological and mechanical properties, which consisted of methacrylated hyaluronic acid (HAMA) and methacrylated poly [N-(2-hydroxypropyl) methacrylamide mono/dilactate] (pHPMAlac)/PEG triblock copolymers (Mouser et al., 2017). After co-printing with PCL and encapsulation of chondrocytes, the cell-laden bio-ink displayed the tunable internal architectures, improved the mechanical properties, and promoted the glycosaminoglycan (GAG) and collagen type II contents, which were found to be optimal for cartilage-like tissue formation. Zhou et al. developed 3D bioprinting scaffolds with the components of graphene oxide (GO)-GelMA and PEGDA, which could promote chondrogenic differentiation with the improving glycosaminoglycan and collagen levels (Figure 8) (Zhou et al., 2017).
[image: Figure 8]FIGURE 8 | Schematic preparation of bioprinting scaffold to promote chondrogenic differentiation. Reproduced from Zhou et al., (2017) with permission from Copyright 2017 Royal Society of Chemistry.
Poly (L-Lactide-Co-Glycolide)
PLGA which consisted of a copolymer of lactide and glycolide had received significant attentions for bio-ink application due to its adjustable structures, good biocompatibility, and biodegradability (Wang et al., 2022). Gottardi et al. prepared a biphasic bioprinting PLGA scaffold with embedding adult human mesenchymal stem cells for chondrogenic regeneration (Gottardi et al., 2021). The in vitro assay showed that constructs cultured in a two-fluid bioreactor differentiated locally into tendinocytes or chondrocytes according to exposure to the appropriate differentiation medium after culturing for 7, 14, and 21 days. The cartilage matrix marker, collage II, and tendon-specific marker were significantly unregulated in the cartilaginous and tendinous portions at 21 days, indicating the favorable dual fluidic system for fabrication of the tendon enthesis-like biphasic constructs.
Poly(ε-Caprolactone)
PCL was a kind of biodegradable synthetic polyester for wide applications in tissue regeneration because of its outstanding thermoplastic behavior, high mechanics, suitable biodegradability, and easy processability (Zhou et al., 2020). Koo et al. developed a 3D bioprinting cell-laden collagen and hybrid constructs using PCL plates for articular cartilage tissue regeneration, which possessed optimal porous mesh structures and high mechanical properties to support the chondrocyte viability within the bio-inks in vivo (Koo et al., 2018). Visser et al. printed a PCL-based hydrogel scaffold with a highly porous microfiber through an electro-spun technology. This construct with good stiffness and elasticity could support the chondrocyte viability and growth (Visser et al., 2013). Kim et al. developed a multilayered PCL/alginate bio-ink constructs using the cell-printing strategy (Kim et al., 2016). The laden cells could display a substantially more developed cytoskeleton with a homogenous distribution within the constructs, and these cell-laden bio-inks exhibited the outstanding osteogenic activity.
Poly(ε-Caprolactone)
PLA was an aliphatic polymer with high mechanics, suitable processability, and rheological properties for 3D bioprinting of high-resolution scaffolds. Antich et al. developed a versatile bio-ink comprising hyaluronic acid (HA) and PCL components via the 3D bioprinting technology for the cartilage repair (Figure 9) (Antich et al., 2020). This bio-ink possessed good printability, biocompatibility, and biodegradability to allow the cell viability and improve the expression of chondrogenic gene markers and specific matrix deposition, thus demonstrating excellent cartilage tissue formation. Narayanan et al. developed a fibrous hydrogel bio-ink consisting of alginate, PLA, and human adipose-derived stem cells (hASCs) (Narayanan et al., 2016). In vitro results showed the outstanding hASC viability and proliferation over 8 weeks, and in vivo experiments displayed the higher levels of cell proliferation, collagen, and proteoglycans of bioprinted meniscus for promoting chondrogenic differentiation and cartilage repair.
[image: Figure 9]FIGURE 9 | Schematic preparation of PLA-based bioprinting scaffolds of articular cartilage engineering. Reproduced from Antich et al., (2020) with permission from Copyright 2016 Elsevier.
FUTURE OUTLOOK AND CONCLUDING REMARKS
Tissue engineering is an interdisciplinary field from materials engineering to life science, which aims to restore, maintain, and promote organizational functions. Based on the deep understanding of the composition, organization, and architectures, tissue engineering scaffold can be designed, constructed, and implanted into patients for achieving damaged tissue repair and regeneration. Therefore, suitable structures and appropriate functions to mimic the tissue are significantly important, wherein the cells, biomaterials, growth factors/drugs, biomechanical stimulation, and others have been systemically investigated for tissue engineering in recent years. However, scaffold-based strategies have failed to mimic the complex structure (e.g., gradient pore size and spatial heterostructures) of native tissues to place various types of cells in desirably respective positions, which cannot reiterate the complex native tissues and organs because of the heterogeneous nature of biological processes.
Hydrogels have been recognized as promising vehicles for drug carriers and tissue engineering, which could offer desirable chambers for cellular encapsulation, homogenous distribution and biomechanical support. The ideal hydrogels should possess suitable pores for cell proliferation, migration, and growth by delivering nutrients throughout the interconnected networks. Accordingly, a tunable core and porous network is essential for cartilaginous tissue engineering based on the hydrogel-based scaffolds. Fortunately, the development of bioprinting technology provided the structural fabrication and precise dimensional adjustment. Hydrogel-type bio-inks can achieve interconnected porous networks and mimicking native architectures for promoting tissue regeneration through 3D bioprinting. It is mentioned that the bio-inks should not only possess biological properties for the tissue-like microenvironments but also require structural integrity and mechanical supports during the tissue reconstruction. Besides, these bioprinting constructs should also have favorable rheological behaviors, gelation mechanism, and degradation time, and qualify spatial heterogeneity to facilitate the requirement of native tissues and organs.
Currently, the selection of bioprinting materials is mainly determined by their biocompatibility with cell growth and function, as well as their printing properties such as viscosity, extrudability, and post-press stability. Understanding the material environment is necessary to develop new types of bio-inks using the 3D bioprinting technology. One such approach is to analyze the composition and distribution of ECM proteins in acellular tissue scaffolds. Recently, advanced chemical synthesis may provide more opportunities on developing more functional adaptations, which can recover their shape, size, and function in response to external stimuli. For example, 4D printing is considered as printing of stimuli-responsive material, where their shape and or function can response to the applied external stimuli (pH, light, temperature, and magnetic).
Nowadays, the possibility of modifying the physicochemical characteristics, and rheological, mechanical, and biological properties of hydrogels has been well fulfilled by various strategies and advanced techniques. However, the technology still faces a number of obstacles and challenges that overshadow its broad-spectrum applications, such as cultivating a variety of cell types, accurate selection of materials and cells for preparation of bio-inks, and delivered cells from stable constructs with suitable mechanical and biological properties. Therefore, there are still many issues that need to be addressed in practical therapeutic applications. For example, there was almost no successful clinical trial for the application of 3D bioprinting cell-laden cartilage or bone tissue, which was attributed to animal-derived components of cell culture mediums or some biomaterials with potential immunogenicity. In addition, swelling behaviors of mot hydrogels were hard nut to crack because the swelling hydrogels were more easily destroyed during the storage, transport, or usage process, which obviously increased the harm to the body in the clinical stage. Moreover, the degradation rate of hydrogel constructs should match the regeneration speed of tissue defects, which required more reasonable design and biomaterial selection associated with the tissue bioprinting technology. Last but not least, the environmental stimulus responsiveness, self-healing properties, and multifunction should also be required for the future biomedical hydrogel-based bio-inks. Despite this development in the field of tissue engineering, including the use of hydrogels and graft-replicated ECM, many factors remain to be explored to enable tissue engineering to play a role in a wide range of biomedical and clinical applications. The properties of hydrogel-based scaffolds can be improved by combining different natural or synthetic hydrogels and using 3D-printing techniques to manufacture the structures. Based on the above considerations, scientists, engineers, and clinicians need to work more closely together to not only consult the feasibility, practicality, and multifunction of hydrogel-based bio-inks but also identify unmet requirements and prioritize their design from the bench to the clinic.
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Background: Articular cartilage is a complex structure that allows for low frictional gliding and effective shock absorption. Various sports injuries and inflammatory conditions can lead to lesions in the articular cartilage, which has limited regenerative potential. Type I collagen combined with autologous chondrocytes in a three-dimensional culture were used to induce the regeneration of single-layer autologous expanded chondrocytes without chondrogenic differentiation.
Purpose: To assess the clinical, radiological, and histological changes following collagen-based autologous chondrocyte transplantation (MACT) for chondral knee lesions.
Methods: The study prospectively enrolled 20 patients with symptomatic knee chondral lesions (mean size lesion was 2.41 ± 0.43 cm2, range: 2.0–3.4 cm2) in the lateral femoral condyle and femoral groove who underwent type I collagen-based MACT between July 2017 and July 2019. knee injury and osteoarthritis outcome score (KOOS) was assessed before the procedure, and periodic clinical follow-up was conducted every 3 months for a maximum of 12 months following the procedure and at 1-year intervals thereafter. Magnetic resonance imaging (MRI) T2 mapping of repaired cartilage was also used for the quantitative analysis of regeneration. In one patient, second-look arthroscopy was performed to assess cartilage regeneration characteristics, and a portion of regenerated cartilage was harvested for histological evaluation 12 months after implantation.
Results: At pre-operation and at three, six, 12, and 24 months after the operation, KOOS pain, symptoms, daily life activities, sports and recreation, as well as the quality of life were significantly improved between every two time points. Hematoxylin and eosin (HE) staining indicated that the newly formed cartilage was comprised of naive chondrocytes. Safranin O-fast (S-O) green staining of the regenerated tissue revealed fibroblast-like cells surrounded by glycosaminoglycans. Immunohistochemistry (IHC) analysis indicated that collagen type II was uniformly distributed at the deep zone of articular cartilage and type I collagen mainly depositing in the superficial cartilage layer. The T2 values for repaired tissue gradually decreased, eventually approaching near-average values.
Conclusion: The present study demonstrated that type I collagen-based MACT is a clinically effective treatment for improving functionality and pain levels. Histological evidence confirmed hyaline cartilage induction and showed that repaired cartilage tended to emerge from the deep to the superficial layer. The quantitative MRI T2 mapping test indicated that there still was a difference between the transplanted cartilage and the surrounding hyaline cartilage. Taken together, the current method represents an efficient approach for the restoration of knee cartilage lesions.
Keywords: articular cartilage, autologous chondrocyte transplantation, collagen, lesion, hyaline
INTRODUCTION
Hyaline cartilage has a unique capacity to cope with pressure transformations and is thus essential for proper musculoskeletal function. Unfortunately, hyaline cartilage lesions seldom heal spontaneously owing to the avascular and aneural surroundings, which limit healing capacity (Carey et al., 2020). Patients with symptomatic lesions often experience long-standing activity-related knee pain and swelling. Several methods, including microfracture, osteochondral autograft transfer, mosaicplasty, and osteochondral allografts, have been introduced for the treatment of high-level cartilage damage in young active patients (Krill et al., 2018). However, none of the above methods can completely regenerate cartilage and restore its biological functions (Levine et al., 2009; Christensen et al., 2020; Solheim et al., 2020).
The most promising method for overcoming hyaline articular cartilage’s limited intrinsic healing potential is autologous chondrocyte implantation (ACI) (Grevenstein et al., 2021). In ACI, chondrocytes are applied to the damaged area together with a membrane, such as the tibial periosteum or a biomembrane. Alternatively, chondrocytes may be pre-seeded in a scaffold matrix. First-generation ACI involves the addition of a cultured chondrocyte solution to the lesion site with a periosteum flap. Owing to the use of an autologous periosteum flap derived from a separate tibial incision, this method can lead to a longer operation time and potential graft hypertrophy (Niemeyer et al., 2014; Krill et al., 2018; Andriolo et al., 2020). The second-generation ACI method, which relies on collagen membranes, has demonstrated greater regenerative potential (Niemeyer et al., 2014).
Nevertheless, there are increasing concerns regarding the uneven distribution of chondrocytes within the lesion and the potential risks of cell leakage, with both of these problems remaining unresolved. Since the monolayer expansion of chondrocytes hinders the reconstruction of cartilage-specific matrix, autologous cell-based cartilage therapies are limited by chondrocyte dedifferentiation (Ozturk et al., 2017). Cell-to-cell contact is known to favor chondrogenic differentiation, and three-dimensional cultures induce the redifferentiation of monolayer-developed autologous chondrocytes (Jimenez et al., 2015). Third-generation ACI, also known as matrix-associated ACI (MACI), employs a three-dimensional cell culture, which more accurately mimics the microenvironment of cell growth in vivo (Xu et al., 2019).
Based on preclinical studies, we described the efficacy of three-dimensional type I collagen combined with autologous chondrocytes for the treatment of cartilage lesions. We further evaluated the procedure’s efficacy based on repair tissue morphology, which was assessed via MRI and histological analyses.
MATERIALS AND METHODS
Study Design and Patients
An observational study limited to 20 cases (eight women and 12 men) was approved by the Science and Technology Committee of Shanghai and was performed at the hospital between July 2017 and July 2019. Twenty patients with isolated full-thickness cartilage lesions of the knee (measuring more than 2 cm in diameter, mean size 2.41 ± 0.43 cm; International Cartilage Repair Society (ICRS) grade III or IV; ten groove and ten lateral femoral condyles) were enrolled. Patients were aged between 20 and 50 years (mean age 40.05 ± 8.03 years). The inclusion and exclusion criteria for patient selection are presented in Table 1.
TABLE 1 | Inclusion and exclusion criteria.
[image: Table 1]The current study was designed in accordance with the Declaration of Helsinki and was approved by the Institutional Review Board of the hospital (Approval number: 2018-024-021). Informed consent was obtained from all patients before enrollment in the study.
Procedures
For type I collagen-based matrix-assisted autologous chondrocyte transplantation (MACT), also known as MACI, chondrocytes were isolated during the first operation, expanded for 2 weeks, and pre-seeded in a matrix in vitro, followed by transplantation during the second surgical procedure (Gamez et al., 2020).
Approximately 150–200 ml of whole blood was collected from the patient to cultivate the implant before general anesthesia. We performed an initial arthroscopic procedure of the knee to determine the location and size of the lesion, the consistency or firmness of the adjacent articular cartilage, and the integrity of the menisci or ligaments. The cartilage biopsy specimen providing seed cells was harvested from a non-weight-bearing area of the knee via Jamshidi needle biopsy guided by an arthroscope. The sample was immediately placed in buffered serum-free medium and delivered to the laboratory with hypothermic preservation at 2–10°C. Chondrocytes were isolated from the cartilage biopsy sample through collagenase digestion for 16–24 h and obtained via density gradient centrifugation. The number of cells obtained and their viability were subsequently determined. Furthermore, the sample was preserved at 2–10°C to assess the quality over 2 months. Chondrocytes were suspended in double-buffered HEPES solution. The solution was then gently mixed with equal parts type I collagen (6 mg/ml) from rat tails in order to obtain the final concentration of type I collagen (3 mg/ml). The collagen-chondrocyte mixture was allowed to polymerize at 37°C in a humidified atmosphere. Each implant was made into two samples with a 30–40-mm diameter and two times the height (4–6 mm) of articular cartilage (2–4 mm) within the lesion area. The chondrocyte-seeded implants were cultured in autologous serum for 10–14 days (37°C, 5% CO2). The medium was changed every 3–4 days via adding 80 ml of fresh medium per well. Implants were then transferred to the hospital within 24 h. Before shipment, each implant had to meet the defined requirements for quality control. For instance, cellular viability had to be above 80%, as determined via Cell Counting Kit-8 (WST-8/CCK8) or flow cytometry. The number of cells had to be more than 3 × 104, as determined via the grid count method. Mycoplasma detection was carried out via real-time reverse transcriptase PCR using a PCR Mycoplasma Test Kit (Applichem). Type II collagen expression was determined via DNA electrophoresis (Figure 1).
[image: Figure 1]FIGURE 1 | A schematic about implant for preparation. DMEM, dulbecco’s modified eagle medium; GNS, glucose and sodium chloride injection.
Approximately 2 weeks later, a second operation was performed. The cultured chondrocytes were reimplanted into the cartilage lesion and proliferated to produce durable load-bearing regenerative tissue over time (Brittberg, 2010; Ebert et al., 2017a). The operative procedure was performed following intravenous antibiotic administration and exsanguination of the lower extremity using a tourniquet. Medial or lateral parapatellar mini-open arthrotomy was performed to access the lesion area based on the lesion location. Chondral lesions were debrided down to the subchondral bone, and the edges of the lesion were trimmed using a sharp metal punch. The implants were prepared using a metal punch 2 mm wider than the corresponding punch used for cutting the cartilage lesion. The basal part of the cartilage lesion was coated using a Porcine Fibrin Sealant Kit (Bioseal Biotech) with a specific metal spatula as was the area around the implant before transfer into the lesion. As the hydrogel can release more than 50% of its water content, the implant was fabricated to twice the height of the lesion. It could easily be adapted to the individual shape of the cartilage lesion. In osteochondral lesions, the subchondral bone was augmented with autologous cancellous bone harvested from the tibial head. Alternatively, autologous bone cylinders from the iliac crest were used to reconstruct the subchondral plate.
Outcome Measures
All patients were assessed on post-operative day one as well as at one, three, six, 12, and 24 months after operation based on the general condition and the knee surgical site. Pain, swelling, skin features, and infection were evaluated. Furthermore, leukocyte counts, erythrocyte sedimentation rate, and serum levels of C-reactive protein were assessed to monitor inflammatory responses on postoperative days one and three as well as at one, three, six, 12, and 24 months after operation. KOOS and magnetic resonance observation of cartilage repair tissue (MOCART) scores were determined prior to intervention as well as 3, 6, 12, and 24 months after the intervention. Repair site morphology and composition were evaluated for all patients. MRI was performed on a 3.0-T MRI scanner to obtain conventional images, and T2 mapping of repaired tissue was performed on all patients before operation as well as at 3, 6, 12, and 24 months after the operation. The T2 values for the fixed tissues were measured at each time point. A second-look arthroscopy was performed at 12 months for one patient, and a 4-mm-diameter needle biopsy was taken from the center of the repair site with patient’s informed consent. The indication for second-look arthroscopy was arthrofibrosis or meniscus lesions. This procedure was performed after MRI examination to avoid any potential influence on the MRI assessment. The morphology of chondrocytes, distribution of cells, and ECM synthesis were further studied via HE and S-O staining (Chen et al., 2014). Sections of biopsy specimens were stained with IHC to determine collagen type I and II expression.
Rehabilitation Program
For the isolated femoral lesion, the knee joint was immobilized for 72 h in a brace locked at 10° of flexion after the operation. Knee flexion was limited to 30° during the first 3 weeks and to 60° for another 3 weeks, with partial weight-bearing for 12 weeks, consisting of 15 kg for 6 weeks and 30 kg for the following 6 weeks. Non-weight-bearing was encouraged for at least 6 weeks during the reconstruction of subchondral bone. We also recommended assisted physical therapy and bicycle training after 6 weeks as well as training for enhanced muscle formation started after 12 weeks. In all cases, continuous passive motion was recommended for 6 weeks. Physical activity, such as non-contact sports activities, swimming, and biking, were allowed after 6 months. More competitive activity loads, including soccer, track, and field athletics, were allowed 12 months after the operation.
Statistical Analysis
We assessed changes in clinical scores and radiologically measured cartilage properties at different follow-up times using one-way ANOVA. The results obtained pre-operatively and at each follow-up were compared. Data were analyzed using SPSS23.0 and Prism 8 software with a significance threshold of p < 0.05.
RESULTS
Adverse Events
No severe clinical adverse events were observed up to 24 months after MACT (Table 2). Joint pain, effusion, and swelling were observed in the early stages after operation, and all symptoms were ultimately improved after 8 weeks. No postoperative infections were observed up to 24 months after the procedure.
TABLE 2 | Adverse events.
[image: Table 2]Knee Injury and Osteoarthritis Outcome Score
Although somewhat variable among cases, KOOS subcategories were significantly improved after 24 months (Figure 2). At preoperation, 3, 6, 12, and 24 months after operation, the KOOS pain scores were 28.47 ± 21.09, 57.08 ± 15.73, 69.17 ± 14.97, 80.42 ± 7.67, 89.86 ± 4.96, respectively; symptom scores were 33.39 ± 18.26, 48.93 ± 15.42, 63.57 ± 10.59, 71.61 ± 7.09, 84.29 ± 5.95, respectively; daily life activity scores were 76.32 ± 6.16, 81.54 ± 3.98,86.10 ± 3.00, 89.05 ± 2.41, 94.63 ± 2.09, respectively; sports and recreation scores were 34.00 ± 12.31, 42.00 ± 14.46, 54.00 ± 14.38, 66.50 ± 10.89, 83.50 ± 5.87, respectively; quality of life scores were 23.13 ± 12.52, 39.69 ± 13.64, 51.24 ± 13.09, 62.19 ± 12.08, 73.44 ± 10.31, respectively. When compared with the preoperation values, KOOS pain (F = 56.76, p < 0.05), symptoms (F = 50.95, p < 0.001), daily life activities (F = 67.24, p < 0.05), sports and recreation (F = 53.80, p < 0.05), and quality of life (F = 49.84, p < 0.05) scores showed significant improvement at 3, 6, 12, and 24 months after the operation, with differences in scores between every two time points also being significant (p < 0.001).
[image: Figure 2]FIGURE 2 | Knee injury and osteoarthritis outcome score (KOOS) outcome after operation. Preop, preoperation; Pop, postoperation; mons, months; ADL, activities of daily living; Sports and Rec, sports and recreation; QOL, quality of life; a, p < 0.05 (vs. preoperatively; b, p < 0.05 (vs. three mons); c, p < 0.05 (vs. six mons); d, p < 0.05 (vs. 12 mons).
Magnetic Resonance Imaging
MRI assessment indicated that cartilage lesions were filled with newly generated tissue over time. The lesion filling rate reached 100% coverage without detectable hypertrophy of the repaired tissue after 24 months for all patients. Some subchondral bone edema was observed around the implantation sites at 3 and 6 months after operation, but such abnormal signals disappeared by 24 months in all cases.
The MRI demonstrated that the vast majority of cartilage lesions were filled and regenerated 3 months after the operation. However, integration with the surrounding cartilage was incomplete, and this significantly reduced the signal intensity of repaired tissue. Compared with results in the third month, significant progress in the integration of implanted cartilage and the surrounding cartilage was observed at 6 months after the operation, with most reaching complete integration. The signal of repaired tissue was significantly reduced, while that of subchondral bone was not. At 12 and 24 months after the operation, all indicators and the subchondral bone had returned to near-normal levels. During the recovery period, the lesion site was completely repaired and integrated with the surrounding cartilage. The signal intensity of the fixed tissue was similar to that of the surrounding tissue and subchondral bone (Figure 3). The MACT could quickly fill and repair injured cartilage, completely integrating with the surrounding cartilage in half a year. The fixed tissue reached the same signal intensity as the surrounding cartilage at 12 months after the operation.
[image: Figure 3]FIGURE 3 | T2 mapping of cases after the operation. The chondral lesion treated with the implant developed an intensity similar to the surrounding normal cartilage over time. ROI, the region of interest. The minimum value of blue is 0 ms representing healthy cartilage; the maximum value of red is 100 ms representing damaged cartilage. PDW, proton density-weighted; SPAIR, spectral attenuated inversion recovery; mons, months.
The MOCART score systematically evaluates the condition of repaired tissue and surrounding normal cartilage tissue and has good reliability and repeatability. It is used for the evaluation of repaired tissue during long-term follow-up after implant. The score is based on a percentile system for the repaired cartilage as a whole with a full score of 100 points. The higher the score, the better the repaired tissue as previously described in Table 3. At different time points, the MOCART score increased significantly from 50.50 ± 6.67 at 3 months to 77.00 ± 13.42 at 6 months, 88.00 ± 6.37 at 12 months, and 92.80 ± 4.98 at 24 months. The difference between every two time points was statistically significant (F = 98.723, p < 0.001), except for that between 12 and 24 months (Figure 4).
TABLE 3 | MOCART score.
[image: Table 3][image: Figure 4]FIGURE 4 | Magnetic resonance observation of cartilage repair tissue (MOCART) score after operation. Pop, postoperation; mons, months; a, p < 0.05 (vs. pop three mons); b, p < 0.05 (vs. pop six mons); c, p < 0.05 (vs. pop 12 mons).
Magnetic Resonance Imaging T2 Mapping Values
T2-mapping is a multi-slice multi-echo spin-echo imaging technology with adding a spectral sequence generating a pseudo-color through the workstation post-processing software. It can quantitatively evaluate the changes of tissue to diagnose early osteochondral lesions by measuring the region of interest (ROI) for the T2 relaxation time. The minimum value of blue is 0 ms representing healthy cartilage; the maximum value of red is 100 ms representing damaged cartilage. T2 mapping revealed that treated chondral lesions achieved similar intensity to that of surrounding cartilage over time (Figure 5). We got some specific T2 values according to the pseudo-color derived from post-processing software. At different time points, the T2 values decreased significantly from 95.05 ± 5.61 before operation to 85.40 ± 5.33 at 3 months, 78.05 ± 3.80 at 6 months, 41.85 ± 4.16 at 12 months, and 34.85 ± 2.01 at 24 months. The T2 values for repaired tissue gradually decreased to approach near-average values (p < 0.05), and the difference between every two time points was statistically significant (F = 976.11, p < 0.001). Moreover, a difference was observed between the implanted cartilage and the surrounding normal hyaline cartilage (with a T2 value of approximately 29.80 ± 2.12 ms) (Figure 5).
[image: Figure 5]FIGURE 5 | Comparison T2 values of repaired site and surrounding normal cartilage after the operation. Preop, preoperation; Posop, postoperation; mons, months; a, p < 0.05 (vs. preoperatively); b, p < 0.05 (vs. three mons); c, p < 0.05 (vs. six mons); d, p < 0.05 (vs. 12 mons); e, p < 0.05 (vs. normal cartilage).
Second Look
Repaired tissue was arthroscopically confirmed to harbor implant lesions, including cartilage tissue with good tissue integration with adjacent cartilage 12 months after surgery in one case. Indications for second-look arthroscopy included arthrofibrosis or meniscus lesions (Figure 6).
[image: Figure 6]FIGURE 6 | Arthroscopic findings (A) arthroscopic outcome before implantation (B) the implant is transplanted in the lesion (C) a second-look arthroscopy at 12 months. The lesion is covered with cartilage-like tissue after the matrix-associated autologous chondrocyte transplant.
Histologic Evaluation
No complications were observed in the repaired tissue for the other cases. HE and S-O staining revealed different characteristics of the osteochondral junction between normal and repaired cartilage. Histology of the biopsy specimens revealed repaired tissue, with cartilaginous tissue exhibiting positive S-O staining in one case. S-O staining provided the best distinction between red- or pink-stained sulfated glycosaminoglycans and green-stained subchondral bone. The detailed observation indicated that the superficial zone of repaired tissue contained predominantly spindle-shaped fibroblast-like cells. In contrast, most of the deeper repair matrix in all cases showed positive S-O staining. It had round-shaped cells in the cavity, suggestive of repaired tissue, which was particularly observed for the hyaline cartilage-like matrix.
Furthermore, the interface between the repair cartilage and subchondral bone exhibited normal osteochondral junctions. A zonal structure in repaired cartilage was confirmed in one of the cases. As revealed via HE staining, the newly formed cartilage included naive chondrocytes with a round or oval shape, and the tidemark separated the cartilage. Subchondral bone cannot be clearly identified in freshly regenerated tissue. Given that mature chondrocytes look flatter relative to more basal zones in the superficial area and more spheroidal ones in the transitional or middle zone (Baumann et al., 2019), HE staining revealed oval or round-shaped cells with the phenotypic characteristics of native chondrocytes, which implied that the chondrocytes were still naive at this time. The S-O stain readily discriminated cartilage from the fast green-stained bone, indicating that the cells were surrounded by sulfated proteoglycan-rich ECM, typical of cartilage. Sections were immunostained for collagen type II and collagen type I, followed by observation via microscopy. Type II collagen deposition was observed on all type I scaffolds in addition to minimal staining for type I collagen, which suggested the generation of hyaline cartilage. Type II collagen was uniformly distributed at the deep zone of articular cartilage, while type I collagen was mainly deposited in the superficial cartilage layer (Figure 7).
[image: Figure 7]FIGURE 7 | Histologic evaluation. The sample was taken from second-look arthroscopy performed 12 months after the operation. AC, articular cartilage; SB, subchondral bone (A) safranin O-fast green (S-O) stain for glycosaminoglycan distribution, (B) hematoxylin and eosin (HE) stain to observe general cell morphology,(C) immunohistochemically (IHC) with type-specific antibodies against collagen type I (D) immunohistochemically (IHC) with type-specific antibodies against collagen type II to evaluate collagen distribution of regenerated cartilage.
DISCUSSION
This study demonstrated the efficacy of type I collagen-based MACT for cartilage regeneration in a prospective clinical study with a 2-year follow-up. Positive clinical and morphological outcomes were consistently observed in all 20 patients without any significant adverse events. Histological evidence confirmed the presence of regenerating hyaline-like cartilage in the knee with an articular cartilage lesion determined via biopsy in one case, and it also showed that repaired cartilage tended to emerge from the deep to the superficial layer. Further, quantitative T2 mapping indicated a difference between the regenerated cartilage and the surrounding hyaline cartilage.
In the current study, the KOOS was used as the primary outcome measure. All five KOOS domains improved equally in all patients, and this improvement was sustained throughout the 2-year follow-up period. Sports and recreation as well as quality of life scores were somewhat lower than those of the other categories, which might be due to fear-related psychological factors after the initial mechanical damage to cartilage. In other words, due to concerns of reinjury, patients felt hesitant to regularly participate in active exercise or other moderate physical activity recommended for rehabilitation. This suggested that appropriate psychological counseling had to be provided depending on the psychological characteristics of patients in order to promote recovery. Although the current study included fewer cases and follow-up times than these previous studies, the outcomes were still comparable. Moreover, direct comparisons between the present study’s findings and those of the previously mentioned studies might not be feasible owing to variations in patient demographics, follow-up duration, cell handling techniques, and histological grading systems. Nonetheless, the clinical outcomes of our study indicate considerable improvements following the operation. However, the higher baseline and shorter follow-up times in the present study might account for the relatively smaller improvement compared to previous literature.
The evidence also showed that the regenerated cartilage and subchondral bone were not fully integrated, and regenerated cartilage was still different from the surrounding hyaline cartilage. This finding was consistent with the results of quantitative MRI T2 mapping, as T2 values were still higher than those of the surrounding cartilage. In parallel, the arthroscopic examination of nascent tissue formation suggested that the immature cartilage tissue accounted for the regenerated cartilage presenting with generalized tissue fragility. Based on these observations, we speculate that the postoperative recovery phase was possibly more than 24 months. Although the current study demonstrated that MACI has limited short-term efficacy, it still had a promising clinical effect with many cartilage-like tissues filling the lesion, which was also reported in several previous studies. In a prospective clinical following 31 patients for 5 years after MACI, Ebert et al. (2017b) also reported favorable clinical outcomes. That is, all grafts were preserved on follow-up MRI, except for two graft failure cases due to complications. Moreover, Barie et al. (2020) aimed to establish whether MACI or second-generation ACI provided superior long-term outcomes based on patient satisfaction, clinical assessment, and MRI evaluation by following up 16 patients for an average of 9.6 years in a randomized clinical trial. Their findings suggested that the MACI method was equally effective for the treatment of isolated full-thickness articular cartilage lesions. Nevertheless, these studies came to a slightly different conclusion that the current operation did not achieve satisfactory results in patients during the short follow-up given the quantitative MRI T2 mapping. The reason for the different results reported from these studies was that the current study had a shorter follow-up time of 24 months, and the entire procedure was performed using open parapatellar mini-arthrotomy. Unlike our study, previous research transplanted implants in arthroscopic surgery with long-term follow-up, and they just adopt subjective evaluation methods without objective evaluation methods. Thus, the results were slightly different from ours. These findings suggest that open parapatellar mini-arthrotomy is not conducive to promote the repaired cartilage.
MRI has been widely performed for evaluating cartilage repair while avoiding the potential sampling bias associated with tissue biopsies, and MRI results confirmed that the lesion was filled with homogeneous tissue in addition to a high integration ratio (Welsch et al., 2009; Mumme et al., 2016). From general view, MRI would verify repaired tissue fill, maturation, and integration with the surrounding cartilage over time. It would seem that MOCART evaluation can help to extract more information from MRI, but it is still a subjective evaluation and lacks credibility. In probable, quantitative MRI is currently the best tool for assessing repair quality after implantation and before surgery. However, the utility of quantitative T2 mapping remains disputable because it could not detect the tissue microstructure characterization and cell phenotype. Nevertheless, it still provides a sufficiently detailed structural evaluation of regenerated cartilage without considering the somewhat limited resolution of currently available imaging technology (Salzmann et al., 2014). Our results for MRI T2 mapping could not detect morphological differences between the superficial and mid-to-deep zones of repaired tissue which could be confirmed via histologic elevation. Thus, although invasive, the histological assessment was likely the most reliable method for the detailed structural evaluation of cartilage repair.
Histological evaluation was performed on one of the 20 patients 12 months after the transplantation. Assessment of type II collagen distribution revealed hyaline-like cartilage in one patient who underwent second-look arthroscopy with biopsy. In the current work, one biopsy revealed a strong expression of collagen II in the deep layer cartilage, with a slight decrease of intensity in the superficial layer and middle part of the specimen, which illustrated the cartilage deep was hyaline cartilage. In the superficial layer, the repaired cartilage had been detected the accumulation of type I collagen with gradually decreasing toward the middle and deep, which implied the cartilage surface was still fibrocartilage. These showed that repaired cartilage tended to emerge from the deep layer to the superficial layer. Similarly, Biant et al. (2017) found similar corresponding results that hyaline cartilage or a mixture of hyaline–fibrocartilage were detected in 9 of 33 cases at an average of 15 months after MACI. We all have a short follow-up time, the follow-up time could be as short as only 1 year. However, Grevenstein et al. (2021) reported excellent histological results regarding the regeneration of hyaline articular cartilagen in all patients during a 16-month follow-up. This was a slightly different result from ours. Since he did not perform IHC studies for type I collagen, no subtle differences could be observed.
Several reports employed another technique for MACI, similar to the one we used. In a prospective study of ten patients undergoing arthroscopic gel-type autologous chondrocyte implantation (GACI), satisfactory clinical, radiological, and histological outcomes were reported, confirming the sufficient regeneration of hyaline-like cartilage, in parallel to the improved symptoms (Yoon et al., 2020). Since the GACI was infused in a liquid form, it was applied to the lesions regardless of their geometry, and the implant could then spread over the lesion site. Thus, GACI may represent a more convenient technique than other arthroscopic MACI methods. However, meticulous bleeding control was required for clear visualization of the lesion during the application of chondrocytes using a suction syringe and cotton bud. The amount of handling and manipulation necessary for implant preparation for an arthroscopic procedure might lead to additional chondrocyte apoptosis (Biant et al., 2017). Further, GACI lacked fixation, causing the graft to fall off, in addition to the issues of cell leakage and chondrocyte distribution. In contrast, as the implant in the current study was treated with a solid scaffold made of a non-flowing gel, it was fixed with fibrin glue and no membrane cover. MACT was performed as a mini-arthrotomy procedure for reimplantation. Furthermore, a small cadaveric study previously showed that 16 times as many viable cells remained on the membrane scaffold after implantation via open mini-arthrotomy compared to via arthroscopy (Biant et al., 2017).
The current study had several limitations. First, the procedure used herein was not compared to other operative techniques. Although performing reimplantation steps under mini-open arthrotomy and using the non-flowing gel scaffold might theoretically provide several advantages, further studies are required to compare operative time, postoperative rehabilitation, as well as clinical and radiologic outcomes following the arthroscopic delivery of autologous chondrocytes together with a type I collagen scaffold. Second, since a power calculation was not performed, the small sample size is an essential drawback of this study. Third, the follow-up time was relatively short for some evaluations. Clinical outcomes were previously followed for up to 5 years, and it was confirmed that improved clinical scores were maintained for an extended period (Ebert et al., 2011). Finally, histological assessments were conducted on a single patient 12 months after implantation, with relatively limited histological evaluation. Therefore, the current study could not assess implant integrity nor any change in the composition and distribution of type II collagen in the long term. This posed a significant challenge for obtaining comprehensive data to support our conclusion.
The type I collagen-based MACT for treating chondral or osteochondral lesions of the knee is clinically effective, yielding significant improvement in functionality and pain levels. It presents immense potential for regenerate cartilage, and the finds and limitations of this study will direct our near-term future research.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Institutional Review Board of Shanghai Changzheng Hospital. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
PF and YZ designed the experiments, and XL performed the experiments. JQ helped XL perform some experiments and recorded experimental data. XL instructed SL and YC for statistical analysis. XL wrote the paper, and PF made comments, suggested appropriate modifications, and made corrections. All authors have read and approved the final version of the manuscript submitted for publication.
FUNDING
This study was supported by the Science and Technology Committee of Shanghai (17411971800) and Naval Medical University (2020YLCYJ-Y08, 2019CZJS20). 
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We acknowledge the Shanghai Universal Medical Imaging Diagnostic Center for technical help and support. Special thanks go to editage (www.editage.com) for the help with English Language editing.
ABBREVIATIONS
AC, Articular cartilage; ACI, autologous chondrocyte implantation; GACI, gel-type autologous chondrocyte implantation; HE, hematoxylin and eosin; ICRS, International Cartilage Repair Society; IHC, immunohistochemistry; KOOS, knee injury and osteoarthritis outcome score; MACI, matrix-associated autologous chondrocyte implantation; MACT, matrix-assisted autologous chondrocyte transplantation; MOCART, magnetic resonance observation of cartilage repair tissue; MRI, magnetic resonance imaging; PDW, proton density-weighted; ROI, the region of interest; SB, subchondral bone; S-O, Safranin O-fast green; SPAIR, spectral attenuated inversion recovery.
REFERENCES
 Andriolo, L., Reale, D., Di Martino, A., De Filippis, R., Sessa, A., Zaffagnini, S., et al. (2020). Long-term Results of Arthroscopic Matrix-Assisted Autologous Chondrocyte Transplantation: A Prospective Follow-Up at 15 Years. Am. J. Sports Med. 48 (12), 2994–3001. doi:10.1177/0363546520949849
 Barié, A., Kruck, P., Sorbi, R., Rehnitz, C., Oberle, D., Walker, T., et al. (2020). Prospective Long-Term Follow-Up of Autologous Chondrocyte Implantation with Periosteum versus Matrix-Associated Autologous Chondrocyte Implantation: A Randomized Clinical Trial. Am. J. Sports Med. 48 (9), 2230–2241. doi:10.1177/0363546520928337
 Baumann, C. A., Hinckel, B. B., Bozynski, C. C., and Farr, J. (2019). Articular Cartilage: Structure and Restoration. Germany: Springer. 
 Biant, L. C., Simons, M., Gillespie, T., and McNicholas, M. J. (2017). Cell Viability in Arthroscopic versus Open Autologous Chondrocyte Implantation. Am. J. Sports Med. 45 (1), 77–81. doi:10.1177/0363546516664338
 Brittberg, M. (2010). Cell Carriers as the Next Generation of Cell Therapy for Cartilage Repair. Am. J. Sports Med. 38 (6), 1259–1271. doi:10.1177/0363546509346395
 Carey, J. L., Remmers, A. E., and Flanigan, D. C. (2020). Use of MACI (Autologous Cultured Chondrocytes on Porcine Collagen Membrane) in the United States: Preliminary Experience. Orthop. J. Sports Med. 8 (8), 2325967120941816. doi:10.1177/2325967120941816
 Chen, C.-H., Liu, J., Chua, C.-K., Chou, S.-M., Shyu, V., and Chen, J.-P. (2014). Cartilage Tissue Engineering with Silk Fibroin Scaffolds Fabricated by Indirect Additive Manufacturing Technology. Materials 7 (3), 2104–2119. doi:10.3390/ma7032104
 Christensen, B. B., Olesen, M. L., Hede, K. T. C., Bergholt, N. L., Foldager, C. B., and Lind, M. (2020). Particulated Cartilage for Chondral and Osteochondral Repair: A Review. Cartilage , 1947603520904757. doi:10.1177/1947603520904757
 Ebert, J. R., Robertson, W. B., Woodhouse, J., Fallon, M., Zheng, M. H., Ackland, T., et al. (2011). Clinical and Magnetic Resonance Imaging-Based Outcomes to 5 Years after Matrix-Induced Autologous Chondrocyte Implantation to Address Articular Cartilage Defects in the Knee. Am. J. Sports Med. 39 (4), 753–763. doi:10.1177/0363546510390476
 Ebert, J. R., Schneider, A., Fallon, M., Wood, D. J., and Janes, G. C. (2017a). A Comparison of 2-Year Outcomes in Patients Undergoing Tibiofemoral or Patellofemoral Matrix-Induced Autologous Chondrocyte Implantation. Am. J. Sports Med. 45 (14), 3243–3253. doi:10.1177/0363546517724761
 Ebert, J. R., Fallon, M., Wood, D. J., and Janes, G. C. (2017b). A Prospective Clinical and Radiological Evaluation at 5 Years after Arthroscopic Matrix-Induced Autologous Chondrocyte Implantation. Am. J. Sports Med. 45 (1), 59–69. doi:10.1177/0363546516663493
 Gamez, C., Schneider-Wald, B., Schuette, A., Mack, M., Hauk, L., Khan, A. U. M., et al. (2020). Bioreactor for Mobilization of Mesenchymal Stem/stromal Cells into Scaffolds under Mechanical Stimulation: Preliminary Results. PLoS One 15 (1), e0227553. doi:10.1371/journal.pone.0227553
 Grevenstein, D., Mamilos, A., Schmitt, V. H., Niedermair, T., Wagner, W., Kirkpatrick, C. J., et al. (2021). Excellent Histological Results in Terms of Articular Cartilage Regeneration after Spheroid-Based Autologous Chondrocyte Implantation (ACI). Knee Surg. Sports Traumatol. Arthrosc. 29 (2), 417–421. doi:10.1007/s00167-020-05976-9
 Jiménez, G., López-Ruiz, E., Kwiatkowski, W., Montañez, E., Arrebola, F., Carrillo, E., et al. (2015). Activin A/BMP2 Chimera AB235 Drives Efficient Redifferentiation of Long Term Cultured Autologous Chondrocytes. Sci. Rep. 5, 16400. doi:10.1038/srep16400
 Krill, M., Early, N., Everhart, J. S., and Flanigan, D. C. (2018). Autologous Chondrocyte Implantation (ACI) for Knee Cartilage Defects. JBJS Rev. 6 (2), e5. doi:10.2106/jbjs.rvw.17.00078
 Levine, D. W., Roaf, P. L., and Duguay, S. J. (2009). Characterized Chondrocyte Implantation Results in Better Structural Repair when Treating Symptomatic Cartilage Defects of the Knee in a Randomized Controlled Trial versus Microfracture. Am. J. Sports Med. 37 (3), e3. doi:10.1177/0363546508330151
 Mumme, M., Barbero, A., Miot, S., Wixmerten, A., Feliciano, S., Wolf, F., et al. (2016). Nasal Chondrocyte-Based Engineered Autologous Cartilage Tissue for Repair of Articular Cartilage Defects: an Observational First-In-Human Trial. Lancet 388 (10055), 1985–1994. doi:10.1016/s0140-6736(16)31658-0
 Niemeyer, P., Salzmann, G., Feucht, M., Pestka, J., Porichis, S., Ogon, P., et al. (2014). First-generation versus Second-Generation Autologous Chondrocyte Implantation for Treatment of Cartilage Defects of the Knee: a Matched-Pair Analysis on Long-Term Clinical Outcome. Int. Orthop. (SICOT) 38 (10), 2065–2070. doi:10.1007/s00264-014-2368-0
 Öztürk, E., Hobiger, S., Despot-Slade, E., Pichler, M., and Zenobi-Wong, M. (2017). Hypoxia Regulates RhoA and Wnt/β-Catenin Signaling in a Context-dependent Way to Control Re-differentiation of Chondrocytes. Sci. Rep. 7 (1), 9032. doi:10.1038/s41598-017-09505-6
 Salzmann, G. M., Erdle, B., Porichis, S., Uhl, M., Ghanem, N., Schmal, H., et al. (2014). Long-term T2 and Qualitative MRI Morphology after First-Generation Knee Autologous Chondrocyte Implantation. Am. J. Sports Med. 42 (8), 1832–1840. doi:10.1177/0363546514536682
 Solheim, E., Hegna, J., and Inderhaug, E. (2020). Long-Term Survival after Microfracture and Mosaicplasty for Knee Articular Cartilage Repair: A Comparative Study between Two Treatments Cohorts. Cartilage 11 (1), 71–76. doi:10.1177/1947603518783482
 Welsch, G. H., Zak, L., Mamisch, T. C., Resinger, C., Marlovits, S., and Trattnig, S. (2009). Three-dimensional Magnetic Resonance Observation of Cartilage Repair Tissue (MOCART) Score Assessed with an Isotropic Three-Dimensional True Fast Imaging with Steady-State Precession Sequence at 3.0 Tesla. Invest. Radiol. 44 (9), 603–612. doi:10.1097/rli.0b013e3181b5333c
 Xu, B., Fan, D., Zhao, Y., Li, J., Wang, Z., Wang, J., et al. (2019). Three-Dimensional Culture Promotes the Differentiation of Human Dental Pulp Mesenchymal Stem Cells into Insulin-Producing Cells for Improving the Diabetes Therapy. Front. Pharmacol. 10, 1576. doi:10.3389/fphar.2019.01576
 Yoon, T.-H., Jung, M., Choi, C.-H., Kim, H.-S., Lee, Y.-H., Choi, Y.-S., et al. (2020). Arthroscopic Gel-type Autologous Chondrocyte Implantation Presents Histologic Evidence of Regenerating Hyaline-like Cartilage in the Knee with Articular Cartilage Defect. Knee Surg. Sports Traumatol. Arthrosc. 28 (3), 941–951. doi:10.1007/s00167-019-05572-6
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Li, Li, Qian, Chen, Zhou and Fu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 04 November 2021
doi: 10.3389/fbioe.2021.754205


[image: image2]
Incorporation of Bone Morphogenetic Protein-2 and Osteoprotegerin in 3D-Printed Ti6Al4V Scaffolds Enhances Osseointegration Under Osteoporotic Conditions
Xianggang Wang1,2†, Zhengyan Li3,4†, Zhonghan Wang1,2, He Liu1,2, Yutao Cui1,2, Yuzhe Liu1,2, Ming Ren1,2, Hongsheng Zhan3,4, Zuhao Li1,2*, Minfei Wu1,2* and Jincheng Wang1,2*
1Orthopaedic Medical Center, The Second Hospital of Jilin University, Changchun, China
2Orthopaedic Research Institute of Jilin Province, Changchun, China
3Shi’s Center of Orthopedics and Traumatology, Shuguang Hospital Affiliated to Shanghai University of TCM, Shanghai, China
4Institute of Traumatology, Shanghai Academy of TCM, Shanghai, China
Edited by:
Yin Fang, Nanyang Technological University, Singapore
Reviewed by:
Bin Li, Soochow University, China
Marian H. Hettiaratchi, University of Oregon, United States
* Correspondence: Zuhao Li, lizuhao1992@163.com; Minfei Wu, wuminfei100@163.com; Jincheng Wang, wangjinc@jlu.edu.cn
†These authors have contributed equally to this work
Specialty section: This article was submitted to Biomaterials, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 06 August 2021
Accepted: 12 October 2021
Published: 04 November 2021
Citation: Wang X, Li Z, Wang Z, Liu H, Cui Y, Liu Y, Ren M, Zhan H, Li Z, Wu M and Wang J (2021) Incorporation of Bone Morphogenetic Protein-2 and Osteoprotegerin in 3D-Printed Ti6Al4V Scaffolds Enhances Osseointegration Under Osteoporotic Conditions. Front. Bioeng. Biotechnol. 9:754205. doi: 10.3389/fbioe.2021.754205

Osteoporosis is an age-related metabolic disease that results in limited bone regeneration capacity and excessive osteoclast activity. After arthroplasty in patients with osteoporosis, poor interface osseointegration resulting from insufficient bone regeneration ability often leads to catastrophic complications such as prosthesis displacement and loosening and periprosthetic fractures. In this study, we prepared a thermosensitive hydrogel loaded with bone morphogenetic protein-2 (BMP-2) to promote osteogenesis and osteoprotegerin (OPG) to inhibit excessive osteoclast activity. To construct three-dimensional (3D)-printed composite scaffolds for implantation, a hydrogel loaded with drugs was injected into porous Ti6Al4V scaffolds. The 3D-printed composite scaffolds showed good biocompatibility and sustained release of BMP-2 and OPG for more than 20 days. In vitro experiments indicated that composite scaffolds promoted osteogenic differentiation and reduced the osteoclastic activation simultaneously. Remarkably, immunofluorescence staining, micro-CT, histological, and biomechanical tests demonstrated that the sustained release of both BMP-2 and OPG from composite scaffolds significantly improved bone ingrowth and osseointegration in osteoporotic defects. In conclusion, this study demonstrated that the BMP-2- and OPG-loaded 3D-printed composite scaffolds can potentially promote osseointegration for osteoporotic patients after joint replacement.
Keywords: osteoporosis, bone tissue engineering, bone morphogenetic protein-2, osteoprotegerin, osseointegration
INTRODUCTION
Osteoporosis is one of the most common metabolic skeletal diseases, and it is characterized by low bone strength, limited osteogenic activity, and enhanced osteoclast resorption, thus increasing the risk of bone fractures (Ferrari, 2018; Compston et al., 2019). In bone tissue, there is a dynamic metabolic process of bone modeling and remodeling. Osteoblasts mediate the modeling process via secreting bone matrix and promoting calcium deposition. However, osteoclasts mediate the remodeling process via bone matrix resorption (Guo et al., 2021; Jia et al., 2021). However, the balance between bone formation and bone resorption in osteoporotic patients is disrupted, thus resulting in poor osseointegration after prosthesis implantation (Toepfer et al., 2021). So far, various conventional treatments have been attempted to increase the osseointegration of osteoporosis patients after joint replacement, but these treatments have not alleviated the problem (Monotti et al., 2020; Quinzi et al., 2020). Postoperative systemic administration of antiresorptive drugs is limited by various side effects and low bioavailability that consistently achieves an unsatisfactory local osseointegration effect (Frank et al., 2021). Poor osseointegration after joint replacement leads to serious complications, including prosthesis loosening or displacement and periprosthetic fracture (Zhu et al., 2021). Therefore, to ameliorate the pathological environment in the osteoporotic interface, an effective treatment that can promote osseointegration at the prosthetic interface after joint replacement is urgently required.
The titanium alloy, Ti6Al4V, is an excellent material for fabricating orthopedic implants because of its good biocompatibility, osteoconductivity, and superior corrosion resistance (Huang et al., 2021). However, the high stiffness of scaffolds causes stress shielding and poor interfacial bonding, which remains a significant problem (Abate et al., 2021). To address this challenge, 3D printing technology has been used to fabricate prostheses with a highly porous structure (Li et al., 2021). The controlled pore structure not only reduces the difference in stiffness between the prosthesis and host bone but also provides enough space for bioactive substance loading and induces bone ingrowth. Bone morphogenetic proteins (BMPs) are classic growth factors, which can induce osteogenic differentiation of stem cells in vitro and bone regeneration in vivo (Baek et al., 2021). Among all the BMPs, BMP-2 is one of the most osteogenic BMPs that can significantly promote bone induction. In the clinic, recombinant human BMP-2 (rhBMP-2) is already approved by the Food and Drug Administration (FDA) for human use (Chao et al., 2021). BMP-2 can strongly induce bone formation via the SMAD signaling pathway in osteoblasts (Fitzpatrick et al., 2017). In the beginning, BMP-2 will bind to the BMP receptor on the cell membrane, and then it will initiate a cascade of BMP-specific SMAD pathways, which eventually promote the expression of osteogenesis-related genes (Wang et al., 2020). In previous studies, BMP-2 was used for bone regeneration in osteoporotic defects and showed excellent results (Segredo-Morales et al., 2018; Garcia-Garcia et al., 2019). In addition, considering the special microenvironment of osteoporosis, it is necessary to block its excessive osteoclastic activity. Osteoprotegerin (OPG) is a glycoprotein belonging to the tumor necrosis factor (TNF) receptor superfamily, which is considered to be a factor that inhibits bone resorption. OPG is mainly expressed by osteoblasts; it functions to inhibit osteoclastogenesis and osteolysis via binding and neutralizing RANKL (Hauser et al., 2017). OPG could decrease the activity of osteoclasts by regulating the RANKL/RANK/OPG system in osteoporosis (Tu et al., 2015).
In this study, we prepare the thermosensitive poloxamer 407 hydrogels as a drug delivery system to incorporate BMP-2 and OPG, and the hydrogel loaded with drugs was injected into the pores of 3D-printed Ti6Al4V scaffolds to construct composite scaffolds. The Ti6Al4V scaffold with optimized pore size and porosity is designed to match the bone tissue’s mechanical strength, thus minimizing the stress shielding. We hypothesize that these BMP-2/OPG-loaded composite scaffolds will release drugs continuously and ameliorate the regenerating microenvironment in osteoporosis. Moreover, the cooperation between BMP-2 and OPG will enhance bone regeneration and inhibit bone resorption simultaneously, thus enhancing the osseointegration after the prosthesis implantation (Scheme 1).
[image: Scheme 1]SCHEME 1 | The illustration of the BMP-2/OPG-loaded 3D-printed composite scaffolds and their application as scaffolds to promote osseointegration in osteoporosis. BMP-2, bone morphogenetic protein-2; OPG, osteoprotegerin.
EXPERIMENTAL SECTION
Materials
The Ti6Al4V powder was purchased from AK Medical Co., Ltd. (Beijing, China). Poloxamer 407 powder was obtained from Bayee Chemical Co., Ltd. (Hangzhou, China). BMP-2, OPG, and antibodies used in immunofluorescence were obtained from Abcam (Cambridge, UK). Low Glucose Dulbecco’s Modified Eagle’s Medium (DMEM), streptomycin double-antibody, and fetal bovine serum (FBS) were obtained from Gibco (Grand Island, NY, USA). Paraformaldehyde and phosphate-buffered saline (PBS) were obtained from Coolabar (Beijing, China). Cell Counting Kit-8 (CCK-8) and Calcein-AM/propidium iodide (PI) were supplied by Beyotime Biotechnology (Shanghai, China). The osteogenic medium used for alizarin red dye was obtained from Cyagen (Santa Clara, CA, USA). The Perfect Real-Time RE reagent kit from Takara Bio (Dalian, China), 2× Fast SYBR Green Master Mix from Roche Diagnostics (Basel, Switzerland), and TRIzol reagent (Invitrogen, CA, USA) were used. The Runx-2, OPN, and RANKL antibodies were supplied by Abcam (Cambridge, UK) and DAPI from Solarbio (Beijing, China). The Electrochemical Immunoassay Kit was obtained from Roche-Mannheim (Mannheim, Germany). The tartrate-resistant acid phosphatase (TRAP) staining kit was obtained from Sigma-Aldrich (St. Louis, MO, USA). The ultrapure water used in the study was obtained from a Milli-QA10 filtration system (Millipore, Billerica, MA, USA).
Preparation of Bone Morphogenetic Protein-2/Osteoprotegerin-Loaded 3D-Printed Composite Scaffolds
Fabrication of the 3D-Printed Ti6Al4V Scaffolds
The 3D-printed porous Ti6Al4V scaffolds were fabricated as previously described (Bai H. et al., 2020). Briefly, a 3D model of the disk-shaped scaffold (Φ6 mm × L 3 mm) was established with the following parameters: pore size = 800 μm, porosity = 70%, and strut size = 300 µm. Spherical pre-alloyed medical-grade Ti6Al4V powder (Grade 23, particle size 45–100 µm) was used to fabricate the porous scaffold using the electron beam melting (EBM) machine (Q10, Arcam, Gothenburg, Sweden). To verify whether the parameters of the prepared scaffolds were consistent with the predesign, a scanning electron microscope (SEM; JSM-6700F, JEOL, Japan) and Micro-CT scanner (SkyScan 1076, Kontich, Belgium) were used to evaluate the pore size and porosity. All obtained scaffolds were ultrasonically cleaned and washed sequentially in acetone, ethanol, and deionized water for 10–15 min in each solution.
Preparation of the Hydrogel
The hydrogel was prepared by mixing the powder with 0.01 M of PBS (pH = 7.4, 4°C) at the ratio of 25%:75% (w/w) at 4°C overnight. The rheological properties of the poloxamer 407 hydrogels were assessed on a rheometer (Discovery HR-2, TA Instruments, New Castle, DE, USA) from a Peltier plate. The dynamic mechanical data of the storage modulus (G′) and viscous modulus (G″) of the hydrogels were tested at different temperatures. Moreover, to observe the morphology of the hydrogel and scaffolds, the SEM was also used at 3-kV acceleration voltage.
Construction of 3D-Printed Composite Scaffolds
After poloxamer 407 was completely dissolved, a homogeneous and transparent solution was obtained. Then, the BMP-2 solution (7.5 μg/ml, in 0.01 M of PBS, pH = 7.4, 4°C) and the OPG solution (0.1 mg/ml, in 0.01 M of PBS, pH = 7.4, 4°C) were added to the prepared hydrogel solution. To prepare the drug-loaded composite scaffolds, the porous Ti6Al4V scaffolds were inserted into a 96-well plate, and the hydrogel containing BMP-2 and OPG was injected into the porous Ti6Al4V scaffolds at 4°C. Finally, the composite scaffolds within the 96-well plate were warmed to 37°C in an incubator to gelate the hydrogel solution.
Bioactive Bone Morphogenetic Protein-2 and Osteoprotegerin Release Profile
To investigate the bioactive release of BMP-2 and OPG in vitro, the BMP-2/OPG-loaded 3D-printed composite scaffolds were put in a 24-well culture plate. It was soaked in PBS at 37°C. Medium measuring 2 ml was collected and changed at predetermined time points. BMP-2 and OPG release levels were tested using the BMP-2 and OPG ELISA Kits and analyzed by a microplate reader (Multiskan EX, Thermo Fisher Scientific, Shanghai, China).
In Vitro Cell Experiments
Isolation and Culture of Osteoporosis-Derived Bone Marrow Mesenchymal Stem Cells
The osteoporosis-derived bone marrow mesenchymal stem cells (OP-BMSCs) were cultured and isolated as previously described (Zhao et al., 2020). Briefly, the OP-BMSCs were obtained from the long bone marrow of female New Zealand rabbits 10 months after ovariectomy (OVX). OP-BMSCs were cultured in a low-glucose DMEM containing 1% streptomycin–penicillin and 10% FBS in a humidified incubator at 37°C and 5% CO2. Cells were digested and passaged at approximately 80% confluence. The third passage of cells was used for in vitro experiments.
Biocompatibility
The CCK-8 experiment was used to investigate the cell proliferation of composite scaffolds. OP-BMSCs with a density of 1 × 104 cells/well in 24-well culture plates were seeded in porous scaffolds (S), hydrogel-incorporated porous scaffolds (SH), BMP-2-loaded hydrogel-incorporated porous scaffolds (SH/BMP-2), OPG-loaded hydrogel-incorporated porous scaffolds (SH/OPG), and dual BMP-2 and OPG-loaded hydrogel-incorporated porous scaffolds (SH/Dual). The cell proliferation was tested on days 1, 4, and 7. At every time point, the reaction solution was added to each well for 2.5 h of incubation at 37°C. The optical density (OD) was measured using a microplate reader at 450 nm. Calcein-AM/PI staining was performed after 3 days of culture according to the manufacturer’s protocol to determine the cell viability in each group. Briefly, 2 μM of Calcein-AM and 4.5 μM of PI were added to the samples, incubated for 15 min at 37°C in the dark, and then evaluated under a confocal laser scanning microscope (CLSM; FV1000, Olympus, Tokyo, Japan).
Alizarin Red S Staining
The OP-BMSCs were seeded on the S, SH, SH/BMP-2, SH/OPG, and SH/Dual groups at a density of 1 × 105 cells/well in a 24-well plate. After the cells adhered, the medium was changed to an osteogenic induction medium. The medium was changed every 3 days. The osteogenic differentiation ability was evaluated at 14 and 21 days. At the scheduled time point, cells were fixed with 4% paraformaldehyde for 30 min at 37°C and washed three times with PBS. The ARS solution was added to the samples at room temperature for 20 min. After being washed with PBS to remove the residual stains, the images were taken using a microscope (Olympus Ⅸ). To quantify the results of ARS, samples were dissolved with 10% cetylpyridinium chloride, and the coloration of each sample was read by a microplate reader at 562 nm.
Real-Time Quantitative PCR
After osteogenic induction culture of OP-BMSCs (1 × 105 cells/well) in 24-well plates for 14 and 21 days, the expression of runt-related transcription factor-2 (Runx-2), osteopontin (OPN), and receptor activator of NF-κB ligand (RANKL) were investigated using RT-qPCR. Total RNA was collected using TRIzol reagent. The purity of RNA was evaluated by a NanoDrop 2,000c Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Only an A260/A280 value around 2.0 was accepted for further analysis. Synthesis of cDNA was performed in a 20-µl reaction volume via a Perfect Real-Time RE reagent kit. Then, the qPCR amplification and detection were analyzed using 2 × Fast SYBR Green Master Mix on a LightCycler 480 (Bio-Rad CFX Manager 3.1, Hercules, CA, USA). Based on the gene expression ratio among different groups, the relative expression level of mRNA was normalized to GAPDH and calculated using the 2−ΔΔct method. Primer sequences are listed in Supplementary Table S1.
In Vivo Osseointegration of 3D-Printed Composite Scaffolds
Preparation of Osteoporotic Animal Models
Animal experiments were conducted in compliance with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised 1978). All experimental protocols for animals were approved by the Animal Care and Use Ethics Committee at Jilin University. The osteoporotic rabbit models were prepared by OVX according to our previous studies (Bai H. et al., 2020). Briefly, a total of 46 female New Zealand rabbits were randomly divided into two groups; namely, 43 of them underwent bilateral OVX surgery, and three of them received sham surgery. Ten months later, their serum estrogen levels were tested using an Electrochemical Immunoassay Kit. Three rabbits of each group were sacrificed, and their distal femurs were used for Micro-CT measurement and H&E staining to confirm the osteoporosis status.
Implantation of 3D-Printed Composite Scaffolds
Forty residual osteoporotic rabbits were enrolled in the osseointegration experiments, and they were randomly divided into five groups: S, SH, SH/BMP-2, SH/OPG, and SH/Dual. Briefly, the osteoporotic rabbits were anesthetized using 3% (w/v) pentobarbital (50 mg/kg). After the skin preparation and sterilization, a longitudinal incision at the distal femur site was made to expose the lateral condyle. Then, a cylindrical bone defect (6.0 mm in diameter and 3.0 mm in depth) was created with a bone drill. 3D-printed composite scaffolds were implanted into each animal, and incisions were closed subsequently in layers by absorbable sutures. After the operation, all rabbits were allowed free movement. Penicillin (40,000 U) was intramuscularly injected for 3 days to prevent infection postoperatively. Three months after the implantation, all rabbits were sacrificed by overdose with 3% (w/v) pentobarbital (150 mg/kg), and the bilateral femurs were harvested for subsequent detection.
Micro-CT Analysis
The specimens were scanned using Micro-CT (90 kV, 114 mA, 18-µm image pixel size) to evaluate the effect of bone regeneration and osseointegration. A cylinder (6.0-mm diameter and 3.0-mm height) was selected as the region of interest (ROI). The 3D reconstruction was performed by multimodal 3D visualization software (NRecon 1.7.1.0 software, Kontich, Belgium). The quantitative analysis of the ROI was conducted by Micro-CT auxiliary software (VG studio Volume Graphics GmbH, Heidelberg, Germany), including bone volume/tissue volume ratio (BV/TV, %), trabecular thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm), and trabecular number (Tb.N, 1/mm).
Immunofluorescence Staining
As previously reported, the immunofluorescence staining of osteogenesis-related genes at the regenerated bone site was carried out (Zhao et al., 2020). Briefly, bone tissue sections were incubated with Runx-2, OPN, and RANKL antibodies overnight at 4°C. After that, the specimens were washed three times using PBS, and cell nuclei were stained with DAPI. The positively stained samples were imaged with a CLSM; the intensity of fluorescence was quantitatively analyzed by image Pro-Plus (IIP) 6.0 (National Institutes of Health, Bethesda, MD, USA).
Push-Out Test
A standard push-out test was performed to evaluate the integration strength of the bone-scaffold interface in each group. The specimens were placed on the plate for a detaching test (1.0 mm/min) using a closed-loop servo-hydraulic testing machine (MTS MiniBionix, Minneapolis, MN, USA). The maximum pushing force was recorded when scaffolds moved away from the bone.
Statistical Analysis
All data were represented as the mean ± SD from at least three independent experiments. The statistical analyses were performed via Student’s t-test or one-way ANOVA, followed by the least significant difference test for multiple comparisons using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). p < 0.05 was deemed to indicate statistical significance.
RESULTS AND DISCUSSION
Preparation and Characterization of 3D-Printed Composite Scaffolds
The poloxamer 407 hydrogel is widely used in bone tissue engineering because of its reversible thermo-responsive properties, superior drug delivery capabilities, excellent biocompatibility, and biodegradability (Yang et al., 2020). In this study, thermosensitive poloxamer 407 hydrogels were successfully prepared (Figure 1A). The poloxamer 407 solution was liquid at 4°C, and it was converted to a gel state when the temperature rose to 37°C. Furthermore, a rheological analysis of the thermosensitive hydrogel confirmed that both the storage modulus (G′) and loss modulus (G″) of the hydrogel rapidly increased after 21°C, suggesting that the temperature of the hydrogel to sol-gel transition was about 21°C (Figure 1B). SEM observations showed that the hydrogel had a porous internal structure with a pore size of about 100–200 µm (Figure 1C). The thermosensitive property of the poloxamer 407 hydrogel made it suitable for bone tissue engineering because the normal human body temperature is 37°C.
[image: Figure 1]FIGURE 1 | Characterization of the BMP-2/OPG-loaded 3D-printed composite scaffolds. (A) The thermosensitive property of the poloxamer 407 hydrogel. (B) The rheological analysis of the storage modulus (G′) and loss modulus (G″) of the hydrogel as a function of temperature. (C) Morphologies of the hydrogels observed by SEM. (D) Morphologies of the 3D-printed porous Ti6Al4V scaffolds. (E) The pore size distribution of 3D-printed porous Ti6Al4V scaffolds. (F) Illustration demonstrating the hydrogel loaded with drugs injected into porous scaffolds to prepare the BMP-2/OPG-loaded 3D-printed composite scaffolds. (G) SEM image of the 3D-printed composite scaffolds. BMP-2, bone morphogenetic protein-2; OPG, osteoprotegerin; SEM, scanning electron microscopy.
In addition, the 3D-printed porous Ti6Al4V scaffolds were successfully fabricated using the EBM machine. SEM images of the porous scaffolds revealed the interconnected pore structure (Figure 1D). A quantitative analysis (using ImageJ software) showed that the diameter of micropores ranged from 760 to 840 μm (Figure 1E), and the average pore size was 791.97 ± 11.32 μm. Subsequently, the porosity of the prepared porous Ti6Al4V scaffolds was determined by Micro-CT. The results revealed that the porosity of the scaffolds was 70.13% ± 2.43%. Therefore, the actual pore size and porosity of the printed porous Ti6Al4V scaffolds were consistent with the predesign model (800 μm and 70%, respectively). The osseointegration ability of the porous prosthesis after implantation is closely related to the porosity and pore size. For porous implants, the porosity should be above 50%, specifically in the range of 65%–75%. Its structure and mechanics are bionic with human trabecular bone, which is conducive to osseointegration. As for the pore size, previous research has revealed that when the pore is greater than 300 μm, it is beneficial for nutrients and oxygen to penetrate the interconnected micropores (Chen et al., 2020). Furthermore, studies on the relationship between micropore diameter and bone regeneration have indicated that a pore size between 600 and 800 μm is beneficial for osseointegration in osteoporosis (Bai H. et al., 2020; Qiao et al., 2020). Therefore, the pore size and porosity of our prepared porous scaffolds were 791.97 μm and 70.13%, respectively, which are ideal for osseointegration in osteoporosis.
The synthesis procedures for BMP-2/OPG-loaded 3D-printed composite scaffolds are depicted in Figure 1F. At 4°C, the porous Ti6Al4V scaffold was soaked in the BMP-2/OPG-loaded poloxamer 407 solutions to fill the scaffold pores uniformly. At 37°C, the solution turned into a hydrogel, and the hydrogel and the scaffold were combined into a complex. The SEM images also confirmed that the scaffold pores were filled with hydrogels (Figure 1G). These results indicated that the BMP-2/OPG-loaded 3D-printed composite scaffolds were prepared successfully.
Hydrogels are always used for drug delivery systems to release the drugs in a controlled manner (Borges et al., 2021). The reversible thermo-responsive property of poloxamer 407 hydrogel allows it to undergo gelation near body temperature (approximately 37°C) and remain a continuous drug delivery device in vivo (Beard et al., 2021b). At lower temperatures, poloxamer 407 exists in the form of a solution, during which it can be loaded with therapeutics for later release from its gel state (Beard et al., 2021a). A previous study has demonstrated that poloxamer 407 hydrogel loaded with drugs can be successfully injected into porous scaffolds and achieve sustained release (Bai H. T. et al., 2020).
The Release Profiles of the 3D-Printed Composite Scaffolds
For a drug delivery system, sustained release is critical to achieving the intended therapeutic effect. The release profiles of the BMP-2/OPG-loaded 3D-printed composite scaffolds indicated that the slow degradation of hydrogels allowed the BMP-2 and OPG to be delivered in a controlled manner. Figures 2A,B show that the kinetic release of BMP-2 and OPG was recorded in 20 days. Initially, there was a rapid release of drugs in the first 4 days, especially on day 1. For BMP-2, the release rate was about 20.9% ± 1.1% at day 1. On day 4, the percentage of the released drug was approximately 44.5% ± 2.3%. From day 4 to day 16, the release rate slowed down; and on day 16, the total fraction of drug release was 69.6% ± 1.3%. After that, the release profile increased slowly. As for OPG, the release rate was about 23.1% ± 2.3% on day 1 and approximately 49.9% ± 2.7% on day 4. Similar to BMP-2, the release rate slowed down from day 4 to day 16, with a total fraction of drug release of 61.1% ± 1.2% at day 16. Because of protein denaturation and low initial drug concentration, after 20 days, the residual drug content was very low. The residual drug concentration was difficult to measure accurately; that is why only 70% of the drugs were detected. The release of drugs in the hydrogel was the result of drug diffusion and hydrogel degradation. At the early time point, the rapid drug release mainly resulted from the drug diffusion since there was no significant hydrogel degradation. Moreover, because of the porous structure of both hydrogels and scaffolds, there was a broad hydrogel–liquid interface (Colucci et al., 2021). Through the diffusion of drugs on the surface, the broad interface was initially mainly responsible for rapid release, which was acceptable in the clinic and consistent with drug delivery patterns in other studies (Katakam et al., 2019; Tundisi et al., 2021). Later, the degradation rate was influenced by the drug diffusion and hydrogel degradation and the interlink of chemical bonds and intermolecular hydrogen bonds between drugs and the poloxamer 407 (Borges et al., 2021). Thus, the sustained release of drugs was achieved (Solanki et al., 2019). Because the protein concentration is impossible to detect in vivo, in vitro experiments simulated the in vivo release pattern. In vitro, we studied the release curves of growth factors in composite scaffolds in PBS. PBS maintains a constant pH, and the osmotic pressure and ion concentration are similar to those of the human body, and they simulate the effect of body fluid. Therefore, it is reasonable to believe that the growth factors in the composite scaffolds can obtain a similar release curve in vivo. This degradation mode will meet the clinical requirements, and the initial rapid release is conducive to the drug reaching a high concentration at the defect and playing a rapid therapeutic role while alleviating the disease. The slow release in the later stage is beneficial to maintaining the drug concentration (Santimetaneedol et al., 2019). These results indicate that the poloxamer 407 hydrogel was an excellent drug delivery system for sustained release in bone regeneration.
[image: Figure 2]FIGURE 2 | The release profiles and biocompatibility of the 3D-printed composite scaffolds. (A) The release profile of BMP-2. (B) The release profile of OPG. (C) The cell proliferation of BMSCs in different groups. (D) Calcein-AM/PI staining of BMSCs at day 3 (green represents live cells, whereas red represents dead cells). BMP-2, bone morphogenetic protein-2; OPG, osteoprotegerin; BMSCs, bone marrow mesenchymal stem cells; PI, propidium iodide.
The Biocompatibility of the 3D-Printed Composite Scaffolds
In addition to sustained drug release, the biocompatibility of the 3D-printed composite system is the basis for biological applications. To test the biocompatibility of the BMP-2/OPG-loaded 3D-printed composite scaffolds, a CCK-8 assay was conducted to analyze its effect on cell proliferation. OP-BMSCs were seeded on 3D-printed composite scaffolds in different groups for 1, 4, and 7 days. Figure 2C indicates that cells proliferated gradually in each group within 7 days. There was no significant difference between the groups, but the drug-loaded scaffold groups showed an increased cell proliferation rate on day 7. Previous studies reported that BMP-2 and OPG were mainly responsible for cell differentiation, with little effect on cell proliferation (Yarygin et al., 2020; Wang et al., 2021; Zhang et al., 2021). In addition, the images of Calcein-AM/PI staining indicated that the OP-BMSCs had good cell viability in all groups on day 3 (Figure 2D). These results indicated that the incorporated drugs, hydrogels, and scaffolds used in this study had no cytotoxicity, suggesting that the BMP-2/OPG-loaded 3D-printed composite scaffolds had good biocompatibility and were suitable for in vivo applications.
Osteogenic and Osteoclastic Differentiation on the 3D-Printed Composite Scaffolds
In addition to cell proliferation, osteogenic differentiation of BMSCs is an important event for the initiation of bone regeneration. ARS attaining, which indicated the number of calcified deposits in BMSCs (Queiroz et al., 2021), was used to evaluate the osteogenic effects of the 3D-printed composite scaffolds on OP-BMSCs. Gross images revealed that calcified nodules were increased from 14 to 21 days in each group (Figure 3A), but there was no significant difference among the S, SH, and SH/OPG groups at each time point. Moreover, OPG did not have significant effects on calcium deposition. As predicted, the BMP-2-loaded groups had significantly more calcified nodules than the S and SH groups at both time points (Figure 3B). The difference in nodules increased as time went on (p < 0.05 at day 14 and p < 0.001 at day 21). More importantly, we observed more calcium deposition in the SH/Dual group compared with the SH/BMP-2 group (p < 0.05). These results demonstrated that compared with BMP-2 alone, although OPG did not significantly affect osteogenesis, the cooperation of BMP-2 and OPG promoted mineralized matrix formation more significantly.
[image: Figure 3]FIGURE 3 | The osteogenic and osteoclastic activity of BMSCs on different 3D-printed composite scaffolds. (A) The alizarin red staining of the 3D-printed composite scaffolds in different groups. (B) Quantitative analysis of the ARS results. (C–E) RT-qPCR analyses of the gene expressions of Runx-2, OPN, and RANKL. * indicates significant difference between groups, *p < 0.05, **p < 0.01, and ***p < 0.001. BMSCs, bone marrow mesenchymal stem cells.
To further analyze the effect of the BMP-2/OPG-loaded 3D-printed composite scaffolds on osteogenic differentiation and osteoclastic differentiation, the expression of related genes, including Runx-2, OPN, and RANKL, were evaluated via RT-qPCR. Typically, Runx-2 is one of the transcription factors in the Runx family (Song et al., 2020). It is considered an early-stage marker that indicates the differentiation of osteoblasts (Zahid and Ghafoor, 2021). Figure 3C shows that on both days 14 and 21, the expression of Runx-2 was significantly higher in SH/BMP-2 than in the S and SH groups. More importantly, the expressions of Runx-2 in SH/Dual were significantly higher than in SH/BMP-2 in both time points. This means that the existence of OPG can more significantly improve bone regeneration compared with BMP-2 alone. OPN is a glycophosphoprotein in the extracellular matrix that plays an essential role during osteoblastic differentiation (Han et al., 2021). From Figure 3D, the activity of OPN was significantly upregulated in BMP-2-loaded composite scaffolds on day 14 and day 21. However, though there was no significant difference between the SH/Dual and SH/BMP-2 groups, and the SH/Dual group showed higher expression of OPN than did the other groups. Figures 3B–D clearly show a similar trend of osteogenesis between the SH/Dual group and the SH/BMP-2 group. At the early time point, they had a similar effect on bone regeneration, but as time went on, the expression levels of osteogenic differentiation markers tended to be higher in the SH/Dual group. This phenomenon may result from BMP-2 inducing the osteoblastic differentiation of BMSCs at the early time point. Lately, the existence of OPG inhibited the osteoclast-related differentiation, which maintains the osteogenic environment.
Under osteoporotic conditions, adipogenesis and osteoclastogenesis are enhanced while osteogenesis is inhibited (Cosman et al., 2014). For BMSCs (well-known precursor cells for adipocytes and osteoblasts), under osteoporotic conditions, adipogenesis and osteoclastogenesis overwhelm osteogenesis (Shen et al., 2018). The osteoclastogenesis process is achieved through RANKL/OPG/RANK pathway (Lai et al., 2020) and osteoclastogenic cytokines including interleukin-6 (IL-6), TNF-α, and macrophage colony-stimulating factor (M-CSF) (Huang et al., 2020). RANKL, secreted by osteoblasts, can induce osteoclast function through binding to RANK on the surface of osteoclasts (Zhang et al., 2015). In experiments performed in vitro, the expression levels of RANKL in OP-BMSCs are often used to detect the effects of osteoclastogenesis (Bai H. T. et al., 2020). In this study, further evidence was offered by measuring the expression of osteoclast-related genes to make this point clearer. The RANKL gene can regulate the differentiation and function of osteoclasts by binding to RANK, which is located on the osteoclast membrane (Cang et al., 2021). The activation of RANK promotes osteoclastic effects and increases bone resorption (Liu et al., 2021). Therefore, the lower expression level of RANKL reveals a lower level of osteoclastic differentiation. In Figure 3E, both the SH/OPG and SH/Dual groups showed reduced levels of RANKL expression than did the other three groups. All these statistical differences indicated that the cooperation of BMP-2 and OPG significantly improved osteogenic differentiation and inhibited osteoclastic activation. Therefore, it is predictable that the dual BMP-2/OPG-loaded 3D-printed composite scaffolds will regulate the osteoporotic microenvironment to promote osteogenesis and inhibit osteolysis, thus promoting osseointegration after joint replacement.
Validation of the Ovariectomy Rabbit Models
All the female rabbits were kept alive, and no infection or other surgical complications occurred throughout the experiment. In osteoporotic animals, the balance between bone resorption and bone regeneration is broken. This means that enhanced bone resorption will cause decreased BMD, which will increase the risk of fracture. As previously demonstrated, the OVX rabbits will have a deficiency of estrogen levels, and low estrogen concentration can inhibit osteoblast function and promote bone resorption (Permuy et al., 2019). In this way, the osteoporotic animals were established by OVX. To verify the establishment of the osteoporotic model, six rabbits were sacrificed 10 months after the OVX surgery, including three OVX and three sham rabbits. From Supplementary Figure S1, the H&E staining of distal femur slices indicated that the trabecular structure in the OVX group was much thinner and looser than in the sham groups. In addition, the serum estrogen level in non-OVX rabbits was 3.2-fold higher than in OVX rabbits (Supplementary Figure S2). The statistical analyses also demonstrated that BV/TV (Supplementary Figure S3) and BMD (Supplementary Figure S4) in OVX rabbits were significantly decreased compared with those in the sham group (p < 0.05). In summary, all data collectively confirmed that the osteoporotic rabbits were successfully established 10 months after OVX surgery.
Osseointegration of the 3D-Printed Composite Scaffolds in Osteoporosis
After validating the osteoporotic animal models, the OVX rabbits were used to evaluate the osseointegration efficiency of BMP-2/OPG-loaded 3D-printed composite scaffolds. The composite scaffolds were successfully implanted into the defects at the distal femur in the osteoporotic rabbits. Masson’s trichrome staining was performed 3 months after implantation to observe the bone ingrowth and bone interface bonding. From Figure 4A, it was found that there was more bone ingrowth in the BMP-2- and OPG-loaded groups, while less was observed in the S and SH groups. In addition, much more bone regeneration was revealed in the SH/Dual group compared with the SH/BMP-2 and SH/OPG groups. Moreover, Micro-CT was employed to evaluate new bone formation in the implanted site. The 3D reconstruction images of the porous scaffolds are shown in Figure 4B, where the yellow part represents the regenerated bone tissue and the white part indicates the porous scaffolds. It was clear to see more bone tissue on the surface and in the pores in the SH/Dual group and moderate tissue in the SH/BMP-2 and SH/OPG groups. However, limited bone formation was found in the S and SH groups. Quantitative morphological results of Micro-CT were further analyzed and depicted in Figures 4C–F. The BV/TV values of S, SH, SH/BMP-2, SH/OPG, and SH/Dual were 12.41% ± 0.93%, 12.47% ± 2.50%, 20.45% ± 3.84%, 18.39% ± 2.63%, and 23.18% ± 2.84%, respectively. Furthermore, the results of Tb.Th, Tb.Sp, and Tb.N also indicated that BMP-2 and OPG could significantly enhance bone mass and quality in the defects. Taken together, the histological and micro-CT results revealed that the BMP-2/OPG-loaded 3D-printed composite scaffolds could promote bone regeneration and bone ingrowth after porous prosthesis implantation.
[image: Figure 4]FIGURE 4 | Bone regeneration and osseointegration in the 3D-printed composite scaffolds. (A) Masson’s trichrome staining of the regenerated bone tissue in and around the 3D-printed composite scaffolds. (B) 3D reconstruction images of different groups (the yellow substance represents the new bone tissue). (C–F) Micro-CT analyses of BV/TV, Tb.Th, Tb.Sp, and Tb.N in each group. (G) The analysis of the push-out test. (H) The CT images of the distal end of the implants in each group. (I) Quantitative analysis of the 2-cm-long femur at the distal end in each group. * indicates significant difference between groups, *p < 0.05, **p < 0.01, and ***p < 0.001. BV/TV, bone volume/tissue volume ratio; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.N, trabecular number.
The probability of prosthesis displacement and loosening and periprosthetic fracture can be predicted by evaluating the osseointegration strength of the interface and the surrounding bone mass (Kang et al., 2018; Cai et al., 2020). The push-out test was conducted to evaluate the osseointegration strength of the interface between the implants and surrounding bone (Figure 4G). The maximum push-out force values of the SH/Dual group were 1.5-fold and 1.6-fold higher than those of the SH/BMP-2 and SH/OPG groups (p < 0.001), and 2.2-fold and 2.1-fold higher than those of the S and SH groups (p < 0.001), respectively. It is well known that some severe complications, including prosthesis displacement and loosening, are because of the weak bone integration of the prosthesis and surrounding bone. Therefore, the dual existence of BMP-2 and OPG can significantly reduce the risk of implant loosening and displacement. In addition, the occurrence of periprosthetic fracture is often related to the bone mass around the prosthesis after joint replacement. In this study, we performed a micro-CT scan and quantitative analysis. The CT images of the distal end of the implants indicated that the SH/Dual group had the densest trabecular bone structure among the groups (Figure 4H). Quantitative analysis of the 2-cm-long femur at the distal end of the femurs where the implants were located revealed that the BV/TV values of S, SH, SH/BMP-2, SH/OPG, and SH/Dual were 22.21% ± 2.98%, 22.91% ± 2.83%, 29.89% ± 2.71%, 27.66% ± 3.30%, and 33.88 ± 2.61%, respectively (Figure 4I). These results indicated that BMP-2/OPG-loaded 3D-printed composite scaffolds could improve the bone mass around the implants, which can be expected to reduce the occurrence of periprosthetic fractures.
Bone Formation and Resorption Markers on the Interface
To evaluate the expression of the bone formation and bone resorption-related markers, Runx-2, OPN, and RANKL were labeled via immunofluorescence staining at the bone interface after scaffolds were pushed out (Figure 5A). Figures 5B,C show that the expressions of Runx-2 and OPN were much higher in the SH/BMP-2 and SH/Dual groups than in the S, SH, and SH/OPG groups. As expected, the osteogenic-related proteins were higher in the SH/Dual groups compared with BMP-2 alone by using fluorescence intensity analyses. It is well known that the level of Runx-2 and OPN reflects a bone-regenerating environment (James et al., 2016; Wang et al., 2016). The fluorescence intensity analysis demonstrated that the existence of OPG reduced RANKL expression levels, thus inhibiting osteoclast activity. The cooperation of BMP-2 and OPG decreased RANKL to a higher degree compared with OPG loading alone (Figure 5D). This result may be because the cooperation of BMP-2 increased the regeneration of osteoblasts (Zheng et al., 2021). The activation of osteoblasts improved the osteogenic microenvironment in osteoporotic defects, and as a result, the osteoclast function was inhibited (Kim et al., 2021). The synergistic release of BMP-2 and OPG enhanced the osteogenic activity, inhibited the osteoclastic activity around the osteoporotic bone interface, and finally promoted the osseointegration of the 3D-printed composite scaffolds.
[image: Figure 5]FIGURE 5 | Immunocytochemical staining of the bone interface in each group. (A) The immunocytochemical images of osteogenic- and osteoclastic-related proteins (Runx-2, OPN, and RANKL) in each group. (B–D) The quantitative analyses of Runx-2, OPN, and RANKL expression. * indicates significant difference between groups, *p < 0.05, **p < 0.01, and ***p < 0.001.
CONCLUSION
To address the challenges of poor osseointegration in patients with osteoporosis after joint replacement, we developed a novel 3D-printed bioactive system that allowed for the sustained release of growth factors. In this study, 3D-printed Ti6Al4V porous scaffolds were filled with BMP-2- and OPG-loaded hydrogels. The superior efficacy of this therapy was systematically proved by its biological functions of maintaining osteoporosis-derived BMSC proliferation, viability, and differentiation in vitro and significantly improving bone generation and osseointegration. Therefore, this provides a new strategy for reducing postoperative complications and improving the outcome of joint replacement in patients with osteoporosis.
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Emerging evidence indicates that bone mass is regulated by systemic energy balance. Temperature variations have profound effects on energy metabolism in animals, which will affect bone remodeling. But the mechanism remains unclear. 2-month-old C57BL/6J male mice were exposed to cold (4°C) and normal (23°C) temperatures for 28 days and the effects of cold exposure on bone mass was investigated. Micro-computed tomography results showed that bone volume fraction was significantly reduced after 14 days of exposure to cold temperature, and it was recovered after 28 days. Ploton silver staining and immunohistochemical results further revealed that exposure to cold decreased canalicular length, number of E11-and MMP13-positive osteocytes after 14 days, but they returned to the baseline levels after 28 days, different from the normal temperature control group. In addition, change of Caspase-3 indicated that exposure to cold temperature augmented apoptosis of osteocytes. In vitro results confirmed the positive effect of brown adipocytes on osteocyte‘s dendrites and E11 expression. In conclusion, our findings indicate that cold exposure can influence bone mass in a time-dependent manner, with bone mass decreasing and recovering at 2 and 4 weeks respectively. The change of bone mass may be caused by the apoptosis osteocytes. Brown adipocyte tissue could influence bone remodeling through affecting osteocyte.
Keywords: cold exposure, bone mass, bone remodeling, osteocyte, perilacunar /canalicular remodeling
INTRODUCTION
Bone mass can be influenced by energy balance in many ways, and studies have demonstrated that caloric restriction and changes in leptin levels result in reduction of bone mass (Shi et al., 2008; Devlin et al., 2010). Likewise, the relationship between temperature and bone mass has aroused curiosity in recent years. It has been shown that low temperature has a negative influence on bone mass (Robbins et al., 2018), whereas warm temperature exposure (34°C) prevents ovariectomies from bone loss through the microbiota in the intestinal tract (Chevalier et al., 2020). Further studies have revealed that cold temperature can activate the sympathetic nerves, which promote non-shivering thermogenesis of the muscle and have a deleterious effect on bone mineral density (Bonnet et al., 2007; Chen et al., 2019). Wee et al. have shown that exposure to cold decreases bone mass in the neuropeptide Y (NPY) wild-type mice, whereas the absence of NPY in the null mice obliterates these changes in bone mineral density (Wee et al., 2020). Steinberg et al. have found that the bone diameter and cortical thickness in the femoral midshaft decreased significantly after 69 days but increased after 83 days of extreme cold (5°C) exposure (Steinberg et al., 1981). Thus, determining the relationship between long-term exposure to low temperatures and bone mass will further meaningful insights about the phenomenon. Additionally, identifying the decisive factors that play critical role in this phenomenon will be of crucial significance in developing effective therapeutic strategies for skeletal or bone disorders.
Osteocytes are the most abundant cell type in the bone. Morphologically, they are stellate cells with many dendrites around them that function as important mechanical sensors (Dallas et al., 2013; Iolascon et al., 2013; Choy et al., 2020). In vivo, dendrites of osteocytes are buried in the bone canaliculus, through which osteocytes can connect with each other to exchange biological signals, mechanosensations, and absorb nourishment from the interstitial fluid (Wang et al., 2004; Bonewald, 2011; Wang, 2018). Interstitial fluid pressures in the bone lacuna-canalicular system vary with loads applied to the bone and cause deformation of the osteocyte membrane (Weinbaum et al., 1994). Therefore, the integrity of the canaliculus is important for the bone to maintain a standard mechanical response. It has been reported that osteocytes are associated with unload-induced bone loss in BCL transgenic mice (Moriishi et al., 2012; Komori, 2013). Osteocytes can cause resorption or deposition of bone matrix through perilacunar/canalicular remodeling (Dole et al., 2020; Kegelman et al., 2020), which is another way for osteocytes to regulate bone mass. Reports have shown that decreased bone mineral density during lactation is mainly caused by perilacunar/canalicular remodeling (Qing et al., 2012; Wysolmerski, 2013). Mazur et al. have demonstrated that suppressed perilacunar/canalicular remodeling is responsible for osteoarthritis (OA). Osteocytes inside the subchondral bone show a decreased length of the canaliculus at the end stage of osteoarthritis (Mazur et al., 2019). It has been found that YAP/TAZ deletion reduces bone mass and disturbs matrix collagen content and organization by suppressing osteocyte perilacunar/canalicular remodeling (Kegelman et al., 2020). In addition, systemic inhibition of TGFβ signaling induces poor bone quality through suppression of osteocyte perilacunar/canalicular remodeling (Dole et al., 2020). What’s more, Eimear B. Dolan et al. found that thermal elevations (47°C for 1 min) can cause osteocytes apoptosis and secretory function changing (Dolan et al., 2015). As a result, it is worth investigating whether there is a correlation between temperature and the canalicular system.
Enough osteocytes are important for maintaining the bone mass. Osteocyte apoptosis caused by aging (Almeida et al., 2007; Nicks et al., 2012), alterations in the mechanical environment (Bakker et al., 2004; Aguirre et al., 2006), fatigue-induced bone microdamage (Kennedy et al., 2012), or glucocorticoid levels (Heimann and Freiberger, 1960) can decrease bone mineral density. Furthermore, the fluctuating levels of RANKL, OPG, and VEGF play a significant role in this process. With the decrease in estrogen, bone loss is caused by osteocyte apoptosis-related osteoclast activities (Emerton et al., 2010). Osteocyte apoptosis induces a decline in OPG production and promotes the release of RANKL by adjacent osteocytes. As a result, bone turnover is accelerated, leading to a lower bone density (Jilka et al., 2013). Matrix metallopeptidase 13 (MMP13) is another important factor that affects bone mass. MMP13 is known to cleave collagen I in the extracellular matrix and potentially plays a role in the turnover of articular cartilage. Evidence suggests that MMP13 is related to bone quality and plays a significant role in osteocyte perilacunar remodeling (Mazur et al., 2019). As a transmembrane glycoprotein, E11/podoplanin is vital for osteocyte differentiation, especially for the elongation of dendrites (Zhang et al., 2006). Deletion of E11 will impair the mechanical response of osteocytes and cause changes in bone mass (Staines et al., 2019; Qin et al., 2020). Accordingly, in this study, we evaluated the effects of cold-induced stress on bone mass and elucidated the potential underlying mechanisms.
MATERIALS AND METHODS
In vivo Studies
Two-month-old C57BL/6J male mice were purchased from Shanghai SLAC Laboratory Animal Co. (Shanghai, China), and the study was approved by the Animal Ethics Committee of Shanghai Ninth People’s Hospital. Mice were fed commercial food and water under specific-pathogen free (SPF) conditions. For the in vivo study, 60 mice were haphazardly divided into two groups such as cold stimulation (cold) and room temperature (normal) groups (5 per cage); with 30 mice per group. In a nutshell, the mice in the cold group were grown at an incubator temperature of 4°C, while the normal group was nursed in the same incubators at room temperature (23°C) (Lim et al., 2012). At the end of each time point, mice were weighted and euthanasia with chloral hydrate, and then femurs and tibias were collected.
Micro-computed Tomography Scanning
After breeding under indicated conditions and for different periods, the femurs of the mice were fixed with 4% paraformaldehyde. Samples were scanned using micro-CT (μCT 80; Scanco, Zurich, Switzerland), as described previously (Zhou et al., 2019). The cancellous bone was selected at a distance of 1.9 mm from the femoral condyle and 100 layers from the distal end of the growth plate. The micro-CT parameters were as follows: voltage of 70 kV, electric current of 114 μA, and resolution of 10 μm per pixel. The three-dimensional structural parameters studied included bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp).
Ploton Silver Staining
After decalcification in 10% EDTA for 3 weeks, all samples were embedded in paraffin. Sagittal sections of the medial compartment of the knee joint were cut at a thickness of 4 μm, followed by Ploton silver staining. Sections were de-paraffinized and incubated in two steps: 50% silver nitrate and 1% formic acid in 2% gelatin solution for 55 min, as previously described. The stained slides were then washed in 5% sodium thiosulfate for 10 min, dehydrated, cleared, and mounted. Consistent cortical regions were selected for evaluation in the medial and lateral areas of each specimen. Images were acquired at 100x magnification for the analysis (OLYMPUS, I×71). Quantification of the lacuno-canalicular area and canalicular length was quantified using ImageJ (Mazur et al., 2019).
Immunohistochemical Staining
All samples were decalcified in 10% ethylenediaminetetraacetic acid (EDTA) for 3 weeks and embedded in paraffin. For microstructure observation, 4-µm-thick sagittal sections of the medial compartment of the knee joint were cut, and immunohistochemical staining with MMP13 antibody (18165-1-AP, Proteintech, Wuhan, China, 1:50), caspase-3 (9,661, Cell Signaling Technology, Inc., Danvers, MA, United States, 1:1,000) antibody, RANKL (AF462, R and D Systems, Minneapolis, MN, United States, 10 μg/ml) antibody, TRAP (ab191406, Abcam, 1:100) and Osteocalcin (ab93876, Abcam, 1:100) antibody were performed. All the antibodies are diluted by 10% goat serum.
In vitro Differentiation of BAT
Brown adipocytes were isolated and cultured according to the above method (Ingram et al., 2017). Briefly, after euthanasia, the brown adipose tissue in the interscapular of 4-week-old C57BL/6 mice was collected, minced, and then digested with collagenase buffer (DMEM, 1 mg/ml collagenase I, 1% fetal bovine Serum). The preadipocytes were filtered through a 70 µm membrane and centrifuged, and then the preadipocytes were cultured with 10 ng/ml bFGF (Pepro Tech), 10% fetal bovine serum (Gibco) and pen/strep (Life Technologies) in DMEM to a confluence of 80–90%. The cells were passaged every 3 days. To get brown adipocytes, the cells were cultured with 10% fetal bovine serum (Gibco), 10 μg/ml insulin (Macklin), 1 µM dexamethasone (Sigma), 0.5 mM 3-isobutyl-1-methylxanthin, phosphodiesterase inhibitor (IBMX, Sigma), 5 µM rosiglitazone (Sigma), 1 nM T3 (Sigma) DMEM for 6 days, until brown adipocytes were formed.
Preparation of BAT CM
In order to obtain brown adipocytes conditioned medium (BAT CM), brown adipocytes were cultured in DMEM containing 10% exosome free FBS and collected after 48 h. Centrifuge at 3 × 102 g for 10 min to remove cells, and then centrifuge at 2 × 103 g for 10 min and 1 × 104 g for 30 min to remove cell debris and large vesicles (Cianciaruso et al., 2019; Song et al., 2019). The conditioned medium was filtered by 0.22 μm and used for the cultivation of MLO-Y4.
Immunofluorescence
Osteocyte‐like MLO‐Y4 cells were used for studying osteocyte in vitro, which were kindly provided by Dr Lynda Bonewald (University of Missouri‐Kansas City, Kansas City, MO). MLO-Y4 cells were cultured with α‐minimum essential medium (α‐MEM; Hyclone) containing 5% fetal bovine serum (FBS; Gibco), 5% calf bovine serum (CBS; Gibco), and 1% penicillin/streptomycin (Sigma‐Aldrich, St. Louis, MO) on rat tail collagen type I-coated (Solar bio, Beijing, China) dish. The experiment design included two groups: control group (Ctrl) and conditional medium group (CM). MLO-Y4 cells (1×105) were seeded on 3.5 cm dishes coated with type I rat tail collagen (Corning). The medium was changed when the cell density reached 50%. Control groups continued to be cultured in the growth medium, while CM groups were cultured with brown adipocyte conditional medium and growth medium 1:1. After 24 h, the cells were fixed with 4% paraformaldehyde (PFA) for 30 min, washed with PBS and then gradient incubated in 0.03% Triton X‐100 and blocking buffer (1× TBST, 10% normal goat serum) for 1 h at room temperature (23 °C). E11 antibody (Abcam, ab11936, 1:200) was added to the wells and overnight at 4°C. After incubation with secondary antibody for 1 h, TRITC-phalloidin (Kingmorn, China) and DAPI (Thermo Scientific, US) were used for cytoskeleton and nuclear staining, then cells were observed and captured with confocal fluorescence microscopy.
Quantitative reverse‐transcription Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted with TRIZOL reagent (Thermo Scientific, United States). After measuring the concentration, Quant script RT Kit (Promega, Madison, WI, United States) was used to convert total RNA into complementary DNA. A 10 ul PCR reaction system composed of cDNA and SYBR Premix Ex Taq Mix (Selleck) was used to detect the expression level of messenger RNA (mRNA) in the Real-Time PCR system (Light Cycler 2.0; Roche Diagnostics GmbH, Mannheim, Germany). The primer sequences are shown in Table 1.
TABLE 1 | Primer sequences for the quantitative reverse‐transcription polymerase chain reaction.
[image: Table 1]Statistical Analysis
Statistical analyses of data were performed using GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, United States). Each group have at least five mice. All quantitative values are presented as the mean ± standard deviation, and differences were evaluated by t-test or two-way ANOVA, followed by Bonferroni correction for multiple comparisons. Statistical significance was set at p < 0.05.
RESULTS
Exposure to Cold Temperature Results in Bone Mass Variations
To determine the effects of cold-induced stress on bone mass, the C57BL/6J male mice were exposed to cold (4°C) or room (23°C) temperature for different time intervals (Figure 1A). Their bone mass parameters were calculated using micro-CT (Figure 1B). As shown in Figure 1C, the bone volume fraction (BV/TV) of the mice belonging to the cold-stress group reduced in 14 days compared to that of mice of the room temperature/control groups; BV/TV same recovered after 28 days. Further, the trabecular thickness (Tb.Th) was found to be lower at 14 days in the mice belonging to the cold-stress group than in the control group, which is consistent with the increased trabecular separation (Tb.Sp). The mice were weighted at different time points. As shown in Figure 1D, there was no significant change in the body weight of the mice over time. These results indicate that stimulation with cold temperature has a negative effect on the bone mass after short-term cold exposure (14 days), but with prolonged exposure, this effect gets debilitated. These findings suggest the existence of an adaptation process in bones that gets activated upon exposure to cold temperatures.
[image: Figure 1]FIGURE 1 | Influence of cold-stress on bone mass in a time-dependent manner. (A) Schematic flow of the experimental design. Mice were nursed at different temperatures (4 and 23°C) and sacrificed after 1, 14 or 28 days. (B) The representative micro-CT 3D reconstruction images of different groups. (C) Trabecular bone microarchitecture of femurs showing bone volume/total volume (BV/TV), trabecular number (Tb.N), trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th). Data are shown as mean ± SD (n = 5 per group). Significance (p value) is calculated using two-way ANOVA, *p < 0.05; Abbreviations: 1 day (1d), 14 days (14d), 28 days (28d), Normal: mice in the room temperature, Cold: mice in the 4°C.
Osteocyte Lacuna-Canalicular System Exhibits Variation During Exposure to Cold Temperature
To study the effect of cold-induced stress on the lacuna-canalicular system, the C57BL/6J mice were exposed to cold (4°C) or room (23°C) temperature for different time intervals and the bone lacunar-canalicular system was studied using the ploton silver staining technique as shown in Figure 2A. The lacuno-canalicular length and area were counted and are shown in Figures 2B,C. The results revealed that after 14 days of cold stimulation, canalicular area and length in the femur were reduced compared to that in control group mice. Further, the lacuno-canalicular area was enlarged and the canalicular length was recovered after 28 days of exposure (Figures 2B,C). E11, which was also known as podoplanin, is a cell membrane protein that can expressed in osteocytes (Nose et al., 1990; Schacht et al., 2003). As shown in Figure 2D,E, E11-positive osteocytes number reduced in the 14 days of the cold treated group, which consisted with the results of ploton silver staining. The lacuno-canalicular system is an important component of osteocytes and is a mechanical sensor that indirectly affects bone mass. The changes that occur during the cold-exposure treatment suggest that the alteration in bone mass may be caused by the variation in mechanical response ability. Decreased canalicular length at 14 days was consistent with the lower bone mass in the cold group unlike in the control group mice. Furthermore, prolonged exposure to cold results in the recovery of bone mass, with elongation and enlargement of the lacuna-canalicular area.
[image: Figure 2]FIGURE 2 | Osteocyte canaliculus shows alterations with exposure to cold temperature. (A) Ploton silver stain was performed to show the canalicular network in cortical bone. (B–C) Lacuno-canalicular area and canalicular length were measured and the differences among the groups are shown. (D) Immunohistochemical stain of E11 in the femurs was performed. (E) E11-positive osteocytes are calculated and statistic results are shown. Black arrows: E11 positive osteocytes. Data are shown as mean ± SD (n = 5 per group). Significance (p value) is calculated using two-way ANOVA, *p < 0.05.
Cold Exposure Causes Osteocytes Apoptosis
To study the effect of cold-stress on the fate of osteocytes in cold- and room temperature-treated mice, H and E staining and immunohistochemical studies were performed. The H and E staining was employed to visualize the empty bone lacuna (Figure 3A). The results revealed that in the cold group, the proportion of empty lacunae increased on days 1 and 14 (Figure 3B). The immunohistochemical analysis was performed to determine the expression level of Caspase3 (Figure 3C) in vivo. As the expression of Caspase3 is positively correlated with apoptosis, Caspase3-positive osteocytes were considered apoptotic. Figure 3D shows that the expression level of Caspase3 in the cold-stress group was found to be augmented at 14 days compared to that in the control group, and there was no significant difference between the two groups after 28 days of exposure. Besides, immunohistochemical analysis was performed to determine the expression level of MMP13 (Figure 3E) in vivo in both the groups of mice. As shown in Figure 3F, MMP13-positive osteocytes numbers decreased after 1 and 14 days in the cold environment. Changes in the empty lacuna, the number of Caspase3-and MMP13 positive osteocytes caused by the different temperatures indicate that exposure to cold can influence bone mass through osteocytes.
[image: Figure 3]FIGURE 3 | Cold exposure induces osteocytes apoptosis. (A) Representative pictures of H and E staining in the femurs. (B) Quantification of empty lacunae in the Panel A. (C) Immunohistochemical stain of Caspase3 in the femurs was performed. (D) Caspase3-positive osteocytes are calculated and statistically represented. Black arrows: Empty lacuna or Caspase3 positive osteocytes. (E) Immunohistochemical stain of MMP13 in the femurs was performed. (F) MMP13-positive osteocytes are calculated and statistic results are shown. Black arrows: MMP13 positive osteocytes. Data are shown as mean ± SD (n = 5 per group). Significance (p value) is calculated using two-way ANOVA, *p < 0.05.
Cold Affects the Secretory Function of Osteocytes
As mentioned previously, cold exposure induced osteocyte apoptosis at 14 days. Reports show that dead osteocytes exhibit higher RANKL expression in the neighboring cells. To explore if there was a change in the level of RANKL, immunohistochemical staining was performed in the mice belonging to the cold/control groups, and representative pictures are shown in Figure 4A. Unsurprisingly, the proportion of RANKL-positive osteocytes was increased in the cold-stimulated group (Figure 4B), which is consistent with the variation trend of apoptotic osteocytes. Immunohistochemical staining were performed to show TRAP and osteocalcin (OCN) positive cells in bone tissue. As shown in Figure 4C and Figure 4D, TRAP positive osteoclasts and Oc. N/Tb.L were calculated, the results indicated that Oc. N/Tb.L were increased after 14 days in cold environment, which may explain the bone loss in the same time point. What’s more, OCN positive osteocytes were decreased with the stimulation of cold exposure in the 14 and 28 days (Figures 4E,F). All of this makes it even more convincing that temperature plays a role in bone remodeling, and that’s probably initiated by its effect on osteocytes.
[image: Figure 4]FIGURE 4 | Cold affects the secretory function of osteocytes (A) Immunohistochemical staining for RANKL in the femurs was performed. (B) RANKL-positive osteocytes were calculated and are statistically represented. (C–D) Immunohistochemical staining for TRAP in the femurs was performed and Oc. N/Tb.L were calculated. (E–F) Immunohistochemical staining for OCN in the femurs was performed and OCN positive osteocytes were calculated. Black arrows: RANKL-, TRAP-, or OCN-positive osteocytes. Data are shown as the mean ± SD (n = 5). Significance (p value) was calculated using two-way ANOVA, *p < 0.05.
BAT CM Increases the Length of Osteocyte‘s Dendrites
BAT CM was added to the culture medium of MLO-Y4, and immunofluorescent staining was performed to show the morphology of MLO-Y4 (Figure 5A). As shown in Figure 5B, dendrites of MLO-Y4 in the BAT CM group were longer than Ctrl group. Besides, relative mRNA expression levels of E11, Sost, and Ocn were promoted by BAT CM(Figure 5C).
[image: Figure 5]FIGURE 5 | BAT CM increase the length of osteocyte‘sdendrites. (A,B) Immunofluorescent staining was performed to show the morphology of MLO-Y4 and dendrites length are calculated. (C) Relative mRNA expression levels of E11, Sost, and Ocn were detected by RT-PCR. Data are shown as mean ± SD (n ≥ 3 per group). Significance (p value) is calculated using student’s t-test, *p < 0.05; Abbreviations: 1 day(1d), 14 days (14d), 28 days (28d), Normal: mice in the room temperature (23°C), Cold: mice in the 4°C.
DISCUSSION
After exposure to the cold environment, the C57BL/6J mice showed a reduction in bone mass at 14 days as compared to the control conditions, but the changes were recovered at 28 days. Further studies demonstrated that there was an increased apoptotic osteocyte, shorter canalicular length, increased osteoclasts and changed RANKL and OCN expression level at 14 and 28 days in the cold group, which may be the important factors inducing undulation of bone mineral density.
The relationship between temperature and bone mass has fascinated scientists in the past few decades. It has been reported that nursing at 22°C can induce bone loss in C57BL/6J and C3H/HeJ mice (Iwaniec et al., 2016; Robbins et al., 2018). Environmental factors may play a significant role in the energy metabolism of laboratory animals (Bektas et al., 2018). The reasons that have been considered are the reduced blood flow in the hind limb and changed volume of brown adipose tissue. Serrat et al. have attributed the shorter hind limb in a cold environment to cell proliferation and matrix production in cartilage (Serrat et al., 2008). Animals in warmer places have longer limbs and stable bone mineral density (Serrat et al., 2008; Chevalier et al., 2020). In our study, when 2-month-old male C57BL/6J mice were exposed to 4°C for 14 days, bone loss was observed. However, when cold stimulation was prolonged to 28 days, the bone mass was partly recovered. Consistently, there have been reports that mice housed at 22°C for 9 weeks show lower BV/TV than thermoneutrality. Although 22°C is much higher than 4°C, both are relatively low temperatures compared with room temperature. As bone mass showed no fluctuation in Robbins’s study, which may be attributed by the difference of observation interval (Robbins et al., 2018).
To illustrate the potential mechanism, osteocyte canalicular networks were stained with ploton silver, and the statistical results showed shorter canalicular length in the cold group after 14 days of cold exposure as compared to control temperature. Immunohistochemical analysis was performed to test the E11 and MMP13 expression in vivo, and the results showed that short-term cold exposure was negatively related to E11 and MMP13 expression. As E11 was mainly expressed in the cell membrane of osteocytes, which has a positive effect on bone mass (Nose et al., 1990; Zhang et al., 2006), it is reasonable to speculate that cold can cause bone loss by affecting the expression of E11. Further, with the enlargement of brown adipose, restored E11 expression levels lead to recovery of bone mass (Wetterwald et al., 1996; Hadjiargyrou et al., 2001; Jung et al., 2019). Osteocytes can regulate bone mass through their lacuno-canalicular networks. They can secrete numerous factors, such as cathepsin K (CatK), prostaglandin, and matrix metalloproteinases (MMPs), and participate in perilacunar/canalicular remodeling processes (Bonewald, 2011; Qing et al., 2012; Tang et al., 2012; Mazur et al., 2019). Prior studies have noted the importance of perilacunar/canalicular remodeling (PLR) in osteoarthritis (Mazur et al., 2019). As mentioned above, the lacuno-canalicular network is the mechanical sensory component of the bone. Changes in the length and area disturb the metabolic balance of bone. During the lactation period, osteocytes have shorter dendrites and reduced bone mineral density (Wysolmerski, 2013). Mice in the 4°C environment had shorter canaliculus and smaller canalicular space as compared to the control conditions, which may partially explain the lower bone mass at 14 days.
H and E staining showed an increased number of empty lacunae after cold stimulation, which may be caused by osteocyte apoptosis. To determine whether cold-stress can influence osteocyte viability, Caspase-3 positive cells in the cortical bone were counted and it was found that the number of apoptotic osteocytes in the cold group was higher than that in the normal group. As the initiator of bone remodeling, the osteocyte number is positively related to bone mass and apoptosis of which results in bone loss. The relationship between apoptotic osteocytes and bone mass has been well studied; osteoclastogenic cytokines released by apoptotic osteocytes activate osteoclasts and lead to bone resorption (Jilka et al., 2013). Aging, hormones, glucocorticoids, and mechanical stimulation have been found to play a critical role in osteocyte apoptosis (Bakker et al., 2004; Almeida et al., 2007; Jilka et al., 2013; Silva et al., 2020). Therefore, it is reasonable to assume that extremely low temperatures initiate the apoptosis of osteocytes and active osteoclasts. As one of the major cytokines secreted by osteocytes (Nakashima et al., 2011), RANKL is significantly increased in the cold as compared to the control group. RANKL can be elevated in many ways. Increased TNF-α and IL-6 expression levels in the circulatory system promote the formation of RANKL, which directly activates osteoclasts (Wu et al., 2017; Marahleh et al., 2019). Additionally, mechanical loading regulates the expression of RANKL by promoting the release of PGE2 (Iolascon et al., 2013; Uda et al., 2017). Apoptotic osteocytes facilitate the production of RANKL by neighboring cells (Hughes et al., 2020). In our study, RANKL was elevated in the cold group, which partly explains the decrease in bone mineral density. Research have shown that bone remodeling can be affected by temperature (Iwaniec et al., 2016; Ziętak et al., 2016), which may cause changed osteoclast number and osteoblast activity. Osteoclasts, the TRAP positive cell type and mainly causing bone resorption, were increased by cold stimulation in the 14 days. As a vitamin K-dependent protein, OCN seems to promote the osteoblast-to-osteocyte transition and also limit osteoclastogenesis (Atkins et al., 2009; Palermo et al., 2017). With the lengthening of cold stimulation time, OCN positive osteocytes were decreased in the 14 and 28 days. All of this may provide reasons for the decreased bone mass in the cold stimulation group.
In contrast to cold stimulation, warmth exposure has a positive effect on bone development and bone mass (Romsos et al., 1985; Serrat et al., 2008). Intestinal flora inter-communicates with host physiology, and environmental variation influences microbial composition, while the fluctuation of the microbiota in the gut induces changes in organ metabolism (Chevalier et al., 2015; Ziętak et al., 2016). Reports have shown that intestinal flora is an important regulator of bone metabolism (Jones et al., 2018; Li et al., 2019). Chevalier et al. have shown that transplantation of warm microbiota can protect ovariectomized mice from bone loss (Chevalier et al., 2020). It is reasonable to speculate that some changes occur in the internal microorganisms in cold-treaded mice. In addition, the gut-brain-bone axis may play a role in this process (Quach and Britton, 2017).
The sympathetic nerve is considered to be an effector of bone remodeling. The sympathetic nerve is activated in a cold environment (Nedergaard and Cannon, 2014), which can decrease bone mass by regulating the balance between osteoblasts and osteoclasts (Bonnet et al., 2007; Fonseca et al., 2014; Vignaux et al., 2015). In addition, brown adipose volume is positively related to cold stimulation; and nursing mice at 4°C may cause increased UCP1 expression and enlarged brown adipose tissue (Cannon and Nedergaard, 2004; Bartness et al., 2010; Lim et al., 2012). Hence, the energy consumed by adipose tissue has been reported to be positively related to bone (Devlin, 2015; Lidell and Enerbäck, 2015). This might be an important factor in maintaining bone mineral density. Similarly, we confirmed BAT CM had a positive influence on the dendrites of osteocytes in this study. Qing et al. have reported that IL-6, which is mainly secreted by brown adipose tissue, is one of the most important factors under stress (Qing et al., 2020). Thus, there may be high levels of IL-6 that led to the activation of osteoclasts in the bone loss period (Jilka et al., 1992; Lazzaro et al., 2018), but with the augmentation of brown adipose, the bone mass gets reduced.
There still have some limitations in this study. First, we attributed the fluctuation of bone mass in cold treated group to the changed osteocytes apoptosis and lacuno-canalicular area, which were not confirmed in vivo and vitro. Besides, the waved bone mass in the cold stimulated group can’t be explained very well, and the reason behind it should be explored. What’s more, we just use mice to detect the relationship between bone mass and temperature, there may have some difference in human.
In this study, E11, MMP13, Caspase3, RANKL TRAP and OCN expression levels change with prolonged cold exposure, which may contribute to the bone mass change during cold exposure. Low temperatures exposure induced brown adipose accumulation can influence bone mass through affecting osteocytes.
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Bone marrow mesenchymal stem cells (BMSCs) play a critical role in bone formation and are extremely sensitive to external mechanical stimuli. Mechanical signals can regulate the biological behavior of cells on the surface of titanium-related prostheses and inducing osteogenic differentiation of BMSCs, which provides the integration of host bone and prosthesis benefits. But the mechanism is still unclear. In this study, BMSCs planted on the surface of TiO2 nanotubes were subjected to cyclic mechanical stress, and the related mechanisms were explored. The results of alkaline phosphatase staining, real-time PCR, and Western blot showed that cyclic mechanical stress can regulate the expression level of osteogenic differentiation markers in BMSCs on the surface of TiO2 nanotubes through Wnt/β-catenin. As an important member of the histone acetyltransferase family, GCN5 exerted regulatory effects on receiving mechanical signals. The results of the ChIP assay indicated that GCN5 could activate the Wnt promoter region. Hence, we concluded that the osteogenic differentiation ability of BMSCs on the surface of TiO2 nanotubes was enhanced under the stimulation of cyclic mechanical stress, and GCN5 mediated this process through Wnt/β-catenin.
Keywords: bone marrow stromal cells, TiO2 nanotube, osteogenic differentiation, GCN5 HAT, Wnt/β-catenin signaling pathway
INTRODUCTION
In the treatment of orthopedic diseases, the integration relationship between the implant prosthesis and the host bone has always been the main factor affecting the therapeutic effect and the life of the implant. Therefore, the integration of the implant prosthesis and the host bone on the interface and the promotion of host bone regeneration have become a momentous indicator for evaluating prostheses performance. The nature of the interaction between the joint prosthesis and host bone interface is actually the process of bone formation and resorption (Lepri et al., 2016). Bone mesenchymal stem cells (BMSCs) play an important role in bone formation. BMSCs are very sensitive to external mechanical stimuli. A recent study showed that the osteogenic differentiation ability of mesenchymal stem cells was enhanced on the surface of high-hardness titanium-related substrates (Tian et al., 2019).
Ti-based alloy prosthesis is one of the most commonly used joint prosthesis materials in orthopedics because of its high strength, low elasticity modulus, and good biocompatibility. Ti screws efficiently improved the level of Human bone marrow mesenchymal stem cells (hBMSC) mineralization at the bone–implant interface and induced osteogenic differentiation and increased osseointegration (Shi et al., 2017; Nichol et al., 2021). In this study, a dense oxide layer can be formed on the titanium surface through an electrochemical process. This oxide layer is composed of nanoscale tube-like structures under scanning electron microscopy. The key element is titanium dioxide (TiO2) (Necula et al., 2019). Our previous study demonstrated that TiO2 nanotubes can promote osteogenic differentiation of BMSCs (Tong et al., 2020). Many researches have shown that titanium metal can undergo extremely subtle deformation, and this prosthesis deformation caused by mechanical factors can affect the biological behavior of surface BMSCs, thus determining the differentiation direction (de Peppo et al., 2014; Uto et al., 2017; Leach et al., 2018). In the past, the research on the induction of BMSCs differentiation through mechanical signals mainly focused on the matrix material composition, the surface modification of matrix materials, and the stiffness of matrix materials, etc. (Jiang et al., 2018; Vainieri et al., 2020; Zhang et al., 2020). However, the substrate material itself still underwent slight elastic deformation after being implanted in the host. The regulation mechanism of this elastic deformation on the biological behavior of the cells on the surface is still unclear. Our previous studies have demonstrated that cyclic mechanical stress that caused specimen deformation can promote osteogenic differentiation of BMSCs on TiO2 nanotube-modified titanium substrates through self-developed cyclic mechanical stress load devices (Chang et al., 2019). By screening and testing the cyclic mechanical stress set by the gradient, the optimal cyclic mechanical stress parameter that promotes osteogenic differentiation is determined. However, the mechanism of the signal pathway that mechanical cyclic stress promotes the osteogenic differentiation of BMSCs is still not clear, and further exploration is needed.
In the osteogenic differentiation of BMSCs, the Wnt/β-catenin signaling pathway is one of the most important pathways. The classical Wnt/β-catenin pathway stimulates the expression of alkaline phosphatase (ALP), osteopontin (OPN), osteocalcin (OCN), and runt-related transcription factor 2 (RUNX2) to interfere with the whole process (Krause et al., 2010). Previous researches claimed that mechanical signaling can influence the osteogenic differentiation of BMSCs through regulating the canonical Wnt pathway. Appropriate mechanical signal stimulation can increase the expression of Wnt gene, facilitate osteogenic differentiation, and reduce bone loss (Song et al., 2017).
The activation and inhibition of signaling pathways can be affected by histone acetylation modification (Wu et al., 2017). In the nucleus, histone acetylation and deacetylation are in a dynamic equilibrium. The process is regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs). Most of the current research on histone acetylation is concentrated on HDACs (Emori et al., 2012; Wang et al., 2015). HDACs remove the acetyl group from histones and combine histones with negatively charged DNA tightly. This modification makes chromatin to be more compact such that gene transcription could be inhibited. While HAT has the opposite function which could transfer the acetyl group of acetyl-CoA to the specific lysine residue at the amino terminus of histones, it would make the chromatin sparse and promote gene transcription (Han et al., 2016). HDAC is mechanosensitive and could inhibit osteogenic differentiation and decrease the level of BMSC mineralization through the Wnt signaling pathway. Regarding the role of HDACs in bone differentiation, many studies using HDAC inhibitors or RNA interference have identified a series of enzymes acting as regulators of bone formation (Desiderio et al., 2014; Sato et al., 2020). However, there are few reports on the regulation of the HATs family. As one of the important members of the HATs family, GCN5 has been confirmed to promote the osteogenic differentiation of BMSCs through multiple signaling pathways (Wang et al., 2018; Zhao et al., 2018; Sakai et al., 2016). However, whether GCN5 can be regulated by mechanical signals to affect the activity of Wnt/β-catenin signaling pathway and osteogenic differentiation of BMSCs has not been reported.
In this study, we used rat bone marrow mesenchymal stem cells as the research object to observe the effects of cyclic mechanical stress on the expression of GCN5 and the activity of classical Wnt/β-catenin signaling pathway and osteogenesis differentiation of BMSCs on the surface of TiO2 nanotube–modified titanium matrix. On the basis of previous research, we will explore the mechanism on the epigenetic level in-depth and try to provide new insights into the regulation of cyclic mechanical stress on the osteogenic differentiation of rat BMSCs.
MATERIALS AND METHODS
Isolation and Culture of BMSCs
Sprague Dawley (SD) rats (4 weeks old) were purchased from the Experimental Animal Center of Anhui Medical University (SPF grade, weighed 100–130 g) (Hefei, China). A total of ∼50 rats were used for various experimental approaches in the current study. The rats were housed in groups (four to five rats per cage). All rats received a standard rodent diet and tap water ad lib. A constant temperature of 21–23°C and humidity of 50 ± 5% were maintained. Following feeding for 1 week, the rats were killed by cervical dislocation and were confirmed to have no spontaneous breathing and heartbeat. All efforts were made to minimize suffering. The rats were immersed in 75% ethanol and sterilized for 20 min. After removing the femur under aseptic conditions, scissors were used to cut both ends of the femur. A 5-ml syringe equipped with a 25-gauge needle was used to rinse the bone marrow in the medullary cavity with α-modified minimum essential medium (α-MEM, HyClone, Invitrogen, United States). The washed cells were collected, cultured in α-MEM supplemented with 10% fetal bovine serum (Gibco, United States) and 1% penicillin/streptomycin (Gibco, United States), and incubated at 37°C with 5% CO2. All experiments used cells from passages 3 to 5. The study has been approved by the Ethics Committee of the Second Affiliated Hospital of Anhui Medical University.
Specimen Preparation of TiO2 Nanotubes
A pure titanium foil with a thickness of 2 mm was cut into a square with a length of 35 mm and used as a substrate. The top and bottom surfaces of the foil were sanded with silicon carbide sandpaper. A pure titanium foil was soaked in absolute ethanol and cleaned with an ultrasonic cleaner. After washing again with deionized water, the foil was air-dried at room temperature. The nanotubes were formed in electrolyte solution containing 0.15 M NH4F at 20 V for 30 min by anodization using a potentiostat. The cathode was a pure platinum foil. After anodization was completed, the sample was rinsed with deionized water.
Cyclic Mechanical Stress Loading Application
BMSCs were seeded on the TiO2 nanotubes–modified titanium specimens at a density of 1 × 104 cells/cm2. The cells were cultured for 48 h to allow them to attach and reach approximately 80% confluence, after which the growth medium was replaced, and cyclic mechanical stress was applied. The cyclic mechanical stress parameters used for our manufactured mechanical loading device (Figures 1A,B) are as follows: 0.3 and 0.9% elastic strain magnitude, 5-Hz sinusoidal curve, for 30 min/day (Chang et al., 2019). The specimen (a) with BMSCs cultured on the surface was placed into the fixed slot (b) and fixed. Then, the fixing slot containing the specimen was put into the fixed cylinder (c). The medium was added to the fixed cylinder until the test piece became submerged, so as to ensure that the specimen and the cells on the surface were always immersed in the medium during the process of applying cyclic mechanical stress. The top hammer (d) applied cyclic mechanical stress by pressing the top cover (e) on the top of the fixed slot. The top hammer was connected with the winch (g) through the lever (f). The device was connected through the computer, the winch rotation parameters were set, and the device was started. When the specimen is compressed, the elastic strain magnitude is ((the original height-the height after compression)/the original height) (0.3% and 0.9%). The entire process took 7 days. Cells were harvested immediately after the mechanical stress stimulation was applied.
[image: Figure 1]FIGURE 1 | Cyclic mechanical loading device and TiO2 nanotubes topography. (A) The diagrams of the mechanical loading device. (B) Picture of the real product. (C) Surface titanium dioxide nanotubes are approximately 80 nm in diameter. Scale bars: 200 nm.
DKK1 Treatment
To study osteogenic differentiation with DKK1, the density of 1 × 104 cells/cm2 was seeded to a specimen. The conditioned medium was changed with DKK1 (100 ng/ml, 120–30, Pepro-Tech, United States). The medium was changed every 3 days. The cells were harvested after 7 days of culture for other experiments.
Lentiviral Vector Construction and Transduction
We used PCR to amplify Rat GCN5. XbaI and NotI were used to digest the amplicons before inserted into the pCDH lentiviral vector. The sequences of the primers were forward: AGC​ACT​CCC​ATC​TTC​AGT​CC and reverse: GCT​TCC​TCT​TCT​CTC​CTG​GCA​T. The primers for GCN5 shRNA were forward: CCG​GGC​AGG​GTG​TTC​TGA​ACT​TTC​TCA​AGA​GAA​AAG​TTC​AGA​ACA​CCC​TGC​TTT​TTT​G and reverse: ATT​CAA​AAA​AGC​AGG​GTG​TTC​TGA​ACT​TTT​CTC​TTG​AGA​AAG​TTC​AGA​ACA​CCC​TGC.
Restriction enzymes AgeI and EcoRI were used to digest the PCR product before incorporated into the pLKD vector. Sanger sequencing was performed to verify the inserted fragments. To produce the lentivirus, 293T cell line was co-transfected with two packaging vectors (psPAX2 and pMD2.G) and two plasmid vectors. The supernatant was centrifuged at 1,000 rpm for 10 min to get rid of the cell debris. A 0.45-μm polyethersulfone low-protein-binding filter was used to filter. The titer of the lentivirus was 115 IFU/ml, assessed by a quantification kit (Invitrogen, United States). A vector inserted with scrambled GCN5 was used as a negative control.
ALP Staining
BMSCs were seeded onto TiO2 nanotubes–modified titanium specimens, and cyclic mechanical stress was applied. On day 7, ALP activity was measured using an ALP kit (Hongqiao, China) according to the manufacturer’s instructions. The results were observed under a stereo microscope.
Real-Time PCR
Total RNA was extracted from the cells with TRIzol (Invitrogen, United States) and reverse-transcribed into cDNA using a PrimeScriptTM cDNA Synthesis kit (6210A, Takara, Japan) according to the manufacturer’s instructions. Real-time PCR was performed with SYBR® Premix Ex Taq™ (Takara, Japan). GAPDH served as an internal control, and the expression level relative to GAPDH was calculated using 2−ΔΔCq method. The primer sequences are listed in Table 1.
TABLE 1 | Sense and anti-sense primers for real-time PCR.
[image: Table 1]Western Blot
The cells were washed three times with PBS and lysed with RIPA buffer supplemented with protease and phosphatase inhibitors for 30 min at 4 C. For the Western blot analysis, 15 μL of the sample was separated by 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and electro-transferred onto nitrocellulose membranes. The primary antibodies used were rabbit polyclonal anti-GCN5 (1:1000, ab231075, Abcam, China); rabbit monoclonal anti-Axin-2 (1:1000, ab109307, Abcam, China); rabbit monoclonal anti-β-catenin (1:1000, ab32572, Abcam, China) and mouse monoclonal phosphorylated β-catenin (1:500, 05-665-AF647, Millipore, United States); rabbit monoclonal anti-H3K9ac (1:1000, ab10812, Abcam, China); rabbit monoclonal anti-RUNX2 (1:1000, ab192256, Abcam, China); rabbit monoclonal anti-OCN (1:1000, ab102936, Abcam, China); and rabbit monoclonal anti-OPN (1:1000, ab63856, Abcam, China). For normalization of protein loading, GAPDH antibody (1:1000, ab245357, Abcam, China) was used. The protein bands were measured with ImageJ 1.48v software and normalized to the corresponding GAPDH bands. The relative density of each target protein normalized to the control was used to represent the changes in expression of target proteins.
ChIP Assay
ChIP assay was performed following the manufacturer’s instructions of a ChIP assay kit (Millipore, United States). The rabbit monoclonal anti-GCN5 (1:1000, ab231075, Abcam, China) and anti-H3K9ac (1:1000, ab10812, Abcam, China) were used. The rat IgG (I8015, Millipore, United States) and anti-RNA polymerase II (PLA0127, Millipore, United States) were used as the negative and positive control, respectively. The precipitated DNA samples were assessed by real-time PCR. Primers were designed from the region of 500 bp distance to the transcription start sites. The primer sequences are listed in Table 2. The values of the results were normalized to the input value.
TABLE 2 | Sense and antisense primers for ChIP real-time PCR.
[image: Table 2]Statistical Analysis
GraphPad Prism 7.0 (GraphPad Software) was used for statistical analysis. Data are expressed as mean ± SEM. Student's t test was used for comparing two groups, one-way analysis of variance was used for comparing multiple groups, and the least-significant difference method was used as a post-hoc test for multiple comparisons between groups. p < 0.05 was considered as significant.
RESULTS
Effect of Cyclic Mechanical Strain on Osteogenic Differentiation of BMSCs
Our previous studies have measured the topography of the TiO2 nanotube–modified titanium specimen surface and related physical parameters (Chang et al., 2019). The topography of the specimen surface is shown in Figure 1C. The schematic diagram and model diagram of the cyclic mechanical strain load device are showed in Figures 1A,B. The diameter of TiO2 nanotubes is about 80 nm (Figure 1C). We applied three levels of cyclic mechanical elastic strain to titanium sheets planted with BMSCs. After 7 days of continuous treatment, we found that significantly higher levels of ALP activities in the 0.3 and 0.9% groups, especially in the 0.9% group (Figure 2A). Then the results of real-time PCR indicated that the mechanical strain promoted the expression of osteogenesis genes, such as Runx2, OPN, and OCN (Figures 2B–D). The results of the Western blot showed that mechanical strain increased the expression of these osteogenic markers from the protein level (Figure 2E). These results further validate our previous research findings (Chang et al., 2019). These indicated that rat BMSCs are sensitive to external mechanical signal stimulation, and the elastic deformation caused by cyclic mechanical strain on titanium specimen can promote the osteogenic differentiation of BMSCs.
[image: Figure 2]FIGURE 2 | Cyclic mechanical strain can promote osteogenic differentiation of BMSCs. (A) ALP activity of BMSCs after 7 days of treatment. Scale bars: 500 μm. (B–D) The mRNA expression of Opn, Ocn, and Runx2 in BMSCs after 7 days of treatment. RT-qPCR data are presented as mean ± SD normalized against the control group data. The housekeeping gene GAPDH was used as an internal control. (E) Western blots of Opn, Ocn, and Runx2 after 7 days of treatment. GAPDH is shown as the loading control. (F) Semi-quantitative and statistical analysis of the results in Panel E. Values are plotted as mean ± SD, *p < 0.05, **p < 0.01.
Regulation of Cyclic Mechanical Stress on the Activity of Wnt/β-Catenin Signaling Pathway in BMSCs
Previous literature reports that high levels of Wnt signaling, an important signaling pathway that regulates osteogenic differentiation, can be activated in osteogenic differentiation of BMSCs and promote bone formation (Wang et al., 2017; Zhu et al., 2019). In osteoporotic mice, the level of Wnt ligand protein was reduced, and the activity of the entire pathway was decreased (Karadeniz et al., 2020). Therefore, the Wnt/β-catenin signaling pathway is a critical signaling pathway in osteogenic differentiation of BMSCs. Wnt acted as an activator of the entire signaling pathway and bound to the membrane surface ligand complex to activate the pathway.
Wnt signaling pathway activity was observed under mechanical strain and nonmechanical strain. Western blot and real-time PCR were used to detect key molecules in the Wnt/β-catenin signaling pathway: Wnt1, Wnt6, Wnt10a, β-catenin, phosphorylated β-catenin [phosphorylated β-catenin could be regarded as inactive because it was about to be degraded (Zhu et al., 2019)], and Axin-2 [a defined target in the Wnt/β-catenin signaling pathway (Zhu et al., 2019)]. Western blot revealed that the level of phosphorylated β-catenin was lower and Axin-2 was higher in the 0.9% group after 7 days of exposure to mechanical strain. The level of β-catenin was stable simultaneously (Figures 3E,F). Real-time PCR indicated that the transcription of Wnt1, Wnt6, Wnt10a, and Axin-2 in the 0.9% group was significantly increased compared with that of the control group (Figures 3A–D). These results indicate that the Wnt/β-catenin signaling pathway was activated by mechanical strain and played a key role in the osteogenic differentiation of BMSCs.
[image: Figure 3]FIGURE 3 | Mechanical strain can increase the activity of the Wnt/β-catenin signaling pathway in BMSCs. (A–D) The mRNA expression of Axin-2, Wnt1, Wnt6, and Wnt10a in BMSCs after 7 days of treatment. RT-qPCR data are presented as mean ± SD normalized against the control group data. The housekeeping gene GAPDH was used as an internal control. (E) Western blots of Axin-2, phosphorylated β-catenin, and β-catenin after 7 days of treatment. GAPDH is shown as the loading control. (F) Semi-quantitative and statistical analysis of the results in Panel E. Values are plotted as mean ± SD, *p < 0.05, **p < 0.01.
Influence of Cyclic Mechanical Stress on Histone Acetyltransferase GCN5
After applying mechanical strain to the titanium specimen, we detected the expression level of GCN5 in BMSCs through real-time PCR and Western blot. GCN5, one of the important members of the HATs family, played a significant regulatory role in a variety of signaling pathways, especially the Wnt signaling pathway (Li et al., 2016; Karadeniz et al., 2020). As the elastic deformation aggravated, the expression level of GCN5 gradually increased. Correspondingly, H3K9 was the major target site of GCN5 (Karadeniz et al., 2020). H3K9 became H3K9ac after being acetylated. The results showed that H3K9ac had the same trend as GCN5 and elastic strain promoted H3K9 acetylation (Figure 4G). In addition, we performed ChIP-qPCR to demonstrate the direct effects of GCN5 and H3K9ac with the Wnt gene expression. The ChIP analysis showed that the enrichment of GCN5 and H3K9ac in the Wnt1, Wnt6, and Wnt10a promoter regions was increased in the 0.9% group (Figures 4A–F, Supplementary Figure S1 and Supplementary Table S1). These results indicate that mechanical strain can promote the expression of GCN5 and increase the level of acetylation of H3K9 by promoting GCN5 binding to the promoter region of Wnt gene.
[image: Figure 4]FIGURE 4 |  Histone acetyltransferase GCN5 is increased due to mechanical strain. (A–C) The ChIP assay was performed to evaluate the combination of GCN5 and IgG to Wnt1, Wnt6, and Wnt10a promoters in BMSCs which were exposed to mechanical strain. (D–F) The ChIP assay was performed to evaluate the enrichment of H3K9ac and IgG to Wnt1, Wnt6, and Wnt10a promoter regions. (G) Western blots of GCN5 and H3K9ac after 7 days of treatment. GAPDH is shown as the loading control. (H) Semi-quantitative and statistical analyses of the results in Panel G. Values are plotted as mean ± SD, *p < 0.05, **p < 0.01.
The Effect of GCN5 Regulated by Cyclic Mechanical Stress on Osteogenic Differentiation of BMSCs
To further demonstrate that the increased level of GCN5 caused by mechanical strain can promote osteogenic differentiation, we transfected the empty vector, the GCN5 lentiviral overexpression vector, and the knockdown GCN5 vector into the BMSCs (Supplementary Figure S2 and Supplementary Table S2). Elastic mechanical strain was applied to the titanium specimen of BMSCs which were transfected with the empty vector and the knockdown GCN5 vector. BMSCs in the non-strain group were transfected with the GCN5 lentiviral overexpression vector. We used the ALP staining experiment to detect ALP activity. The expression levels of GCN5 and osteogenic differentiation markers OCN, OPN, and RUNX2 were determined by Western blot and real-time PCR. The results of the ALP staining experiments showed that knockdown of GCN5 significantly inhibited the ALP activity of BMSCs exposed to mechanical strain. However, in the control group without mechanical strain, the overexpression of GCN5 saved partial ALP activity (Figure 5A). The results of Western blot and real-time PCR showed that in the 0.9% group, osteogenesis-related markers were significantly repressed with knockdown of GCN5. At the same time, the overexpression of GCN5 could increase the levels of osteogenesis-related markers in the control group. And the overexpression of GCN5 possessed almost the same bone-promoting ability as mechanical strain (Figures 5B–G). These results indicate that GCN5 is a key node for mechanical strain to promote osteogenic differentiation.
[image: Figure 5]FIGURE 5 | The increased level of GCN5 caused by mechanical strain promoted osteogenic differentiation of BMSCs. (A) ALP activity of BMSCs transfected with overexpression of GCN5 in the control group or shRNA of GCN5 in the 0.9% group. Scale bars: 500 μm. (B) Western blots of GCN5, H3K9ac, Ocn, Opn, and Runx2 in BMSCs transfected with the overexpression of GCN5 in the control group or shRNA of GCN5 in the 0.9% group. GAPDH is shown as the loading control. (C) The mRNA expression of GCN5 verified gain- and loss-of-function assays promoted by suppressing the expression of GCN5. (D–F) The mRNA expression of Ocn, Opn, and Runx2 in BMSCs transfected with overexpression of GCN5 in the control group or shRNA of GCN5 in the 0.9% group. (G) Semi-quantitative and statistical analyses of the results in Panel B. Values are plotted as mean ± SD, *p < 0.05, **p < 0.01.
The Influence of GCN5 Regulated by Cyclic Mechanical Stress on Wnt/β-Catenin Signaling Pathway
To further verify that high levels of GCN5 caused by mechanical strain can enhance the Wnt pathway, the levels of markers associated with the Wnt pathway were measured at the same time. In the 0.9% group, the levels of phosphorylated β-catenin were significantly increased and Axin-2 was repressed by the knockdown of GCN5 (Figures 6E,F). The real-time PCR assay showed knockdown of GCN5 inhibited the transcription of related Wnt gene and Axin-2 (Figures 6A–D). In the control group without mechanical strain, the overexpression of GCN5 increased the expression level of Axin-2, repressed the expression of phosphorylated β-catenin (Figures 6E,F), and also promoted the transcription of the Wnt gene and Axin-2 (Figures 6A–D). The ChIP-qPCR directly demonstrated that knockdown of GCN5 could inhibit the enrichment of GCN5 and H3K9ac in the promoter regions of Wnt1, Wnt6, and Wnt10a under the circle mechanical strain (Figures 6G–I).
[image: Figure 6]FIGURE 6 | The activity of the Wnt/β-catenin signaling pathway was suppressed by the knockdown of GCN5. (A–D) mRNA expression of Axin-2, Wnt1, Wnt6, and Wnt10a in BMSCs transfected with overexpression of GCN5 in the control group or shRNA of GCN5 in the 0.9% group. (E) Western blots of Axin-2, phosphorylated β-catenin, and β-catenin in BMSCs transfected with overexpression of GCN5 in the control group or shRNA of GCN5 in the 0.9% group. GAPDH is shown as the loading control. (F) Semi-quantitative and statistical analyses of the results in Panel E. (G–I) The ChIP assay was performed to evaluate the combination of GCN5 to Wnt1, Wnt6, and Wnt10a promoters after the knockdown of GCN5or overexpression of GCN5. (J–L) The ChIP assay was performed to evaluate the enrichment of H3K9ac to Wnt1, Wnt6, and Wnt10a promoter regions. Values are plotted as mean ± SD, *p < 0.05, **p < 0.01.
We further verified whether GCN5 which was stimulated by mechanical strain regulated osteogenic differentiation of BMSCs via the Wnt pathway. As an inhibitor of the Wnt pathway, DKK1 binds to membrane receptors and prevents Wnt ligands from binding to membrane surface receptor complexes, thereby inhibiting Wnt signaling pathway activity and osteogenic differentiation of BMSCs (Scott et al., 2013). We assessed ALP activity on BMSCs with DKK1 treatment and non–DKK1 treatment. As a result, DKK1 significantly suppressed ALP activity in the control group as well as in the 0.9% group (Figure 7A). The Western blot and real-time PCR results showed that DKK1 reduced the activity of the Wnt signaling pathway during mechanical strain application. The expression of Axin-2 in the pathway decreased and phosphorylated β-catenin increased due to DKK1 (Figures 7C,E). Not only the activity of the Wnt signaling pathway but also the expression of downstream osteogenic differentiation markers was repressed, including Opn, Ocn, and Runx2 (Figure 7D). However, DKK1 did not significantly affect the levels of GCN5 and H3K9ac in terms of protein expression (Figure 7B). The results of the ChIP analysis demonstrated that DKK1 had no significant effect on the enrichment of GCN5 and H3K9ac in the promoter regions of Wnt1, Wnt6, and Wnt10a. After mechanical strain stimulation, the enrichment of GCN5 and H3K9ac in the Wnt1, Wnt6, and Wnt10a promoter regions was still increased compared to the control group (Figure 8). These results indicate that DKK1 can only affect the downstream Wnt/β-catenin pathway activity but not upstream GCN5. Combined with the abovementioned results of overexpression and knockdown of GCN5, it is indicated that the high level of GCN5 caused by mechanical strain regulates the osteogenic differentiation of BMSCs through the Wnt/β-catenin signaling pathway.
[image: Figure 7]FIGURE 7 | DKK1 inhibited the activity of Wnt/β-catenin signaling pathway and osteogenic differentiation of BMSCs but showed no effect on the expression of GCN5 and H3K9 acetylation modification. (A) ALP activity in BMSCs with DKK1 treatment and non–DKK1 treatment. Scale bars: 500 μm. (B) Western blots of GCN5 and H3K9ac. (C) Western blots of Axin-2, phosphorylated β-catenin, and β-catenin. (D) Western blots of Ocn, Opn, and Runx2 in BMSCs with DKK1 treatment and non–DKK1 treatment. (E–H) The mRNA expression of Axin-2, Ocn, Opn, and Runx2 in BMSCs with DKK1 treatment and non–DKK1 treatment. (I) Semi-quantitative and statistical analyses of the results in Panels B–D. Values are plotted as mean ± SD, *p < 0.05, **p < 0.01.
[image: Figure 8]FIGURE 8 | DKK1 could not inhibit GCN5 function. (A–C) The ChIP assay was performed to evaluate the combination of GCN5 to Wnt1, Wnt6, and Wnt10a promoters with DKK1 treatment and non–DKK1 treatment. (D–F) The ChIP assay was performed to evaluate the enrichment of H3K9ac to Wnt1, Wnt6, and Wnt10a promoter regions with DKK1 treatment and non–DKK1 treatment. Values are plotted as mean ± SD, *p < 0.05, **p < 0.01.
DISCUSSION
Titanium and titanium alloys are the most widely used metal materials in orthopedic clinical implants due to the good properties of titanium (Szuhanek et al., 2020). In the application of internal implants, whether BMSCs on the surface of titanium prosthesis can differentiate into osteoblasts is one of the most critical issues determining the osseointegration effect (Wu et al., 2020). Previous studies have shown that the modification or fixation of surface coatings and biological functional molecules will facilitate osseointegration. Recently, due to the study of cell response to physical signals, the mechanical stress on the implant has attracted the attention of many researchers (Lee et al., 2020). BMSCs have a variety of differentiation potentials, and many researchers have indicated that differentiation and phenotypic expression of BMSCs can be affected by mechanical signals (Wang et al., 2016; Huang et al., 2017). Titanium can undergo extremely fine deformation, and the mechanical strain signal that caused this deformation can affect the signal pathway activity of surface BMSCs and change the direction of differentiation (de Peppo et al., 2014). However, the mechanism is very complicated and involves multiple signal paths, which is one of the current research focuses. In order to achieve a better titanium specimen deformation effect, we have designed a cyclic mechanical strain loading device. In our previous study, we confirmed the relevant parameters of the surface morphology of TiO2-modified titanium metal specimen. Moreover, we have demonstrated that cyclic mechanical strain that causes deformation of titanium specimen can promote osteogenic differentiation of BMSCs on the surface of TiO2 nanotube–modified titanium. We set up experiments on the time, frequency, and amplitude of cyclic mechanical strain in the early stage and obtained the optimal parameters for promoting osteogenic differentiation of BMSCs in this device, and applied it to this study. 0.3 and 0.9% represent the degree of compression of the specimen after being subjected to cyclic mechanical stress. As the amplitude of cyclic mechanical stress increases, the osteogenic differentiation of surface cells gradually improved (Chang et al., 2019). In this study, we demonstrated the ability of cyclic mechanical regulated stress osteogenic differentiation via the GCN5/Wnt/β-catenin signaling pathway (Figure 9).
[image: Figure 9]FIGURE 9 | Cyclic mechanical strain upregulated the expression of GCN5 and promoted the level of acetylation of H3K9, thereby increased transcription of related Wnt ligands and activating the Wnt signaling pathway.
Epigenetics refers to the activation or inhibition of a gene without altering the DNA sequence (Richards, 2009). Histone acetylation modification is an important mode of regulation in epigenetics. Histone acetylation acts as a signal that alters the interaction between histones and the adjacent nucleosomes and between histones and transcription factors, thereby affecting the structure of the nucleosomes, producing a more open or closed chromatin environment that affects the transcription process of genes. The activation and inhibition of the signaling pathways are closely related to this change. Histone acetylation modification is regulated by the equilibrium relationship between HATs and HDACs. HDACs can reverse the acetylation of the N-tail lysine residue of the core histone, resulting in chromatin condensation and inhibition of gene transcription. On the contrary, HAT transfers the acetyl group of acetyl-CoA to the specific lysine residue at the amino terminus of histones, loosening the chromatin structure and promoting transcription of the gene (Han et al., 2016). Previous literature has reported that HAT played an important role in bone formation and bone loss (Szuhanek et al., 2020; Wu et al., 2020). H3K9 is prone to be acetylated and is a key site for acetylation modification (Zhang et al., 2016). H3K9 becomes H3K9ac after being acetylated, which affects the activation of the promoter region of related genes. Therefore, elevated levels of histone acetylation can promote gene transcription that regulates osteogenic differentiation of BMSCs, such as the Wnt signaling pathway. Previous studies have focused on the role of HDACs in cellular signaling pathways, but there are few studies on the role of the HATs family in regulating the cellular signaling pathways. In terms of mechanical signals, there are no reports on the regulation of the cellular signaling pathways by the HATs family.
GCN5 is named after the conventional signaling pathways that regulate amino acid synthesis originally found in yeast (Weake, 2020). Yeast strains with GCN5 mutations when lacking amino acids cannot de-inhibit a large number of amino acid biosynthesis genes. Subsequently, studies have confirmed that GCN5 is a transcription-related HAT. From yeast to humans, GCN5 shows highly evolutionarily conserved enzyme specificity. It has been reported in the literature that GCN5, as an important member of the HATs family, plays an important role in regulating cellular signaling pathways (Zhao et al., 2018). In U87 and U251 cell lines, reducing GCN5 expression by siRNA interference can downregulate the expression of AKT/ERK and upregulate the expression of p21, thereby inhibiting cell proliferation, invasion, and colony formation. In the dental pulp inflammation microenvironment, GCN5 can partially restore the inhibitory effect of inflammation on dental pulp stem cells by activating the Wnt/β-catenin signaling pathway (Arede et al., 2020). In this study, we proved that the increase in cyclic mechanical stress caused an upregulation of the expression level of GCN5. This indicates that GCN5 in BMSCs can sense and change in response to mechanical signal stimulation outside the cells.
The Wnt gene family encodes secreted glycoproteins, which act as ligands for the Frizzled family of transmembrane receptor proteins. In many types of cells, the Wnt/β-catenin signaling pathway plays a role in cell proliferation, cell-fate determination, and cell differentiation. Wnt ligand binding to Frizzled receptor leads to the downregulation of GSK3β. GSK3β can phosphorylate β-catenin and then β-catenin could be hydrolyzed by APC complex. Its downregulation makes β-catenin accumulate in the cytoplasm, which then migrates into the nucleus and when combined with TCF/LEF transcription factors affects the transcription of target genes (Weglage et al., 2020). The Wnt/β-catenin signaling pathway is an important pathway in the process of cell differentiation. In the neural stem cell model of Alzheimer’s disease, specifically activating the Wnt/β-catenin signaling pathway can promote the proliferation of neural stem cells, differentiate them into more neurons, and reduce neuronal apoptosis (Demirci et al., 2020). The canonical Wnt pathway is especially influential in inhibiting the expression of the major adipogenic inducers, PPARγ and CCAAT/enhancer-binding protein α, to suppress adipogenic differentiation while upregulating the osteogenic regulators Runx2, Dlx5, and Osterix (Kang et al., 2007). In this study, we found that GCN5 activates acetylation of H3K9 and the Wnt signaling pathway when BMSCs were exposed to mechanical strain. As the degree of deformation of TiO2 nanotube–modified titanium specimen aggravates, the expression level of GCN5 gradually increases. Due to the acetylation modification of GCN5, the transcription levels of wnt1, wnt6, and wnt10a and the expression levels of Axin-2 and β-catenin also increased. DKK1 is a specific inhibitor of the Wnt pathway and can inhibit Wnt signaling by competing with the ligand Wnt for receptor LRP6 (Min Swe et al., 2020). DKK1 could still inhibit the level of Wnt signaling pathway under mechanical strain, but it did not inhibit GCN5 and its target H3K9ac. Cyclic mechanical stress can still increase the expression level of GCN5 and the level of acetylation modification. Therefore, we further proved the regulatory relationship between GCN5 and the Wnt/β-catenin signaling pathway through the intervention of DKK1. This may provide a research basis for the development of novel drugs to improve the combination of implants and host bones in the future.
In conclusion, it was revealed that the cyclic mechanical strain enhanced osseointegration on TiO2 nanotube–modified titanium specimen surface through GCN5/Wnt. Cyclic mechanical strain promoted the expression of GCN5 and increased the level of acetylation of H3K9, thereby activating the Wnt signaling pathway. This study suggests that applying cyclic mechanical stress to the prosthetic implants could be more effective in promoting osseointegration and improving patient prognosis, and it is a promising prospect for the clinical treatment of bone defects and arthroplasty. This also provides a relevant basis and reference for postoperative rehabilitation training.
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Cementless femoral stems are prone to stress shielding of the femoral bone, which is caused by a mismatch in stiffness between the femoral stem and femur. This can cause bone resorption and resultant loosening of the implant. It is possible to reduce the stress shielding by using a femoral stem with porous structures and lower stiffness. A porous structure also provides a secondary function of allowing bone ingrowth, thus improving the long-term stability of the prosthesis. Furthermore, due to the advent of additive manufacturing (AM) technology, it is possible to fabricate femoral stems with internal porous lattices. Several review articles have discussed porous structures, mainly focusing on the geometric design, mechanical properties and influence on bone ingrowth. However, the safety and effectiveness of porous femoral stems depend not only on the characteristic of porous structure but also on the macro design of the femoral stem; for example, the distribution of the porous structure, the stem geometric shape, the material, and the manufacturing process. This review focuses on porous femoral stems, including the porous structure, macro geometric design of the stem, performance evaluation, research methods used for designing and evaluating the femoral stems, materials and manufacturing techniques. In addition, this review will evaluate whether porous femoral stems can reduce stress shielding and increase bone ingrowth, in addition to analyzing their shortcomings and related risks and providing ideas for potential design improvements.
Keywords: femoral stem, porous structure, stress shielding, bone ingrowth, additive manufacturing, total hip arthroplasty
INTRODUCTION
Total hip arthroplasty (THA) is a surgical procedure that replaces the diseased joint with an artificial femoral stem and acetabular cup. It can effectively relieve pain, restore joint function, and correct deformities of the hip joint. This procedure has become one of the most successful surgical interventions in the past century for improving quality of life. It has been reported that approximately 400,000 THA procedures are performed in China every year, with an annual growth rate of 25–30% (Dai et al., 2015). Implant loosening is the most common complication that requires revision surgery (Slif D. Ulrich et al., 2008; Kärrholm et al., 2016; National Joint Replacement Registry A.O.A., 2017).
The main mechanical factor that causes loosening of cementless hip prostheses is stress shielding. Naturally, when a load is applied to the intact femoral head, stress is transmitted through the trabecular bone of the femoral neck to the cortical bone of the proximal femur. When the femoral component of hip replacement was inserted into the medullary cavity, the prosthetic femoral stem and the remaining bone of the femur constitute a new stress transmission system due to the mismatched properties. The current femoral stems on the market are mostly made of dense metal, such as titanium-based alloy, cobalt-chromium alloy, or 316L stainless steel, with a Young’s modulus (110–230 GPa) far greater than that of bone (0.3–22 GPa) (Pałka and Pokrowiecki, 2018). Thus, the much stiffer metal implant will bear most of the load while the bone surrounding the implant will have a greatly reduced stress. Bone remodeling is a dynamic process affected by mechanical stimulation which leads to bone formation under high load and bone resorption under low load (Wolff, 2010). Stress shielding can lead to bone resorption due to the lack of stress stimulation on the proximal femur. Bone resorption around the implant also prevents sufficient bone ingrowth into the porous femoral stem, further exacerbating implant loosening (Chen et al., 2009; Kress et al., 2012; Kutzner et al., 2016).
At present, there are two ways to reduce stress shielding. One is to change the stress transmission path by changing the geometry profile of the femoral stem, such as shortening the length of the stem (Bieger et al., 2012; Lerch et al., 2012; Falez et al., 2015), adding a collar to the stem (Jeon et al., 2011; Rami M. A.; Al-Dirini et al., 2017), or matching the geometry with the proximal femoral canal (Ostbyhaug et al., 2009; Hua et al., 2010). However, the initial stability (Giardina et al., 2018) and alignment accuracy (Khanuja et al., 2014; Shishido et al., 2018) of short stems is still questionable, and collars are only mechanically effective when there is good contact with the calcar (Jeon et al., 2011). The other way is to reduce the integral stiffness of the femoral stem, such as by adopting an internal hollow structure (Gross and Abel, 2001; Yang et al., 2009), lower stiffness composite structure (Glassman et al., 2001; Hartzband et al., 2010), grooves (Wu et al., 2018; Heyland et al., 2019), slotted design on the distal end (Cameron, 1993), or using a metallic porous structure (Limmahakhun et al., 2017a; Arabnejad et al., 2017; Jette et al., 2018; Wang et al., 2018). Given that most bone resorption occurs around the proximal femur, reducing the stiffness of the distal end by using a grooved or slotted end design does little to reduce stress shielding (Glassman et al., 2006). A composite stem with a solid cobalt-chromium core surrounded by a layer of porous PEEK coating has the potential to reduce stress shielding. The porous PEEK coating is biocompatible and chemically stable, and has a stochastic matrix structure with an average pore size of 300 µm (Nieminen et al., 2007; Ma and Tang, 2014). It is also reported that PEEK coating was dissociated from the central core, leading to periprosthetic infection and loosening (Saltzman et al., 2014). Femoral stems with an internal hollow structure are a viable alternative but are difficult to fabricate with traditional subtractive manufacturing.
In addition to bone resorption from stress shielding, the long-term secure fixation of cementless femoral stems is dependent on the growth of bone into or onto the rough surface of the stem (Sporer and Paprosky, 2005). This osseointegration provides biological fixation and secondary stability for the femoral stem, enhancing load transfer from the stem to the bone and decreasing stress shielding (Bobyn et al., 1987). Surface coatings, such as sintered beads, hydroxyapatite coating, grit-blasted surfaces, and titanium plasma spray have been used in orthopedic implants over the past 40 years to promote osseointegration. However, two of the major shortcomings of these coatings are an insufficient adherence to the substrate and a non-uniform thickness, which can leave some regions with a thin surface layer or low porosity, leading to poor bone ingrowth (Murr et al., 2010).
With the advent of additive manufacturing (AM) technology (also known as 3D printing) it is now possible to fabricate femoral stem with internal porous structure. As expected, porous metal has a lower stiffness than a solid implant (Cheng et al., 2012), and thus varying the quantity, size and location of the pores can be used to tailor the stiffness of the femoral stem and reduce stress shielding around the proximal femur (Arabnejad et al., 2017; Wang et al., 2018; Mehboob et al., 2020a). Moreover, incorporating open and interconnected pores in an implant can provide space for the transportation of nutrients and the ingrowth of bone tissue, thereby increasing the implant’s secondary stability (Taniguchi et al., 2016; Wang et al., 2016).
Given the potential benefits of these novel designs, research is ongoing and is producing encouraging results. Studies have already investigated the use of porous structures in orthopedic implants, such as the improved mechanical properties of a lattice cube design (Amin Yavari et al., 2013; Gómez et al., 2016) and the effect of pore morphology on bone ingrowth behavior (Wu et al., 2013; Taniguchi et al., 2016). Other review articles concentrated on the porous structure, focusing on geometric modeling, design parameters, manufacturing techniques, mechanical properties, and potential applications (Babaie and Bhaduri, 2017; Savio et al., 2018). However, it is not enough to study porous structure alone, the geometry of the stem body and distribution of the porous structure can also have a considerable impact on the safety and effectiveness of the femoral stem. Therefore, this article aims to present a comprehensive review and discussion on porous femoral stems.
This review will focus on the latest research into porous femoral stems, including different types of porous structures, the macro geometry, mechanical function, research methods used during development, materials and manufacturing techniques. This review also includes studies on the ability to reduce stress shielding and promote bone ingrowth. The intent is to provide an informative reference for the development of porous femoral stems.
REVIEW METHOD
This review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.
Literature Search Strategy
A comprehensive literature search was carried out by using the Web of Science and PubMed databases, and all the concerned English publications up to May 2021 were collected. The literature search strategy was that A search with keywords “femoral stem” or “hip stem” was first performed. In the selected published literatures, the papers including either “porous” or “porous structure” or “cellular structure” or “lattice structure” or “biomimetic” or “metallic foams” were collected.
Study Selection: Inclusion Criteria and Quality Assessment
After removing duplicates, the returned articles were filtered through two stages. The first stage was to conduct a preliminary screening by title and abstract. If the item was not a research article, such as review articles or conference abstracts, they were excluded. Papers that were not related to femoral stems with a porous internal structure were also excluded at this stage, such as porous coatings, tissue engineering, acetabular cups, other joint implants, etc. According to the above exclusion criteria, the quality assessment was carried out by screening the articles’ full text in the first stage. Two independent reviewers conducted the data extraction, and an additional reviewer judged disagreements between two reviewers.
A total of 1,244 articles were identified, of which 699 were retrieved from Web of Science and 545 from PubMed. After excluding 123 duplicates, 1,121 articles were screened based on their title and abstract, and 125 were selected for full-text assessment. After excluding articles based on assessment criteria, 20 articles were included in this review. A flow diagram showing the search strategy is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Flow diagram of search strategy.
POROUS STRUCTURES APPLIED TO THE FEMORAL STEM
When designing a porous structure for the femoral stem, the design can be influenced by mechanical factors and the need for biological adaptation. The former is characterized primarily by stiffness, while the latter mainly considers the pore size and porosity.
The stiffness of porous structures can be expressed by the Young’s modulus, which is determined by a stress-strain curve according to Hook’s law, as shown in Eq. 1.
[image: image]
Where σ is the stress, ε is the strain, F is the force acting on the porous unit cell, A is the cross-sectional area of the porous unit cell, and L and ∆L are the original length and the change in length of the porous structure respectively.
The closer the stiffness of the femoral stem material is to femoral bone (15–25 GPa) (Limmahakhun et al., 2017a), the lesser the effect of stress shielding (Heinl et al., 2008). The stiffness of porous structures is related to porosity or relative density. According to Gibson and Ashby (Gibson and Ashby, 1988), the relationship between the equivalent Young’s modulus and relative density can be expressed as Eq. 2.
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Where E is the elastic modulus of the porous material, Es is the elastic modulus of the solid material, and C and n are constants that depend on the porous structure. The constant of C for porous structures depends on unit cell type, ranging from 0.1 to 4.0. Typically, n is a constant varying from 1 to 3. And ρ and ρs are the density of the unit cell and the density of the constitutive material, respectively. The porosity φ can be defined by Eq. 3. Higher values of φ indicate more space for bone tissue growth but lower strength. Porosity should be at least 50% to promote adequate bone ingrowth (Arabnejad et al., 2016).
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Where Vvoids is the volume of the voids and Vtotal is the volume of the entire porous structure. Also, the pore size is an important factor affecting bone ingrowth (Dhiman et al., 2019). Pore size is often defined as the largest inscribed circle in a unit cell of the porous structure. Due to ethical constraints, the pore size suitable for bone ingrowth is mainly assessed by animal in vivo experiments. At present, femoral condyle of rabbits (Taniguchi et al., 2016), femur of rats (Van der Stok et al., 2013), metatarsus of goats (Li et al., 2016), acetabular and femur of canines (Bobyn et al., 1980; Jasty et al., 1989) have been used as experiment subjects. Different experimental subjects and bone types present different suitable pore sizes for bone ingrowth. The reported range for bone ingrowth is within 50–800 μm, and this range is typically used to guide the design of porous structures for the femoral stem (Harrysson et al., 2008; Arabnejad et al., 2016).
The design of the porous structure can be characterized as either a regular structure (unit cell structure) or stochastic structure (irregular structure). This section will focus on the structural and mechanical properties of these structure types and assess the advantages and disadvantages of each.
Regular Structure
Most porous femoral stems use a regular structure type, with the key advantage being that it is easy to tailor the mechanical properties by adjusting the design parameters. The pore size and porosity can be manipulated to promote bone ingrowth.
Among the 20 pieces of literature included in the study, most used regular porous structures; square unit cell, body center cubic, tetrahedron, octet truss, vintile, diamond lattice, pillar octahedral unit, rhombic dodecahedron, and re-entrant honeycomb. The regular porous structures reviewed in this article are summarized in Figure 2. Table 1 is a comprehensive summary of porous structures applied to femoral stems from literature. It exhibited the geometric features and mechanical properties of each regular porous structure used for femoral stems in the collected literatures.
[image: Figure 2]FIGURE 2 | Regular porous structures used in the design of femoral stems.
TABLE 1 | Geometric features and mechanical properties of different regular porous structures applied to femoral stems.
[image: Table 1]Of the 20 articles included in this study, the square unit cell, also known as cubic unit cell, appeared in six articles (Arabnejad and Pasini, 2012; Arabnejad Khanoki and Pasini, 2013; Hazlehurst et al., 2014a; Hazlehurst et al., 2014b; Eldesouky et al., 2017a; Eldesouky et al., 2017b; Mehboob et al., 2018). This unit cell structure is simple and its mechanical properties are orthogonally symmetric, i.e. the same value of Young’s modulus in the transverse and longitudinal directions (Arabnejad et al., 2017). The cell offers good elastic stiffness along the loading direction (Arabnejad Khanoki and Pasini, 2013), and the axial stiffness can be controlled by adjusting the strut thickness. Mehboob et al. investigated finite element models of cubic, Body Center Cubic (BCC), and diamond structures with the same porosity and applied a compression load to each and found that the cubic cell has the highest Young’s modulus and the highest equivalent yield strength (Mehboob et al., 2018). However, because the struts are prone to bending under shear loading, the stiffness under shear is lower than other unit cells (Egan et al., 2017). In addition, the horizontal struts of the square unit cell are not self-supporting, so it is difficult to fabricate by additive manufacture. Eldesouky et al. overcame this by rotating the printing direction 45° to allow the horizontal struts to be printed without additional support (Eldesouky et al., 2017b). Besides, in an early exploration of this unit cell, Arabnejad et al. fabricated the femoral stem incorporating square unit cells to prove the feasibility of porous femoral stem design (Arabnejad Khanoki and Pasini, 2013) (Figures 3–A).
[image: Figure 3]FIGURE 3 | Femoral stem with regular porous structure. (A) 2D femoral stem using square unit cells designed by Arabnejad Khanoki and Pasini (2013); (B) femoral stem using BCC unit cells designed by Mehboob et al. (2018) (C) femoral stem using tetrahedral topology designed by Wang et al. (2018); (D) Stem using diamond lattice unit cells designed by Jette et al. (2018); (E) Stem using Rhombic dodecahedron unit cells designed by Harrysson et al. (2008) (F) Stem using vintile lattice unit cells by Abate et al.; (Abate et al., 2019; Abate et al., 2021); (G) Meta stem designed by Kolken et al. (2018), with the lateral part of the femoral stem having a re-entrant honeycomb structure and the medial part having a honeycomb structure.
Another common cell type used in the femoral stem is Body Center Cubic (BCC) (Mehboob et al., 2018; Alkhatib et al., 2019b; Mehboob et al., 2020a; Mehboob et al., 2020b). BCC is similar in design to the square unit cell with the addition of inclined cylindrical struts inside each cell. BBC offers good mechanical properties under axial compression, bending, and torsion loads and exhibits stronger isotropic mechanical properties than the square unit cell. Similarly, Ti6Al4V BCC and Ti6Al4V square unit cell structures have been shown to have comparable effective Young’s moduli and effective yield strengths under axial compression loading (Mehboob et al., 2018). However, under bending and torsion, the effective bending modulus and the effective torsional modulus of BCC is greater than square unit cells. Mehboob et al. developed a femoral stem composed of BCC units combined with an outer dense shell coated with beads to improve the mechanical properties of the stem while providing a porous surface for bone ingrowth (Mehboob et al., 2018) (Figures 3–B).
Femoral stems have also been designed with tetrahedral structures composed of tetrahedral units that have a good capability to restraint tensile and compressive loading, and thus the stability and axial strength of these structures is superior to those composed of bending dominating unit cells (Arabnejad et al., 2017; Wang et al., 2018). Due to the cubic symmetric stiffness matrix of tetrahedral topology, they display almost isotropic mechanical properties (Deshpande et al., 2001). It has been shown that according to the given loading conditions, constraints, and performance indicators, the relative density of each tetrahedral element may be controlled by changing the strut thickness, which can be used to optimize the mechanical properties of different regions of the femoral stem. Wang et al. used boundary representation (B-rep) to represent the geometry of tetrahedral unit cell (Wang et al., 2018) (Figures 3–C). That is, each tetrahedral unit cell geometry is represented by vertices, edges, loops, and faces. Two adjacent tetrahedral unit cells share the same vertex and edge. The relative density of the tetrahedral elements can be adjusted by changing the coordinates of other non-adjacent vertices. Also, because adjacent cells share the same edge and vertex, the geometric transition between cells is relatively smooth, forming a gradient-free topological relationship.
Some studies investigated incorporating more complex diamond lattice structures in the design of femoral stems (Jette et al., 2018; Mehboob et al., 2018; Wang et al., 2020). Compared with square and tetrahedral unit cells, the mechanical properties of the diamond lattice are closer to bone and have a more uniform stress distribution and better isotropic mechanical properties (Quevedo González and Nuño, 2016; Zadpoor and Hedayati, 2016). Also, without horizontal struts, the diamond lattice can be fabricated by additive manufacturing technology without additional supports. In addition, the diamond lattice permits excellent osteogenesis. Taniguchi et al. evaluated the biocompatibility of diamond lattice structures through in vivo experiments, showing that a pore size of 600 μm is most suitable for bone ingrowth (Taniguchi et al., 2016). Similarly, Wang et al. reported a suitable pore size of 500 μm (Wang et al., 2019).
Limmahakhun et al. (Limmahakhun et al., 2017a) designed and fabricated a porous femoral stem using CoCr pillar octahedral units. This unit cell is a BCC type without eight horizontal struts, and the horizontal stiffness isotropy is lower than BCC (Lv et al., 2021). Mechanical tests carried out on four cylindrical pillar octahedral specimen with a pore size of 2 mm and porosity ranging from 41 to 67% showed that the mechanical properties of the CoCr components were close to cortical bone, with a Young’s modulus and compressive strength of 2.33–3.14 GPa and 113–523 MPa, respectively. These pillar octahedral structures are also capable of better energy absorption (24.6–116.86 MJ/m3) than bone tissue (Limmahakhun et al., 2017b).
Rhombic dodecahedron unit cells was selected by Harrysson et al. to construct porous femoral stems (Figures 3–E) (Harrysson et al., 2008). Each unit consists of 12 congruent rhombus’ without horizontal struts, and the strut angle to the building plane is 35.26°. Because the electron beam melts the metal powder layer by layer, if the angle between the strut and the building plane is too small, the overlapping area between the layers will be reduced, resulting in a weak structure. Therefore, rhombic dodecahedron structures are suitable for fabrication by Electron Beam Melting (EBM). Harrysson’s study is an early exploration of this type of porous structure that focused on the stiffness of the femoral stem. This study did not assess bone ingrowth, and it should be noted that the cell size used (3–12 mm) is much larger than the suitable pore size (50–800 μm) for bone ingrowth identified in other studies (Harrysson et al., 2008). In addition, although Harrysson’s study considered the strength of the femoral stem and found that high porosity can lead to a significant reduction in compressive strength, the fatigue durability under cyclic loading is also an important factor that should be considered.
In 2019, Abate et al. designed a novel cellular structure termed “vintile,” as shown in Figure 2 (Abate et al., 2019). Compared with common lattice structures, such as cubic and tetrahedron, vintiles have more bearing struts and a smoother transition between struts. This allows for fewer stress concentrations while maintaining excellent structural strength. Abate et al. designed a porous femoral stem using a vintile lattice with porosity ranging from 41 to 71% (Figures 3–F) (Abate et al., 2021). Using mechanical tests and finite element analysis, Abate et al. found that porosities of 56 and 58% resulted in a stiffness of 1.581 and 1.252GPa, respectively, and compressive strength of 5.021 and 4.688GPa, respectively, which is close to that of human bone. While further development work may be required, a vintile structure has shown potential to reduce stress shielding and promote osseointegration in femoral stems.
Kolken et al. designed a femoral stem using a combination of a re-entrant honeycomb structure (Figure 2) and honeycomb structure (Kolken et al., 2018) (Figures 3–G). Different from porous structures described above, a re-entrant honeycomb is a special porous structure with a negative Poisson’s ratio, meaning the whole structure expands radially when placed under axial tension. The negative Poisson’s ratio comes from the deformation and rotation of the structural struts. Kolken et al.’s study did not discuss how the structure allows for bone ingrowth or how the mechanical properties are similar to bone tissue. But aimed to increase the fixation of the femoral stem by expanding the auxetic structure laterally under load, which can theoretically reduce the stress shielding.
In the design of porous femoral stems, in addition to considering the stiffness, strength, isotropy, and potential for bone ingrowth, the arrangement direction and distribution of pores also needs to be considered. In the future, the porous structure might be individually designed and distributed according to the weight, bone density, and morphology of the medullary cavity to achieve the optimal mechanical and biological adaptation characteristics. Another option may be to incorporate different types of unit cells in different areas of the stem body according to the stress distribution of the femoral stem. The mechanical properties could then be tailored to take advantage of the strengths of the various types of porous structures in response to certain loading conditions.
In addition, regular porous cells need to match the geometric profile of the femoral stem. Uneven surfaces or sharp edges may cause difficulty with implantation or produce stress concentrations after implantation. It may be difficult for regular porous unit cell to fit well with the stem curvature or edges, in which case optimizing the structure of the unit cell in the outermost layer for a better adaption to the stem surface may be the solution.
Stochastic Structure
Compared with regular porous structures, stochastic structures are generally more isotropic (Alkhader and Vural, 2008) and have a microstructure more similar to human cancellous bone. At present, the fabrication of metal stochastic porous structures is mainly through powdered metallurgy (Capek and Vojtěch, 2015) and additive manufacturing. Using additive manufacturing, Simoneau et al. created a femoral stem with a stochastic porous structure composed of interconnected randomly distributed volume pixels (Simoneau et al., 2017) (Figure 4). The mechanical characteristics of such structures can be adjusted by changing either the voxel size or the pore volume fraction (PVF). The former is the side length of the volume pixel, and the latter is the porosity of a volume. With a voxel size of 200 μm, Simoneau et al. adjusted the porosity of the structure to reduce the implant stiffness while maintaining strength. The final stem had a porosity of 33%, Young’s modulus of 37 GPa and yield strength of 279 MPa. The smallest unit of stochastic porous structures is often considered as a volume pixel. Compared with the regular porous structure’s unit cell, the volume pixel is generally smaller and more randomly distributed. Hence, it is easier to fill the designated space and more suitable for constructing the femoral stem with complex surface curvature and sharp edges.
[image: Figure 4]FIGURE 4 | Femoral stem with stochastic porous structure: (A) porous femoral stem immediately after selective laser melting processing. (B) porous femoral stem after post-treatment, including residual powder removal, separation from the manufacturing platform, and micro-blasting with aluminum oxide (Simoneau et al., 2017).
PERFORMANCE OF POROUS FEMORAL STEMS
The main factors that determine the long-term survival of a femoral stem are stress shielding, bone ingrowth, and fatigue strength. Therefore, the evaluation of the performance of porous femoral stems is mainly focused on these factors.
Prevention of Stress Shielding
A key advantage of using a porous structure in the femoral stem is that it can reduce stress shielding by reducing the stiffness of the stem, and thus the ability to avoid stress shielding is an important consideration for evaluating porous femoral stems. The evaluation of stress shielding mainly considers the following aspects:
(1) The Stiffness of the Femoral Stem
The greater the stiffness of the femoral stem, the less likely it is to undergo bending deformation in vivo and transfer load to the femur. Therefore, reducing the stiffness of the femoral stem is conducive to avoiding stress shielding. Mehboob et al. found that the degree of stress shielding is positively correlated with the axial stiffness of the femoral stem (Mehboob et al., 2020a). Jette et al. calculated the axial stiffness of the femoral stem under axial compressive load according to the force-displacement curve using finite element analysis and in vitro mechanical experiments. The results showed that the stiffness of porous Ti6Al4V femoral stems is up to 31% lower than their non-porous counterpart (Jette et al., 2018). Similarly, using a cantilever bending test, Hazlehurst et al. found that the stiffness of a porous CoCrMo alloy femoral stem was up to 60% lower than a traditional solid femoral stem (Hazlehurst et al., 2014a). Mehboob et al. reported that a BCC porous femoral stem with a porosity of 47.3% had a stiffness value closest to that of femoral bone. However, although the stiffness of the femoral stem is closely related to stress shielding, the load transfer from the femoral stem to the femur is not only determined by the stiffness but also by the stem geometry and the fitness to the medullary cavity (Diegel et al., 1989).
(2) Stress on Femur
The stress on the femur is the most direct indicator of loading on the femur and has been used in most studies to evaluate stress shielding. While in vitro mechanical experiments are an accurate and reliable way of measuring material stress, only the stress values on the surface of the femur can be obtained by strain gauges or digital image correlation technology, and the stress distribution in the interior of the femur can not be measured. Finite element analysis has become an effective method to study the load transmission from the stem to the femur. Using the finite element method, Harrysson et al. evaluated the degree of load transfer from the femoral stem to the femur according to the stress distribution on the femur after implantation of different femoral stems (Harrysson et al., 2008). Hazlehurst et al. marked 25 nodes in the Gruen zone of the femur and evaluated stress shielding at each Gruen zone (Levadnyi et al., 2017) of the proximal femur according to the average von Mises stress on the nodes distributed in each partition (Hazlehurst et al., 2014b). Limmahakhun et al. set up two paths in the medial and lateral femur, respectively, and calculated the average Von Mises stress on each path to evaluate the stress shielding of each Gruen zone (Limmahakhun et al., 2017a). Also, in addition to assessing stress on the femur, stress shielding can also be evaluated according to the stress change ratio of the femur after the implantation of the femoral stem (Eq. 4).
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Sint is the average von Mises stress on the intact femur, Sstem is the average von Mises stress on the implanted femur.
The relationship between physiological load and bone remodeling has been used to simulate the change in bone mineral density after total hip arthroplasty, which could help evaluate the effectiveness of long-term fixation of porous femoral stems. According to Huiskes’ strain-adaptive bone remodeling theory (Huiskes et al., 1992), the strain energy density (SED) in the bone can be used to quantify stress shielding. The change of bone density ([image: image]) can be used to describe the process of bone remodeling, according to .
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S ([image: image]) is the strain energy density (SED) in the femur, where Ui is the strain energy in load case i, n is the number of loadings, ρ is the apparent density, Sref is the SED in the intact bone, and s is an empirical constant used to define a dead zone where bone remodeling does not occur. In Huiskes’ study, s was reported to be 0.75 (Huiskes et al., 1992).
In addition, in most studies, in order to reduce the calculation time, the porous section of the femoral stem was often simplified as a solid model, whose material properties were set to be equivalent to the apparent elastic modulus of a porous structure (Hazlehurst et al., 2014b; Limmahakhun et al., 2017a; Arabnejad et al., 2017; Alkhatib et al., 2019a; Mehboob et al., 2020a). Although Jette et al. found that the results of this simplified finite element model were consistent with that of the in vitro mechanical experiment (Jette et al., 2018), another study found that the strain field of the simplified model did not match the data measured by digital image correlation technology (Simoneau et al., 2017). Another major limitation of simplifying porous structures to solid material is that it cannot reliably evaluate local stress, and the contact mode between the porous structure and bone at the microscale also changes from surface-to-surface to point-to-face contact. Further investigation is required to understand how changing the contact mode affects the stress on the bone.
A common method for designing porous femoral stems is to simulate bone remodeling after implantation and then afterwards optimize the design of the porous stem structure (Arabnejad et al., 2017; Wang et al., 2018; Wang et al., 2020). However, bone remodeling is also affected by many other factors, such as the shape of the implant, type of surgical operation, and individual differences in anatomy. The long-term effectivity of porous femoral stems needs to be verified through clinical studies before there is confidence in these novel designs. At present, none of the porous femoral stems introduced above have been used in clinical practice.
Promotion of Bone Ingrowth
Total hip arthroplasty (THA) aims to restore hip joint function by replacing the diseased joint with a prosthesis. The effectiveness of the new motion pair is heavily influenced by the strength of the fixation between the prosthesis and bone. Cementless femoral prostheses undergo fixation in two stages, (i) initial stability achieved through the press-fit between the femoral stem and the medullary cavity and (ii) secondary stability, or long-term fixation, by bone ingrowth onto the stem surface, which is known as osseointegration. Effective bone ingrowth can provide secure fixation between the stem and bone, thus providing good long-term stability and reduce aseptic loosening.
(1) Parameters Evaluating Bone Ingrowth
Good initial stability of the prosthesis is a prerequisite for bone ingrowth, which is affected by the relative micro-motion between the prosthesis and bone (Büchler et al., 2003) (Figure 5). Previous studies have shown that excessive micro-motion (greater than 150 μm) results in the ingrowth of fibrous tissues into the femoral stem, but is not conducive to the ingrowth of bone tissue. Numerous studies have shown that micro-motion between the femoral stem and bone interface is negatively correlated with the stiffness of the femoral stem (Alkhatib et al., 2019b). The main purpose of designing stems with a porous internal structure is to reduce stiffness to avoid stress shielding of the bone, but the reduced stiffness may also cause excessive interface micro-motion. This point is critical when designing femoral stems, that features designed to reduce stress shielding must be evaluated as to whether they introduce excessive micro motion in the early stages after surgery. As such, Alkhatib et al. found that BBC structures with a porosity greater than 80% can produce excessive interface micro-motion (Alkhatib et al., 2019b). Similarly, Wang et al. constructed a diamond-like porous structure and recommended that the porosity not exceed 50% to keep micro-motion within acceptable limits (Wang et al., 2020). Interface micro-motion can also be controlled by adjusting the stiffness of different regions of the femoral stem (Limmahakhun et al., 2017a; Alkhatib et al., 2019b; Wang et al., 2020), for example by designing a femoral stem with greater stiffness around the proximal end or inner core.
[image: Figure 5]FIGURE 5 | Details of the bone-implant interface, D represents interface micro-motion.
The risk of instability caused by excessive micro-motion can be described by the interface failure index F (b), which should be less than 1 to ensure there is minimal risk of interface failure. As shown in Eq. 6, F (b) is determined by the local shear stress ([image: image]) at the bone-implant interface and the bone density ([image: image]) at point b (Wang et al., 2018). This means that the shear stress should not be greater than [image: image], with a higher bone density indicating a lower risk of interface failure. Two studies (Arabnejad Khanoki and Pasini, 2013; Wang et al., 2018) used this theory to optimize the design of the porous structure to make sure that the design of the femoral stem does not introduce excessive stress shielding and micro-motion at the bone-implant interface.
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(2) Simulation Study on the Bone Ingrowth
During the healing stage after THA, the surface of the porous stem is initially filled with callus (healing tissue), which will be replaced by bone over time. The ossification process of callus is a complex process affected by the mechanical environment (Isaksson et al., 2006). Some studies have proposed mechano-regulation algorithms using different mechanical stimuli, such as strain, pore pressure, and fluid velocity, as biological stimulation signals to describe this process (Huiskes, 1997; Isaksson et al., 2006; Andreykiv et al., 2008; Tarlochan et al., 2017). Among them, the mechano-regulation theory based on deviatoric strain (DS) proposed by Isaksson et al. (Isaksson et al., 2006) is widely used to predict the osseointegration process at the bone-stem interface (Mehboob et al., 2017; Mehboob et al., 2020a). In Lacroix et al.'s model, the process of tissue differentiation can be divided into six stages based on the deviatoric strain level: granulation tissue, fibrous tissue (DS>5%), cartilage (5%>DS>2.5%), immature bone (2.5%>DS>0.05%), intermediate bone (2.5%>DS>0.05%), and mature bone (DS<0.05%). The Young’s modulus of tissue increases with the level of callus ossification. Therefore, the osseointegration between the callus and the implant becomes stronger with a higher level of differentiation of the callus, resulting in a more effective fixation of the femoral stem.
Using the theory of mechano-regulation algorithms based on deviatoric strain, Mehboob et al. studied how the thickness of the porous surface (determines the callus thickness) and stem stiffness affects bone formation (Mehboob et al., 2020a). The initial stage of the callus around the femoral stem is considered granulation tissue. The principal strains (ε1, ε2, ε3) on each callus element were used to calculate deviatoric strain, as shown in Eq. 7. Thus, tissue differentiation at each iteration process can be predicted according to the principal strains. The results showed that the lower the stiffness of the femoral stem, the higher the degree of tissue differentiation. In addition, the thicker the porous surface, the greater the stiffness of the femoral stem needed to ensure initial stability, thus generating less interface micro-motion and promoting tissue differentiation.
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(3) In-vivo Study on the Bone Ingrowth
Although mechano-regulation algorithms can indirectly predict bone formation after implantation of a porous femoral stem, the actual process of bone formation is the result of a variety of factors, including the in vivo biological environment. At present, to the author’s knowledge, clinical trials have not yet been performed on any femoral stems with internal porous structure, and as such there is no corresponding clinical data available to verify the effectiveness of numerical simulations. However, animal experiments have been used to study bone ingrowth on porous implants. Arabnejad et al. implanted two kinds of porous metal cylinders composed of octet truss and tetrahedron into the femur of dogs (Figures 6–A) and removed the implants after 4 and 8 weeks for histological tests to quantitatively evaluate bone ingrowth (Arabnejad et al., 2016), as shown in Figures 6–B. The results showed that bone ingrowth was positively correlated with the porosity of the implant and the octet truss implant showed more bone ingrowth than the tetrahedron implant.
[image: Figure 6]FIGURE 6 | (A) Intraoperative photograph of porous implants in the lateral femoral cortex. (B) Backscattered scanning electron micrograph of a transverse (1) Octet truss and (2) Tetrahedron transcortical implant section at (a) 4 weeks and (b) 8 weeks. Bone ingrowth can be seen throughout the length of the implant at 8 weeks after surgery (Arabnejad et al., 2016). (C) Diagram of push-out test. (Bobyn et al., 1999).
In Arabnejad et al.’s study, the short porous implants were inserted into holes created with an electric drill in the lateral femoral cortex of dogs. The loading conditions would be considerably different from those on a femoral stem implanted in the medullary cavity. In addition to histological observation, the push-out or pull-out force of the femoral stem could also be used to evaluate the fixation strength after bone ingrowth. As shown in Figures 6–C, Bobyn et al. designed a mechanical experiment to measure the push-out force of a porous implant from the surrounding bone (Bobyn et al., 1999). The load was applied to the end of a cylindrical implant and the peak load recorded. The fixation strength was calculated by dividing the peak load by the cross-sectional area of the cortical bone connected with the implant.
Prevention of Fatigue Fracture
The load acting on the hip joint in a gait cycle is about 2.5–3 times body weight. After the femoral stem is implanted into the body, it not only has to bear the bodyweight but also have sufficient fatigue life to withstand the repeated loading during daily activities. In addition to the stiffness of porous stems typically being lower than solid ones, the fatigue strength is also often lower because they are made using additive manufacturing technology (Amin Yavari et al., 2013). Therefore, the fatigue strength should be carefully evaluated when designing porous femoral stems. Mechanical tests and fatigue analyses are commonly used methods for evaluating and optimizing the fatigue durability.
(1) Mechanical Test Method
Fatigue testing according to ISO 7206-4:2010 (Standardization, I.O.f., and ISO7206-4, 2010) is the most common approach for evaluating the strength of a porous femoral stem. This test requires the distal end of the femoral stem to be fixed in an embedding medium (usually bone cement), and the stem body aligned with 10° anteversion and 9° abduction. The head of the femoral stem is then subjected to a vertical downward cyclic load ranging from 300 to 2600 N for 5×106 loading cycles. Yang et al. (2009) designed three types of hollow femoral stems, which are a stem with round holes in the proximal region, a stem with long holes in the proximal region, and a stem with both round holes and long holes in the proximal region. Fatigue tests were performed on all three femoral stems in accordance with ISO 7206-4:2010, and accompanied by finite element (FE) models to simulate the fatigue test. The three femoral stems survived the full 5 × 106 loading cycles, with the FE models showing the areas most prone to fatigue fracture (showing high stress concentration) being mainly concentrated around the middle lateral region of the stem and the regions around the pores. Due to the high stresses observed around the pores in the femoral stem, fatigue cracking is more likely to occur in this area (Zhou and Soboyejo, 2004). These cracks may expand due to corrosion from the fluid medium, so the porous structure of the femoral stem is more prone to fatigue failure (Yang et al., 2009; Arabnejad Khanoki and Pasini, 2013). However, ISO 7206–4 does not specify the fluid medium for testing and the choice of fluid medium may affect the results of the fatigue test. In addition, the mean hammering force when a surgeon inserts the femoral stem into the femur using a hammering is reported to be 9.2 kg (Sakai et al., 2011), which is over ten times the body weight (assuming to be 75 kg). Although most porous femoral stems are designed with solid femoral necks to meet the strength requirements and fit with a standard femoral head, however, when the stem is implanted, excessive percussion forces may fracture the porous structure. Further testing may be required to verify if the femoral stem can meet the strength requirements during implantation.
(2) Finite Element Method
Fatigue testing using a finite element model is another approach to assessing fatigue life, such as the Soderberg fatigue theory and Goodman fatigue theory. Although the Soderberg theory is more conservative, studies have shown it to be accurate in predicting the fatigue life of porous femoral stems (Yang et al., 2009; Arabnejad Khanoki and Pasini, 2013; Mehboob et al., 2020b). Using this method, the maximum stress ([image: image]) and minimum stress ([image: image]) generated in the porous femoral stem were used to calculate mean stresses (σm) and alternating stresses (σa) in one load cycle, as defined by Eq. 8, 9.
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According to the Soderberg approach, the femoral stem will not undergo fatigue failure if [image: image] and [image: image] are both located below the Soderberg line, defined as follows:
[image: image]
Where Se is the endurance limit of the material, which can be estimated according to the S/N curve of the material (Senalp et al., 2007). Sys is the yield strength of the material, and N is the factor of safety.
Arabnejad et al. integrated the Soderberg fatigue theory into the design of a porous femoral stem (Arabnejad Khanoki and Pasini, 2013). They proposed applying smoother geometric unit cells or designing a solid core in the femoral stem to improve the fatigue strength.
Materials
Femoral stems must be able to withstand long-term cyclic mechanical loading and the corrosive effects of body fluids, so there are strict requirements around biocompatibility, safety, and effectivity. At present, porous femoral stems manufactured through 3D printing are mainly made of titanium alloy (Ti6Al4V) or CoCrMo alloy (Co-Cr-Mo), as shown in Table 2.
TABLE 2 | Materials and manufacturing methods of porous femoral stems.
[image: Table 2]Porous femoral stems made of Ti6Al4V have been reported with good biocompatibility and corrosion resistance (Ryan et al., 2008; Arabnejad et al., 2017; Mehboob et al., 2020b). And compared with 316L stainless steel (210 GPa) and CoCrMo alloy (240 GPa), Ti6Al4V has a lower Young’s modulus (55–110 GPa) (Zhang and Attar, 2016) and higher strength to weight ratio (Head et al., 1995). Arabnejad et al. fabricated Ti6Al4V porous femoral stem with an average pore size of 500 μm. Through mechanical experiments, they found that the porous femoral stem can significantly reduce the stress shielding on the medial end of the proximal femur by comparison with the solid one in the case of the same material (Arabnejad et al., 2017). Considering that aluminum has been linked to the development of Alzheimer’s disease and vanadium is cytotoxic (Ryan et al., 2008; Sidhu et al., 2020), titanium alloys have been developed without these materials, such as Ti35Nb7Zr5Ta (TNZT), Ti12Mo6Zr2Fe (TMZF) and Ti32Nb8Zr4Ta, which could potentially be used for manufacturing porous femoral stems (Eldesouky et al., 2017a; Sidhu, 2021). Eldesouky et al. found that TNZT and TMZF have a lower stiffness (55–85 GPa) than Ti6Al4V and produce less stress shielding (Eldesouky et al., 2017a). Sidhu et al. used electrical discharge machining (EDM) on a Ti32Nb8Zr4Ta implant to obtain a biocompatible porous surface that could better promote bone ingrowth (Sidhu, 2021).
Another option is to manufacture femoral stems from CoCrMo alloy (Hazlehurst et al., 2014a; Limmahakhun et al., 2017a). CoCrMo has better wear resistance, corrosion resistance and ultimate strength than titanium alloy (Milošev, 2012) and is cheaper to manufacture with, but the stiffness is almost double and so is likely to produce greater stress shielding. However, including a porous inner structure in the femoral stem would lower the stiffness and could make this alloy a viable option. Alternatively, a monoblock CoCrMo porous femoral stem was developed by Hazlehurst et al. and shown to have a stiffness nearly 60% lower than a fully dense stem, which helps avoid stress shielding (Hazlehurst et al., 2014a). The integrated design also reduces the production of wear particles between the head-neck taper. Limmahakun et al. also successfully fabricated a CoCrMo porous femoral stem via AM. The stem had a mass of approximately half of the solid stem, and its flexure stiffness was about one-tenth that of the solid stem (Limmahakhun et al., 2017a). However, the studies above only fabricated the femoral stem (excluding the femoral neck and femoral head) and carried out three-point bending tests. To truly assess the feasibility of these designs, a full prosthesis would be required and tested under physiological loading. In addition, it has been found that the addition of calcium phosphate (CAP) powder during the additive manufacturing process of CoCrMo alloy can form CoCrMo-CaP composites. Compared with CoCrMo alloy without calcium, CoCrMo-CaP composite can significantly improve the wear resistance and is expected to be used for femoral stem (Sahasrabudhe et al., 2018).
Porous tantalum is another potential material for the manufacture of porous femoral stems. Porous tantalum has been reported to have good biological adaptability, good corrosion resistance, low elastic modulus and an excellent ability for osseointegration (Bobyn et al., 1999). In addition, its high friction coefficient can increase the initial stability of the prosthesis (Biemond et al., 2011). Tantalum has primarily been used in artificial hip joints to manufacture the acetabular cup (Unger et al., 2005; Levine et al., 2006). In addition, tantalum has been used to fabricate augments in the treatment of pelvic discontinuity (Sporer et al., 2005). However, to date no porous tantalum femoral stem has been fabricated via AM and so more research is needed in this area.
Manufacture
It is challenging to prepare complex and interconnected porous structures using traditional manufacturing methods such as by powder metallurgy or powder sintering, and the application of these technologies is limited in terms of the ability to adjust the morphology and distribution of the pores. Additive Manufacturing (AM), first appeared in its basic form in the 1980s where materials were stacked layer by layer to form the required three-dimensional entity (Melican et al., 2001). This bottom-up approach makes it possible to prepare complex porous structures and makes it easier for researchers to design customized implants. Among the various 3D printing technologies, Selective Laser Melting (SLM) and Electron Beam Melting (EBM) are the most widely used to manufacture porous femoral stems. The manufacturing details of the porous femoral stems are shown in Table 2.
Electron beam melting (EBM) uses high-energy and high-speed electron beams to selectively bombard metal powder in a vacuum environment. The metal powder is melted together and is bonded with the formed part, and stacked layer by layer until the whole part is melted. Compared with SLM, EBM allows for a higher molding density, quicker manufacturing times, and lower residual stress. The disadvantage is that the size of the powder bed limits the size of the formed sample, and EBM cannot so far print non-metallic materials such as plastics or ceramics. EBM technology can also use electron beam scanning to preheat each layer of metal powder to reduce the residual stress of the molded parts. After preheating, the metal powder achieves a state similar to pseudo sintering, but the removal of these powders needs to be considered post-treatment.
Selective laser melting (SLM) technology can selectively melt metal powder on a powder bed by controlling the laser beam with a specific wavelength and intensity in an inert gas atmosphere. Compared with EBM, SLM has a smaller beam spot, which is more conducive to forming fine features and complex parts and results in a higher surface quality and mechanical strength. The disadvantage of SLM is that it can produce high residual stress within the finished part.
When using EBM or SLM to manufacture a porous femoral stem, residual metal powder is often found in the pores. Although these powders will not significantly impact the structure’s mechanical properties, they can cause a high level of metal ions in the blood and related complications after total hip arthroplasty (Levine et al., 2013; Chang and Haddad, 2019). Conventional methods for removing the powder include a vibration table or using compressed air (Simoneau et al., 2017; Jette et al., 2018). Harrysson et al. found that by reducing the preheating of the powder bed when using EBM the amount of sintering powder could also be reduced, which made it easier to remove residual melted powder from the pores (Harrysson et al., 2008). Similarly, Eldesouky et al. fabricated porous scaffolds with good geometric consistency using EBM (Eldesouky et al., 2017b), but found an inconsistency between the measured mass and the designed mass, which may be related to the titanium powder retained in the pores.
Good permeability of the porous structure is helpful when removing residual powder. Jette et al. (2018) and Simoneau et al. (2017) fabricated femoral stems with a regular porous structure and random porous structure via SLM, respectively. The volume of residual powder in the regular porous structure accounted for 3% of the porous volume, which was much less than the 15.5% for the random structure. This was due to the higher tortuosity inside the structure, which made the powder more difficult to remove. In addition to structure permeability, when designing a femoral stem, holes or channels can also be added to help remove residual powder (Mehboob et al., 2020b) (Hazlehurst et al., 2014a) ((Figures 7–A, Figures 7–B). .
[image: Figure 7]FIGURE 7 | (A) Hole positioned at the bottom of the femoral stem for powder removal designed by Mehboob et al. (2020b); (B) Powder removal holes at the top and bottom of the femoral stem designed by Hazlehurst et al. (2014a).
A key observation reported in previous studies on porous structures is that the size of the pores after manufacture may be different from the design, which may affect the mechanical properties and osseointegration potential of the implant, as shown in Figure 8. Arabnejad et al. printed a porous femoral stem using EBM with cell sizes of 1, 2, and 3 mm and found that the larger the cell size, the closer the fabricated parameters were to the design parameters (Arabnejad Khanoki and Pasini, 2013). The implant with a cell size of 1 mm had thicker walls (33.5% thicker) and smaller pores (53.6% smaller) than the design, and the pores contained partially melted powder. However, increasing the designed pore sizes to 2 and 3 mm considerably reduced the discrepancy to only 5.5 and 0.1%, respectively. However, large unit cells may not be suitable for bone growth, but coating the material in a conductive layer could potentially resolve this.
[image: Figure 8]FIGURE 8 | (A) 3D reconstruction of a unit cell. (B) Discrepancy between design parameters and manufactured parameters (Arabnejad et al., 2016).
The porosity and strut angle unit cells are also important factors affecting manufacturing accuracy. Arabnejad et al. found that the greater the porosity the greater the error between the measured porosity and the designed porosity, and the smaller the angle between the strut and the horizontal plane, the greater the error between the actual strut thickness and the design value (Arabnejad et al., 2016). Acid etching or electropolishing can be used after manufacture to reduce the discrepancy, but this may affect the final mechanical properties of the porous structure (Pyka et al., 2012).
OTHER FACTORS AFFECTING THE MECHANICAL BEHAVIOR OF POROUS FEMORAL STEMS
In addition to the type of porous structure, the distribution of pores and the shape of the femoral stem are also important factors that may influence the performance. The following will introduce the factors to be considered when designing the macro-morphology of a porous femoral stem.
Functionally Graded Femoral Stem
Functionally graded materials (FGM) are composite materials composed of two or more materials with continuous gradient changes in composition and structure. Local material properties of FGM can be controlled by changing the composition and structure of the materials. The advantage of using FGM in femoral stems is that the properties of specific regions of the stem can be tailored to reduce the stiffness mismatch between the prosthesis and surrounding bone and provide a more uniform stress distribution in the femur. In 2014, Hazlehurst et al. (Hazlehurst et al., 2014b) first used porous materials to achieve a functional gradient in a femoral stem, they designed two femoral stems with axial and radial orientation, respectively. The former was realized by arranging the porous structures with different stiffness at the proximal and distal ends of the femoral stem, while the radial gradient was achieved by having a porous inner core of the stem surrounded by an outer dense metal shell. The results showed that the axial gradient design was better capable of reducing stress shielding in proximal–medial femur than a homogeneous porous structure. However, the radial gradient design with the external dense metal shell did not help to reduce stress shielding. In a related study, Limmahakhun et al. designed graded porous femoral stems with axial and radial orientations incorporating more graded porous sections (Limmahakhun et al., 2017a). The results showed that the axially graded stem with a stiffer proximal end or the radially graded stem with a stiffer inner core performed better at reducing stress shielding and also produced less micro-motion. Alkhatib et al. (2019b) proposed an axially graded femoral stem according to a sigmoid function that had a smooth distribution of pores along the stem’s axis. The porosity of this femoral stem increased gradually from top to bottom, and the porosity changed according to the sigmoid equation. The larger the grading exponents of the sigmoid equation, the more obvious the change in porosity in the upper and lower sections of the femoral stem, and the more gradual the change in porosity around the middle section. However, Alkhatib’s study found that the graded femoral stem with higher stiffness at the proximal end could better reduce bone-implant interface micro-motion than a homogeneous porous femoral stem, and the micro-motion decreased as the grading exponents increased. Arabnejad et al. established an optimization program to minimize stress shielding by adjusting the local density of the femoral stem (Arabnejad et al., 2017). In theory, this optimized femoral stem should be better able to reduce stress shielding than the axial or radial functional gradient femoral stem, and may be better suited to customized prosthesis. Future work may consider customizing the design according to the patient’s weight, bone density, medullary cavity shape or other factors. The four types of functionally graded femoral stems described above are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Four types of functionally graded femoral stems: (A) A two-step gradient stem designed by Hazlehurst et al. GPS: porous stem with axially graded stiffness, PC: porous stem with radial graded stiffness (Hazlehurst et al., 2014b); (B) Multi-level gradient stem designed by Limmahakhun et al. (2017a); (C) Smooth gradient stem designed according to a sigmoid function designed by Alkhatib et al. (2019b); (D) Stem using an optimum distribution of relative density to minimize stress shielding, designed by Arabnejad et al. (2017).
Stem Length
According to Feyen’s classification of femoral stem length (Feyen and Shimmin, 2014), a femoral stem whose length is less than twice the vertical distance from the tip of the greater trochanter to the base of the lesser trochanter is defined as a short stem, and those having a greater length are defined as a standard stem. The length and shape of the femoral stem determines the fixation mode against the femoral medullary cavity. Because the cortical bone at the diaphysis is hard and strong, the diaphyseal fixation of the femoral stem often has good initial stability. However, diaphyseal fixation also induces more load transfer to the distal femur, which causes stress shielding in the proximal femur. The fixation of a short stem mainly depends on ‘fit and fill’ with the metaphyseal region, which can transfer more load to the proximal end to avoid stress shielding at this location. Although numerous studies have investigated the effect of the stem length on stress shielding, it is still unclear whether short stems or standard stems are more suitable for stems with a porous structure.
This review classified various porous femoral stems from previous studies according to Feyen’s classification system (Feyen and Shimmin, 2014). The results showed that the number of studies focusing on standard femoral stems was twice that of short stems. Most studies did not consider the effect of stem length on the performance of the porous femoral stem under investigation. Some reports studied the effect of the stem length on stress shielding. However, the incorporation of a porous structure changes the local stiffness of the femoral stem and the stress distribution on the prosthesis and bone. In this case, the effect of the stem length on stress shielding needs to be investigated further. We also found that about half of the porous femoral stems were designed based on the existing commercially available prostheses, while the other half was innovative. The geometric profiles of these innovative femoral stems mostly do not conform to the basic design principles required for a successful femoral prosthesis. For example, some had sharp edges, which might cause excessive local stress concentration on the femur, and others had an overly-thin stem body which may not provide sufficient strength for a press-fit fixation in the femoral medullary cavity.
Other Design Concepts
Standard practice when implanting a femoral stem is to hollow out the proximal region of the femur. However, a reduction in intramedullary blood supply may increase the resorption of cortical bone (Pazzaglia, 1996). To compensate, Yang et al. designed a hollow femoral stem with holes on the surface which provide space for medullary revascularization (Yang et al., 2009) (Figures 10–A). The stiffness of the femoral stem was also reduced due to the removal of the material inside the stem, which helped to reduce the level of stress shielding. This porous stem also allowed for bone ingrowth. However, the diameter of the hole was set to be 2 mm, which was much larger than the pore size reported to be suitable for bone ingrowth (50–800 μm) (Harrysson et al., 2008; Arabnejad et al., 2016).
[image: Figure 10]FIGURE 10 | (A) hollow femoral stem designed by Yang et al. (2009). (B) cement-locked uncemented (CLU) femoral stem (Viceconti et al., 2001). (C) cementless stem with porous structure for injecting bone cement, designed by Eldesouky et al. (2017b).
Another noteworthy design concept is cement-locked uncemented (CLU) prostheses, which were first introduced by Viceconti et al. (Figures 10–B) in 2001. With this system, the femoral stem and medullary cavity are connected by a hybrid fixation system, and the initial stability of the femoral stem is achieved by injecting bone cement into pockets located on the lateral part of the femoral stem (Viceconti et al., 2001). However, the presence of the injected cement decreases the area for bone ingrowth. Similarly, Eldesouky et al. designed a porous femoral stem composed of square unit cells at the proximal end which was stabilized after implantation by injecting biodegradable bone cement into the pores (Eldesouky et al., 2017b) (Figures 10–C). In addition, the porous structure at the proximal end and the holes at the distal end of the femoral stem can also reduce the stem stiffness, thereby reducing the stress shielding. Although the porous structure increases the contact area with bone cement and achieves a stronger stem-cement bond, due to differences in elasticity of the femoral stem, cement shell and bone, and the cyclic load acting on the hip joint, interface micro-motion between the stem and cement is inevitable (Cristofolini et al., 2003; Scheerlinck, 2011). The rougher the femoral stem interface is, the easier it is to damage the bone cement shell and produce cement debris, which may cause osteolysis (Verdonschot, 1998). And owing to the smaller cross-sectional area of the cemented femoral stem than the uncemented stem, the bending stiffness of the cemented femoral stem is lower, and it produces less stress shielding.
6 SUMMARY AND FUTURE DIRECTION
Summary
This paper reviewed previous research into porous femoral stems, including the structural/morphological characteristics of the porous structure, the mechanical and biological performance of the femoral stem, factors affecting performance, and material and manufacturing techniques.
1) As for the porous structure applied to the femoral stem, most previous studies used regular porous structure types. BCC, tetrahedral and diamond lattices are porous lattice structures that are more widely used in femoral stem because of their good isotropy, low stiffness and high strength. Furthermore, previous studies aimed to optimize the design parameters and distribution of the porous structures in the femoral stem according to various mechanical and biological factors (stress shielding, interface micro-motion, fatigue strength, and bone ingrowth).
2) Most published data on bone ingrowth into porous femoral stems were estimated indirectly by measuring interface micro-motion or through bone ingrowth simulations by FEA. In addition, effects of muscle tissues on the bone-stem mechanical transmission were ignored by many studies. A small number of studies inserted porous cylindrical implants in animals to investigate the in vivo performance, but such models may not be representative of human femoral bone under different loading conditions.
3) The macro design of a femoral stem, including stem length and the presence of a collar, are factors affecting the mechanical performance, but were not considered in most previous studies of porous femoral stems.
4) The most common materials used for porous femoral stem are Ti6Al4V and CoCrMo alloys. Alternatively, novel materials (Ti35Nb7Zr5Ta (TNTZ) and Ti12Mo6Zr2Fe (TMZF)) which present lower stiffness and cytotoxicity than traditional Ti6Al4V, have shown a potential application in the porous femoral stems. However, there is no manufacture case of the femoral stem using the above materials.
Future Direction

1) When designing a porous femoral stem, not only do the parameters referring to the stiffness, strength, isotropy, and potential for bone ingrowth need to be considered, but the distribution of pores is also important. The pores in the femoral stem could be arranged according to the stress distribution on the stem for the purpose of achieving the best mechanical performance.
2) Metamaterials, such as an auxetic structure, have shown potential application in the femoral stem, thus a combination of several types of porous structures could be used to tailor the various mechanical and biological requirements along the femoral stem.
3) A key advantage of additive manufacturing is the ability to easily manufacture customized implants to fit an individual patient’s needs. A customized femoral stem with optimal mechanical and biological adaptation characteristics according to the weight, bone density, and morphology of the medullary cavity may be recommended in the future. In addition, additive manufacturing is also helpful to design the femoral stem with powder removal holes to help remove any residual powder after manufacture.
4) The design of porous femoral stem needs to consider the practicality for clinical applications, avoiding some stems being too thin or having sharp edges. Moreover, if good bone ingrowth into the porous femoral stem is achieved, how to remove the stem in the revision surgery is something that also needs to be considered.
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Because of the low self-healing capacity of articular cartilage, cartilage injuries and degenerations triggered by various diseases are almost irreversible. Previous studies have suggested that human chondrocytes cultured in vitro tend to dedifferentiate during the cell-amplification phase and lose the physiological properties and functions of the cartilage itself, which is currently a critical limitation in the cultivation of cartilage for tissue engineering. Recently, numerous studies have focused on the modulation of chondrocyte redifferentiation. Researchers discovered the effect of various conditions (extracellular environment, cell sources, growth factors and redifferentiation inducers, and gene silencing and overexpression) on the redifferentiation of chondrocytes during the in vitro expansion of cells, and obtained cartilage tissue cultured in vitro that exhibited physiological characteristics and functions that were similar to those of human cartilage tissue. Encouragingly, several studies reported positive results regarding the modulation of the redifferentiation of chondrocytes in specific conditions. Here, the various factors and conditions that modulate the redifferentiation of chondrocytes, as well as their limitations and potential applications and challenges are reviewed. We expect to inspire research in the field of cartilage repair toward the future treatment of arthropathy.
Keywords: chondrocytes, redifferentiation, dedifferentiation, cartilage tissue engineering, arthropathy
INTRODUCTION
A multitude of diseases, such as osteoarthritis and trauma, lead to the degeneration and defect of articular cartilage; because articular cartilage hardly repairs itself, the loss of articular cartilage implies that these patients would have limited mobility and even disability (Smolen et al., 2016; Krishnan and Grodzinsky, 2018). Researchers have attempted to repair cartilage using a variety of techniques. The most recognized among them is autologous chondrocyte implantation (ACI), which uses autologous chondrocytes that are cultured and expanded in vitro for repairing cartilage by transplanting the expanded chondrocytes or cartilage-like tissue shaped using tissue-engineering technology into joints. However, one major problem of ACI is that autologous chondrocytes would dedifferentiate during the process of proliferation in vitro, become fibrous-like cells, and lose the physiological characteristics of the chondrocytes themselves. Therefore, researchers aim to develop methods to solve this problem and have assessed a variety of factors and techniques that may regulate the redifferentiation of chondrocytes in vitro, including the extracellular environment, cell sources, growth factors and redifferentiation inducers in the cell culture environment, and gene silencing and overexpression. In this study, we summarized and analyzed relevant studies in this field to provide strategies for the modulation of chondrocyte redifferentiation.
CELL SOURCES
The main cell source of ACI is a cartilage sample from the low-weight-bearing area of the patient’s sick joint (mainly the knee joint), which provides chondrocytes for cultivation and expansion in vitro, followed by their implantation into the articular cartilage defect (Jones and Peterson, 2006; Minas et al., 2014; Mistry et al., 2017). Current research shows that chondrocytes extracted from articular hyaline cartilage remain more effective in repairing cartilage than human bone marrow stem cells (HBMSCs), even though the former usually undergo dedifferentiation during in vitro culture and expansion (Makris et al., 2015). The implantation of HBMSCs into the defect of articular cartilage usually causes the formation of fibrocartilage, which is not sufficient for joints that have weight-bearing functions.
In turn, the use of human nasal septal chondrocytes in ACI has better clinical application potential (Mumme et al., 2016; von Bomhard et al., 2017). Compared with articular cartilage cells, human nasal septum chondrocytes exhibit a superior ability to reproducibly generate hyaline-like cartilage tissues, based on their plasticity of adaption to a joint environment. Moreover, polydactyly cartilage derived from patients with polydactyly in infancy may be another option in this setting. Polydactyly chondrocytes also have the potential for use in stable cartilage production (Cavalli et al., 2019). Similarly, microtia chondrocytes from patients with microtia are another alternative cell source, as dedifferentiated microtia chondrocytes transform into redifferentiated microtia chondrocytes after culturing in a three-dimensional (3D) chondrogenic culture system (He et al., 2020). Relevant researches on cell source have been summarized in Table 1.
TABLE 1 | Cell source modulates the redifferentiation of chondrocytes.
[image: Table 1]For practical application, it is feasible to use cartilage tissue from the patient’s own diseased joint as a cell source for ACI. However, the state of articular cartilage cells in different patients is not the same. Therefore, the reproducibility of the results of this approach in different studies is questionable.
EXTRACELLULAR MICROENVIRONMENT
During the process of in vitro expansion of chondrocytes, a variety of extracellular microenvironmental conditions may affect their dedifferentiation and redifferentiation, including the culture temperature, hypoxia, 3D culture, extracellular matrix (ECM), and hydrogel. Several studies have confirmed that hypoxia and 3D culture are beneficial for the redifferentiation of chondrocytes. Because 3D culture lacks uniform standards, the quality of studies of 3D culture is inconsistent. In turn, the fact that a low temperature (32.2°C) delays the dedifferentiation of chondrocytes may be because it attenuates all biological processes in chondrocytes. Finally, hydrogels have great potential for the redifferentiation of chondrocytes; however, the related parameter standard of hydrogels requires further investigation.
Culture Temperature
In 3D pellet culture, a temperature of 37°C promotes chondrocyte redifferentiation to a greater extent than does a temperature of 32.2°C. Moreover, a temperature of 32.2°C slows down the proliferation rate of chondrocytes significantly. In monolayer culture, hypothermia at 32.2°C retarded the dedifferentiation and proliferation rate of chondrocytes significantly (von Bomhard et al., 2017). Hypothermia has the potential to avoid dedifferentiation in monolayer culture. Another study demonstrated that a culture temperature of 41°C inhibited the redifferentiation of chondrocytes and the formation of ECM compared with 37°C (Ito et al., 2015).
Hypoxia
The environment in human healthy joints is hypoxic with negative pressure (Stegen et al., 2019). Does hypoxia regulate the redifferentiation of chondrocytes? Many studies (Duval et al., 2009; Markway et al., 2013; Das et al., 2015; Ollitrault et al., 2015; Rakic et al., 2017; Öztürk et al., 2017; Jeyakumar et al., 2019) have investigated the effect of hypoxic conditions on the redifferentiation of chondrocytes during in vitro expansion, with the results basically indicating that hypoxia has a positive effect on the redifferentiation of chondrocytes. In addition, several studies have reported that a partial oxygen pressure (pO₂) of 2.5% achieves the best effect in improving the expression of chondrocytic markers (Acan and Col2a1) and suppressing the expression of dedifferentiation markers (Col1a1 and Col3a1) (Jahr et al., 2019).
Three-Dimensional Culture
At present, 3D culture is widely used in cell culture, because researchers increasingly find that the extracellular environment of 2D culture is far from the real extracellular microenvironment. 3D culture can be classified into 3D culture methods with and without scaffolds (Wu X. et al., 2021), and Three-dimensional culture with scaffolds is widely used to redifferentiate chondrocytes (Caron et al., 2012). This type of culture is a common approach that is used to induce and maintain chondrocyte redifferentiation, and generate ECM. Numerous studies (von Bomhard et al., 2017; He et al., 2020; Caron et al., 2012; Takahashi et al., 2007; Schulze-Tanzil, 2009; Mukaida et al., 2005; Ahmed et al., 2014) have shown that 3D culture with scaffolds can regulate the redifferentiation of chondrocytes. Perhaps because researchers generally believe that 3D culture with scaffolds is closer to mammalian cartilage in physical properties, almost all 3D cultures with scaffolds are used to regulate chondrocyte redifferentiation. But can a scaffold-free 3D culture system regulate the redifferentiation of chondrocytes? This is a question worth studying. The application of bioprinting in cartilage tissue engineering has made great progress, but its effect on the redifferentiation of chondrocytes needs further research (Han et al., 2021). Besides, there is no criterion for 3D culture, which hinders its application to the induction of the redifferentiation of chondrocytes (represented in Figure 1).
[image: Figure 1]FIGURE 1 | In the microenvironment of two-dimensional culture, chondrocytes generally undergo dedifferentiation after proliferation. Three-dimensional culture with scaffolds has a good ability to modulate the redifferentiation of chondrocytes. And does the three-position culture without scaffold and bioprinting have the ability to modulate the redifferentiation of chondrocytes? This issue needs further research to clarify.
Extracellular Matrix and Hydrogels
It is believed that 3D culture can induce chondrocyte differentiation. Researchers have explored many bionic materials in this context. Because of the wide range of feasible properties and the ability to culture cells in material, hydrogels have become a promising extracellular scaffold (Vega et al., 2017). Based on their ability to adjust their elasticity, hydrogels are an option to regulate the redifferentiation of chondrocytes (Bachmann et al., 2020). Fibrin hydrogels with elasticity close to 30 kPa have a shape that is similar to that of the natural physiological cartilage tissue and is able to induce the synthesis of physiological ECM constituents, such as glycosaminoglycans (sGAG) and collagen type II (Bachmann et al., 2020). In addition, the adhesion-site density of the hydrogels has been proven to affect the redifferentiation of chondrocytes, whereas the hardness of the hydrogel substrate does not (Schuh et al., 2012). Researchers have discovered several novel types of hydrogel for the proliferation of chondrocytes in vitro. For example, a microcavitary alginate hydrogel can help dedifferentiated chondrocytes to redifferentiate and recover the capability of synthesizing ECM (Zeng et al., 2015). Gelatin–methacryloyl hydrogels, tyrosinase-crosslinked alginate sulfate tyramine hydrogels, and composite microfibers also exhibit potential for the engineering of cartilage-like tissues for 3D cultured chondrocytes (Klotz et al., 2016; Angelozzi et al., 2017; Öztürk et al., 2020). Self-assembled dendritic DNA hydrogel possesses inherent biocompatibility, biodegradability, and unique programmability, and has shown great potential in three-dimensional cell culture (Wu J. et al., 2021), but its effect on the redifferentiation of chondrocytes needs further investigation.
Compared with hydrogels, the decellularized matrix (DCM) derived from natural tissues is more suitable for cell culture and is closer to the physiological environment; however, the DCM has the disadvantage of being arduous to generate in large quantities. The mesenchymal stem cell (MSC)-derived extracellular matrix (MSC-ECM) is a natural biological material with strong bioactivity and excellent biocompatibility. Studies have shown that MSC-ECM derived from decellularized human bone marrow is an excellent culture substrate for the expansion of chondrocytes, with firm cartilage formation being observed after 21 days of culture in vitro (Yang et al., 2018). The meniscus-derived DCM has shown the promising effect of promoting the proliferation of chondrocytes. With the intervention of combined growth factors, meniscus-derived DCM can modulate the differentiation of chondrocytes (Liang et al., 2020). In addition, ECM deposited by synovial-derived stem cells significantly enhanced the proliferation of chondrocytes and retarded the dedifferentiation of the proliferated chondrocytes (Pei and He, 2012).
Growth Factors and Redifferentiation Inducers
Signal transduction mediated by the TGFβ superfamily plays an important role in the regulation of cell growth, differentiation, and development in many biological systems. The TGFβ and bone morphogenetic proteins (BMP) signaling pathways are regulated at multiple levels by the MAPK signaling pathway. In addition, in some cases, the TGFβ signaling pathway can also affect Smad-independent signal pathways, including the Erk, SAPK/JNK, and p38 MAPK signal pathways. Therefore, there exists cross-talk among the members of the TGF-β superfamily to regulate the redifferentiation of chondrocytes. Some studies have demonstrated the positive effect of the combined application of growth factors on the regulation of redifferentiation, but it is difficult to ignore the negative effect of some growth factors on the repair of cartilage, such as BMP2 can induce endochondral solidification (Zhou et al., 2016) and BMP7 may induce heterotopic ossification (Spiro et al., 2010); therefore, additional research is needed to assess the combinatorial effect of different growth factors.
Transforming Growth Factor β Family
Growth factors play a crucial role in the processes of cell proliferation, extracellular matrix synthesis, phenotype maintenance, induction of dedifferentiated chondrocytes or MSCs, and cartilage formation. The members of the transforming growth factor β (TGFβ) family are particularly paramount for these roles (Freyria and Mallein-Gerin, 2012; Dexheimer et al., 2016). Members of the TGFβ family include TGFβs, BMPs, and growth and differentiation factors (GDFs) (Thielen et al., 2019). The TGFβ family regulates cell-fate decisions during development, and tissue homeostasis and regeneration. The members of the TGFβ family are major participants in cartilage and bone formation, tumorigenesis, fibrotic diseases, immune dysfunction, and various congenital diseases (Wozney et al., 1988; David and Massagué, 2018).
Humans express three types of TGFβ, including TGFβ1, TGFβ2, and TGFβ3 (Chen and Ten Dijke, 2016). TGFβs are secreted by chondrocytes and combine with their ECM. Moreover, the TGFβ signaling pathways are related to the production and maintenance of cartilage ECM (van der Kraan et al., 1992; Jahr et al., 2019; Bachmann et al., 2020) and have a positive antiinflammatory effect in cartilage (Rédini et al., 1993; Takahashi et al., 2005). Of note, the regulation of chondrocyte hypertrophy is a particularly crucial role of TGFβ signaling pathways. The signaling transduction of pSMAD2/3 induced by TGFβs blocks the hypertrophy and terminal differentiation of chondrocytes (Yang et al., 2001; Li et al., 2006; Blaney Davidson et al., 2009; Kim et al., 2012). In some studies, TGFβs are used as a supplement to stimulate the redifferentiation of cultured chondrocytes in vitro (Jakob et al., 2001; Lee et al., 2005; van der Windt et al., 2010; Baugé et al., 2013; Bianchi et al., 2017; Bianchi et al., 2019). In contrast, the inhibition of the activity of TGFβ1 during cell expansion in vitro increases the redifferentiation ability of chondrocytes and inhibits their hypertrophy (Narcisi et al., 2012). TGFβ signaling transduction is pivotal in the regulation of the dedifferentiation and redifferentiation of chondrocytes (Dong et al., 2005). Nevertheless, this is a complex process, and additional research is necessary to clarify this issue.
In humans, the BMP signaling pathways include more than 20 distinct ligands, four type I receptors (Bmpr1a, Bmpr1b, Acvr1, and Alk1) and three type II receptors (Bmpr2, Acvr2a, and Acvr2b) (Antebi et al., 2017). These components can be combined with each other to assemble hundreds of different receptor–ligand complexes. Each complex is composed of two type I receptors and two type II receptor-binding ligands. The current research shows that the BMP pathway usually operates through multiple ligands and receptors (Lorda-Diez et al., 2014; Salazar et al., 2016). For example, BMP9 and BMP10 jointly regulate the production of vasculature (Ricard et al., 2012; Chen et al., 2013), and the existence of heterodimers of BMP2/6, BMP2/7, and BMP4/7 has been confirmed in vivo and in vitro (Bragdon et al., 2011).
BMP2 is a recognized chondrocyte maturation and hypertrophy inducer, and is able to induce cartilage differentiation, osteogenic differentiation, and endochondral ossification of stem cells (Zhou et al., 2016). BMP2’s regulation of chondrocyte redifferentiation is controversial in different studies. Davidson observed a lack of articular cartilage hypertrophy in mice overexpressing BMP2 for 6 weeks (Blaney Davidson et al., 2015). In addition, overexpression of BMP2 does not have a significant effect on articular cartilage damage, but it induces extensive osteophyte hyperplasia (Blaney Davidson et al., 2015). Rakic and colleagues combined BMP2 with a Col1a1 small interfering RNA (siRNA) and 3D hypoxia cell culture to induce chondrocyte redifferentiation successfully (Rakic et al., 2017). It is recognized that the transcription factor RUNX2 can induce bone formation, but the induction into cartilage requires the combined application of transcription factors SOX9 and RUNX2 (Eames et al., 2004). Perhaps similar to the transcription factor RUNX2’s role in cartilage formation, BMP2 may be necessary to regulate the redifferentiation of chondrocytes, and the use of BMP2 alone to induce chondrocyte redifferentiation is obviously a wrong method. It is known that BMPs and TGFβs are usually combined to participate in the proliferation and differentiation of chondrocytes (Miyamoto et al., 2007; Shintani et al., 2013). The growth factor mixture is a novel approach that is used to modulate the redifferentiation of chondrocytes. A mixture containing TGFβ1, BMP2, GDF5, BMP6, and fibroblast growth factor 2 (FGF2) has the potential to stably drive cartilage formation (Mendes et al., 2018). Similarly, TGF-β1, GDF-5, and BMP-2 as a combined inducer can significantly stimulate the expression of cell cartilage genes and secrete collagen type II (Murphy et al., 2015).
BMP7 promotes the expression of ECM in cartilage. Previous studies have suggested that BMP7 induces heterotopic ossification (Spiro et al., 2010); however, unlike BMP3, BMP7 does not induce excessive osteophyte proliferation (Hunter et al., 2010). The combination therapy of BMP7 and TGFβ3 has the advantage to stimulate the redifferentiation of chondrocytes (Huang et al., 2018). In addition, a scaffold composition was able to continuously release BMP7 and TGFβ3 and promote chondrocyte differentiation (Crecente-Campo et al., 2017). This scaffold can encapsulate a combination of different growth factors and exert a synergistic effect between them, to regulate chondrocyte redifferentiation. An interesting study demonstrated that, after 4 weeks of injection of human synovial MSCs overexpressing BMP7 into the thighs of mice, researchers discovered an implant that histologically resembled a rudimentary joint (Roelofs et al., 2017), in which there was articular cartilage, subchondral bone containing marrow, and a growth plate. This phenomenon warrants further investigation.
The role of BMP4 and BMP6 in the regulation of chondrocyte redifferentiation is poorly understood. BMP4 promotes the secretion of chondrocyte proteoglycan and the expression of collagen type II (Luyten et al., 1994). Similarly, BMP6 promotes the expression of proteoglycan in human cartilage (Bobacz et al., 2003; Chubinskaya et al., 2008). However, a hypertrophic effect of BMP6 has been observed in ATDC5 cells (Ito et al., 1999).
Other Growth Factors
FGF2 is a growth factor with a wide range of mitogenic and cell-survival activities (Nawrocka et al., 2020). Adding FGF2 to chondrocytes cultured in vitro promotes cell proliferation, induces rapid and reversible cell dedifferentiation, and leads to the expression of cartilage marker genes and secretion of ECM after inducing redifferentiation (Jakob et al., 2001; Claus et al., 2012). Several studies have used FGF2 as an inducer to promote the expansion of chondrocytes in vitro (Hendriks et al., 2006; Lee et al., 2017; Endo et al., 2019; Kikuchi and Shimizu, 2020; Song et al., 2021). After a large number of dedifferentiated chondrocytes was obtained, other inducers were used to induce the redifferentiation of chondrocytes (Martin et al., 2001; Dufour et al., 2019). Similarly, hypoxia combined with FGF2 to induce in vitro culture may be a better method for the expansion of chondrocytes in vitro. Moreover, hypoxia combined with FGF2 may improve the growth rate of cells, reduce the level of dedifferentiation during expansion, and have a greater ability to induce redifferentiation (Koh et al., 2017).
The insulin-like growth factor 1 (IGF1) and its downstream pathway play a major role in normal growth and aging, whereas the levels of serum IGF1 decrease with age (Frater et al., 2018). Similar to the role of FGF2, the activation of the IGF1 pathway could drive the rapid proliferation and hypertrophy of chondrocytes (Yakar et al., 2018). Several studies have also confirmed that IGF1 is not conducive to the redifferentiation of chondrocytes (Frerker et al., 2021). However, the combined application of IGF1 and TGFβs has been successful in regulating the redifferentiation of chondrocytes (Witt et al., 2017; Klinder et al., 2020).
The vascular endothelial growth factor (VEGF) is involved in angiogenesis and the negative regulation of cartilage growth by stimulating vascular invasion and ossification (Apte et al., 2019). Inhibition of VEGF function has a positive effect on cartilage formation by human-derived nasal chondrocytes (Carlevaro et al., 2000; Medeiros Da Cunha et al., 2017), and the obstruction of vascular invasion during bone healing, rather than osteogenic differentiation, is beneficial to cartilage formation by bone progenitor cells (van Gastel et al., 2020). The relevant researches of growth factors have been summarized and illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | Signal transduction mediated by growth factors plays an important role in the regulation of cell growth, differentiation and development in many biological systems. There exists cross-talk among the members of the TGF-β superfamily to regulate the redifferentiation of chondrocytes. TGFβs bind to its receptor TGFβ receptor Ⅰ (TGFβRⅠ) and Ⅱ (TGFβRⅡ) to form a complex, and BMPs bind to its receptor BMP receptor Ⅰ (BMPRⅠ) and Ⅱ (BMPRⅡ), Acv receptor (AcvR) to form a complex.
Other Redifferentiation Inducers
Platelet derivatives (such as platelet-rich plasma (PRP), hyperacute serum (HAS), platelet lysate (PL), and the <5 kDa fraction of human serum albumin (LMWF5A)) are used to overcome the dedifferentiation caused by the in vitro expansion used to achieve a sufficient number of cells and variable oxygen tension. Recent studies have confirmed that HAS enhances the proliferation of chondrocytes and PRP boosts the proliferation and redifferentiation of dedifferentiated chondrocytes (Jeyakumar et al., 2017; Jeyakumar et al., 2019). The current research on PL supports its application to promote the expansion of chondrocytes; however, there are doubts regarding the regulation of chondrocyte redifferentiation (Rikkers et al., 2020; Liau et al., 2021). Recent studies of LMWF5A have shown its potential in inducing fibroblast-like chondrocytes to redifferentiate into functional chondrocytes (Hausburg et al., 2018).
Similarly, inhibitors of several important pathways involved in the regulation of chondrocyte dedifferentiation (such as the MEK-ERK1/2 and WNT signaling pathways) are used to explore their role in the regulation of chondrocyte redifferentiation. The expression of ERK1/2 increases during the process of chondrocyte dedifferentiation, whereas it decreases during the process of redifferentiation. Activation of the MEK-ERK1/2 pathway causes the dedifferentiation of chondrocytes (Provot et al., 2008). PD0325901, which is an inhibitor of ERK1/2, reverses the dedifferentiation and leads to redifferentiation of chondrocytes (Wang et al., 2018). Inhibitors of the WNT signaling pathway, Dickkopf 1 homolog (DKK1), and frizzled-related protein (FRZB), have been shown to be essential for the early steps of chondrocyte differentiation (Zhong et al., 2016). They are necessary for the promotion of the redifferentiation of articular chondrocytes and the inhibition of their hypertrophy and differentiation. Moreover, the activity of calcineurin (Cn) in human articular chondrocytes is significantly increased during dedifferentiation. Therefore, studies of FK506, an inhibitor of Cn, confirmed that it could promote the expression of the chondrogenesis markers collagen type Ⅱ, proteoglycan, and SOX9 in expanded chondrocytes (van der Windt et al., 2010).
Moreover, the natural plant compound oleuropein is a polyphenol extracted from the leaves and fruits of olives that has been verified to induce the redifferentiation of chondrocytes in patients with osteoarthritis (OA) and to reduce the number of senescent cells in joint tissues (Varela-Eirín et al., 2020). The relevant researches on the extracellular environment have been summarized in Table 2.
TABLE 2 | Various factors in the extracellular microenvironment modulate the redifferentiation of chondrocytes.
[image: Table 2]GENE SILENCING AND OVEREXPRESSION
At present, vectors for the overexpression of genes and interfering RNAs have been used in studies of the redifferentiation of chondrocytes. The combined application of a TGFβ3 adenovirus vector and a Col1 short-hairpin RNA (shRNA) promoted the expression of cartilage marker genes in dedifferentiated chondrocytes, such as collagen type II and proteoglycans (Zhang et al., 2011). The siRNA of aminoacyl-tRNA synthetase-interacting multifunctional protein 1 (AIMP1) restored the TGFβ signaling pathway in degenerated chondrocytes, thereby enhancing the chondrogenic potential of dedifferentiated chondrocytes (Ahn et al., 2016). Transglutaminase 2 (TG2) is increased in chondrocytes in a passage-dependent manner, and enhances cell dedifferentiation (Eckert et al., 2014). Using TG2 siRNA could lead to the redifferentiation of dedifferentiated chondrocytes by enhancing the glucose metabolism process (Ko et al., 2017). Sonic hedgehog (SHH) is involved in the induction of the early chondrogenic differentiation process of limb mesenchymal cells. The use of an SHH gene plasmid vector to overexpress dedifferentiated rat chondrocytes increases the expression of SHH and the synthesis of a variety of cell growth factors (e.g., BMP2 and IGF1). Rats transplanted with SHH-transfected cells show better cartilage repair and induction of the redifferentiation of dedifferentiated chondrocytes (Lin et al., 2014). Connexin43 (Cx43) has been validated as a regulator of the transformation between chondrocytes and mesenchymal cells. Downregulation of Cx43 by CRISPR/Cas9 triggers the redifferentiation of OA chondrocytes (Varela-Eirín et al., 2018). The Kruppel-like factor 4 (Klf4) is a multifunctional transcription factor that regulates diverse cellular processes, such as cell growth, proliferation, and differentiation (Ghaleb and Yang, 2017). The Klf4 gene vector promotes the proliferation and redifferentiation of chondrocytes and inhibits their dedifferentiation (Gurusinghe et al., 2019). The relevant research on the gene expression has been summarized and illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | The research progress of gene silencing and expression technology in modulating the chondrocytes redifferentiation.
However, because of ethical issues, the clinical application of gene editing technology remains controversial. Moreover, gene silencing and overexpression do not yield a better effect than do growth factors in regulating the redifferentiation of chondrocytes.
SUMMARY AND PROSPECT
Articular cartilage is indispensable in the life of all vertebrates. It acts as a buffer against external forces when humans and animals perform various activities. Excessive activity or trauma can cause damage to the articular cartilage, which can lead to restricted movement of the injured joint. Therefore, it is crucial to repair cartilage to restore joint mobility. Cartilage can hardly repair itself, and researchers generally believe that it is due to its extremely poor blood supply and relatively closed intra-articular environment. Researchers had tried to utilize implanting autologous chondrocytes to repair cartilage (Brittberg et al., 1994), but there was no significant effect. Therefore, currently the main clinical treatment for patients with various cartilage injuries suffering from restricted mobility and life disorders is joint replacement surgery. However, the surgical indications for joint replacement surgery determine the limitations of the applicable patients, which can only be used in elderly patients. people. Therefore, repairing cartilage is still the main goal of researchers.
At present, the technical limitation of ACI lies in the low proliferation ability of autologous chondrocytes. After proliferation, chondrocytes will dedifferentiate and lose their cell function, and their ability to synthesize ECM is low. The author believes that the problem is that the extracellular microenvironment for autologous chondrocyte expansion in vitro is very different from the real human in vivo environment. Regardless of the two-dimensional culture, culture medium, extracellular matrix and various extracellular mechanical stimuli are different. Therefore, simulating the extracellular microenvironment of chondrocytes for differentiation and redifferentiation as much as possible may be the fundamental method to solve the technical problems of autologous cartilage implantation. Obviously, this is very difficult in terms of current biological technology. This article summarizes various conditions (cell sources, extracellular environment, growth factors and redifferentiation inducers, and gene silencing and overexpression) on the redifferentiation of chondrocytes, hoping to show some surprising progress in this field, and propose a preliminary Strategy (represented in Figure 4).
[image: Figure 4]FIGURE 4 | (A) In terms of cell source, it is feasible to use the cartilage tissue from the patient’s own diseased joint as a cell source for ACI; chondrogenic diseases such as polydactyly are another potential cell source. (B) Many extracellular environmental factors affect cell redifferentiation; however, proper hypoxia and 3D culture are beneficial for chondrocyte redifferentiation. Hydrogels are the medium used for 3D cell culture, but the related parameter standard of hydrogels warrants further investigation. Members of the TGF-β superfamily are currently the most important chondrocyte redifferentiation inducers. The combined application of growth factors may be a good choice in this context. (C) Research on gene silencing and overexpression for the regulation of chondrocyte redifferentiation is still focused on growth-factor-related genes; thus, additional investigation is needed in this area.
In summary, the redifferentiation of chondrocytes is modulated at multiple levels. Despite significant progress in this field, many questions remain to be resolved. Regarding the extracellular microenvironment, hypoxia and 3D culture have shown potential to modulate the redifferentiation of chondrocytes. Although the culture temperature, ECM, and hydrogel all have the effect of modulating the redifferentiation of chondrocytes, they all have their own limitations. For example, a high or low temperature is not conducive to cell expansion, and the amount of naturally generated ECM is limited. There is no doubt that the parameters of the hydrogel also need standardized evaluation criteria. TGFβ family members are the most used redifferentiation inducers currently. However, they involve complex biological pathways, which renders it difficult to understand the biological effects of a single member of the TGFβ family. The combined application of different family members may be an appropriate method.
CONCLUSION
In conclusion, the strategy of regulating the redifferentiation of chondrocytes is not static, it needs to be adjusted according to factors such as cell source and cell stage. The ideal strategy for modulating chondrocytes redifferentiation may have 3D culture, hypoxia, appropriate temperature, hydrogel or ECM, inducers suitable for cell expansion phase and cell redifferentiation phase after expansion, respectively. As we continue to learn more about these factors in the future, it will be very important to capitalize on these discoveries by modulating redifferentiation of chondrocytes for the treatment of cartilage damage related diseases.
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Bone and cartilage injury is common, tissue engineered scaffolds are potential means to repair. Because most of the scaffold materials used in bone and cartilage tissue engineering are bio-inert, it is necessary to increase the cellular adhesion ability of during tissue engineering reconstruction. The Arginine - Glycine - Aspartic acid (Arg-Gly-Asp, RGD) peptide family is considered as a specific recognition site for the integrin receptors. Integrin receptors are key regulators of cell-cell and cell-extracellular microenvironment communication. Therefore, the RGD polypeptide families are considered as suitable candidates for treatment of a variety of diseases and for the regeneration of various tissues and organs. Many scaffold material for tissue engineering and has been approved by US Food and Drug Administration (FDA) for human using. The application of RGD peptides in bone and cartilage tissue engineering was reported seldom. Only a few reviews have summarized the applications of RGD peptide with alloy, bone cements, and PCL in bone tissue engineering. Herein, we summarize the application progress of RGD in bone and cartilage tissue engineering, discuss the effects of structure, sequence, concentration, mechanical stimulation, physicochemical stimulation, and time stimulation of RGD peptide on cells differentiation, and introduce the mechanism of RGD peptide through integrin in the field of bone and cartilage tissue engineering.
Keywords: (adhesion peptide) RGD, Arg-Gly-Asp, bone, cartilage, tissue engineering
INTRODUCTION
Bone and cartilage injuries are common and frequent (Deng et al., 2019), and mature articular cartilage is limited in its ability to repair itself (Krishnan and Grodzinsky, 2018). eventually lead to osteoarthritis, which causes joint pain (Barnett, 2018). Recently, scaffolds with composed with seed cells became a promising method for bone and cartilage repair (Daly et al., 2017; Shadjou et al., 2018; Zhang et al., 2020). Seed cells are key to tissue engineering, as autologous cartilage and huge bone defect lacks the ability to regenerate, and seed cells could enhance tissue repair by producing extracellular matrix (ECM) and growth factors (Zhang et al., 2016). Scaffolds not only have basic functions, such as supporting and filling, but also promote cell adhesion, proliferation, and differentiation.
In recent years, the use of tissue engineering scaffolds to repair bone and cartilage damage developed quickly. According to the source of scaffolds, they can be divided into natural materials and synthetic materials. Natural materials used for bone and cartilage repair include collagen, hyaluronic acid, fibrin glue, chitosan, agarose and alginic acid. They have good biocompatibility, cell adhesion, and degradation products are non-toxic physiological products (Wang et al., 2021). However, they also have many disadvantages, such as: limited source, difficult processing, poor mechanical strength, and possible disease transmission problems (Rahimi et al., 2021). To solve these problems, researchers have made many attempts in synthetic materials. Synthetic materials commonly used in bone and cartilage tissue engineering include alloys, bone cements, PEG polymers, and poly (ε-caprolactone) (PCL) (Jiang et al., 2021). Synthetic materials indeed solve the problems of natural materials, but they usually have limited cellular adhesion properties.
Cell adhesion is an important condition for long-term survival of transplanted cells (Lee et al., 2015). Due to the bio-inert of most synthetic materials, cell adhesion peptide RGD is usually integrated into biomaterials to achieve better cell adhesion. RGD combined with PCL (Richbourg et al., 2019; Alipour et al., 2020), titanium alloy (Dard et al., 2000; Alipour et al., 2020), and calcium phosphate cements (CPCs) (Lin et al., 2019) had been reported. Many scaffolds for tissue engineering have been approved the possibility to be used in clinic due to high-water absorption ability mimicking natural tissues, easy precision regulation, and low immunogenicity (Chin et al., 2018; Di Palma et al., 2021). PEG is also bio-inert and is often combined with RGD for tissue engineering repair.
It is well known that RGD works through Integrin. RGD has been widely recognized as a polypeptide that enhances cell adhesion and cell viability, its effect on cell differentiation is highly controversial (Burdick and Anseth, 2002; Benoit and Anseth, 2005; Yang et al., 2005; Vonwil et al., 2010; Jäger et al., 2013; Callahan et al., 2013b; Kim et al., 2015). Integrins are a superfamily of cell-adhesion receptors that bind to cell surface ligands (Takada et al., 2007), is a transmembrane receptor composed of α and β subunits, which is closely involved in many important physiological activities of cells, such as cell proliferation (Marsico et al., 2018), cell adhesion (Ellis and Tanentzapf, 2010), cell apoptosis (Wei et al., 2020), and cell differentiation (Shen et al., 2019).
This review focuses on recent advances in bone and cartilage tissue engineering based on RGD-modified scaffolds. In addition to analyzing the possible influence of different RGD peptide sequence structure on bone and cartilage tissue engineering, we also deeply discussed mechanism of the biological effects of RGD peptide by the way of binding to different integrin receptors.
DIFFERENT STRUCTURES AND SEQUENCES OF RGD
RGD is a cell adhesion motif found in many ECM (Colombo and Bianchi, 2010). In 1984, Pierschbacher et al. first discovered the RGD peptide (Figure 1A) in fibronectin (Pierschbacher and Ruoslahti, 1984). Subsequently, it was found that RGD peptides were widely present in fibronectin, laminin, fibrinogen, osteopontin and vitronectin (Ruoslahti, 1996). RGD can be divided into RGD and RGD polypeptide. The former is a tripeptide sequence of RGD, and the latter is a functional peptide containing RGD. In the field of bone and cartilage tissue engineering, a variety of RGD-modified hydrogels with different structures have been used for bone and cartilage repair. In the aspect of bone repair, RGD structures that are widely used include RGDS (Benoit and Anseth, 2005) (Figure 1B), GRGDS (Paxton et al., 2009) (Figure 1C), c (RGDfk) (Tang et al., 2010; Bell et al., 2011; Peng et al., 2011; Jäger et al., 2013; Ye et al., 2015; Ye et al., 2016) (Figure 1D) and YRGDS (Burdick and Anseth, 2002; Yang et al., 2005; Steinmetz and Bryant, 2011; Reid et al., 2013) (Figure 1E). What’s more, RGD structures are widely used in cartilage repair, include c (RGDfk) (Cao et al., 2014; Li et al., 2015a; Li et al., 2015b) (Figure 1C), YRGDS (Bryant et al., 2008; Villanueva et al., 2009; Steinmetz and Bryant, 2011; Kim et al., 2015) (Figure 1E), RGDS (Salinas et al., 2007; Kloxin et al., 2009; Callahan et al., 2013a) (Figure 1B) and GCGYGRGDSPG (Kudva et al., 2017; Kudva et al., 2018a; Kudva et al., 2018b) (Figure 1F). The detailed structure diagram is shown in Figure 1. RGD peptides are mainly divided into linear and cyclic RGD peptides. Interestingly, cyclic RGD peptides are thought to be more active than linear RGD peptides. The probable reason is that cyclic peptides are more resistant to proteolysis and can bind to integrin receptors with a higher affinity (Verrier et al., 2002; Frochot et al., 2007). In addition, the study of Heller showed that cyclic RGD is more beneficial to bone repair in vivo than linear RGD (Heller et al., 2018).
[image: Figure 1]FIGURE 1 | Chemical structures. (A) RGD; (B) RGDS; (C) GRGDS; (D) c (RGDfk); (E) YRGDS; (F) GCGYGRGDSPG.
THE SYNTHESIS OF RGD
Merrifield created and developed the method of solid phase peptide synthesis (SPPS), which greatly simplified the synthesis and purification of polypeptides, greatly improved the productivity, made the synthetic synthesis of various polypeptides feasible, and provided convenience for the modification of biological materials by polypeptides.
At present, there have been many reports on the synthesis methods of RGD peptide and its analogues, including enzyme-catalyzed synthesis, solid-phase synthesis and liquid-phase synthesis. Among them, Huang (Huang et al., 2005). reported the enzyme-catalyzed synthesis method, but the catalytic activity of the enzyme was affected by a variety of factors such as the reaction solvent system, the ratio of the dosage of the reaction substrate, reaction temperature, pH value, and reaction time. And the reaction conditions are strict and difficult to control. Kumagai et al. (1991) reported the liquid-phase synthesis method for RGD peptide, Liquid-phase synthesis is relatively simple, rapid and cost little, but due to the large pollution, complex reaction and other reasons, people prefer to use SPPS method. SPPS method to synthesis RGD peptide and its analogues has superiority of mild reaction conditions, simple reaction operation and easy automation, but it still has the disadvantages of high cost, low yield and not suitable for mass production (Sulyok et al., 2001; Kuijpers et al., 2007).
Cyclic RGD peptide is reported to be more stable due to rigidity of the ring and low degradability by enzyme (Bogdanowich-Knipp et al., 1999). However, inducing cyclic structure to RGD peptide brings additional challenge. In tradition strategy, cyclization was performed after cleavage the peptide from resin, using different coupling reagent/base system (Frochot et al., 2007) or just using NH4OH aqueous solution (Wang et al., 2005) to cyclization. Furthermore, in Wang’s work, the cyclization of pentapeptides was taken on the solid support, using benzotriazol-1-yl-oxy-tris-pyrrolidinophosphonium hexafluorophosphate (PyBOB), 1-hydroxybenzotriazole (HOBT) and N, N-Diisopropylethylamine (DIPEA) to from the cyclic peptide, while the side chain of Asp was conjugated to resin (Wang et al., 2005).
THE ACTIVE SITE INTEGRIN AS THE MECHANISM OF RGD ACTION
RGD is a specific ligand for integrins on cell membranes. Integrins on cell membranes are composed of α and β subunits, which are important transmembrane receptors that mediate the attachment of cells to extracellular matrix (Figure 2A). The combination of α and β subunits forms 24 kinds of integrins. Only some integrins recognize RGD sequences in natural ligands (Figure 2B), which are: α8β1, α5β1, αⅡbβ3, αvβ1, αvβ3, αvβ5, αvβ6, αvβ8 (Barczyk et al., 2010). Among them, α5β1 and αvβ3 integrins play a major role in bone and cartilage repair (Figure 3).
[image: Figure 2]FIGURE 2 | (A) Integrins on the cell membrane are composed of α and β subunits that act as transmembrane receptors mediating cell attachment to the extracellular matrix. Certain integrins can specifically recognize RGD polypeptides. (B) Integrin that specifically recognizes RGD polypeptides.
[image: Figure 3]FIGURE 3 | (A) Integrins α5β1: (a) α5β1 promote osteoblastic differentiation of mesenchymal stem cells; (b) α5β1 promote osteoblast proliferation and bone formation; (c) α5β1 also activates pro-inflammatory and catabolic responses leading to cartilage matrix degradation. (B) Integrins αvβ3: (a) αvβ3 Inhibit MSCs proliferation and osteogenic differentiation; (b) αvβ3 promote bone resorption; (c) Inhibition of αvβ3 could significantly inhibit osteoarthritis (OA) inflammation and decrease OA progression.
RGD can block α5β1 and prevent the maturation of bone nodules (Moursi et al., 1996). Integrin α5β1 helps to recruit Mesenchymal stem cells (MSCs) to the defect site for repair. Several studies have shown that α5β1 can promote the osteogenic differentiation of MSCs in vitro (Hamidouche et al., 2009; Martino et al., 2009). Studies have shown that αvβ3 seems to have an inhibitory effect in osteogenic differentiation (Cheng et al., 2001; Martino et al., 2009). Martino et al. found that blocking αvβ3 could promote the proliferation and osteogenic differentiation of MSCs (Martino et al., 2009). Similarly, the overexpression of αvβ3 can inhibit proliferation and the expression of osteogenic gene bone sialoprotein, ALP, and collagen I (Cheng et al., 2001).
Integrins can not only affect the differentiation of MSCs into osteoblasts, but also play an important role in bone formation and resorption. α5β1 integrins have been identified as essential for osteoblast survival and bone mineralization. Inhibiting the expression of α5β1 will lead to a low osteoblast survival rate (Dufour et al., 2008) and bone loss (Schneider et al., 2001; Dufour et al., 2008). Compared with the role of α5β1 in osteoblasts, αvβ3 is mainly closely related to osteoclasts. αvβ3 is an important adhesion integrin of osteoclasts, so inhibition of αvβ3 will lead to osteoclast apoptosis (Horton, 1997). In addition, studies have shown that through specific antagonism of αvβ3 integrin, it can inhibit bone resorption and increase bone mineral density (Horton, 2001; Cacciari and Spalluto, 2005).
RGD binding integrin is upregulated in osteoarthritic cartilage. A study has shown that the expression of integrins α5β1 gradually decreases during the differentiation of MSCs into cartilage (Goessler et al., 2008). Therefore, integrin α5β1 may affect undifferentiated MSCs, and with the progress of differentiation, it seems necessary to induce the phenotype of chondrocytes by reducing this receptor. Interestingly, Tao et al. found that by blocking α5β1 receptor can significantly reduce the enhancement of fibronectin (FN) on chondrogenic differentiation of chondrogenic progenitor cells (CPC) (Tao et al., 2018).
OA is one of the common bone and cartilage diseases, its pathological changes include cartilage erosion and loss on the joint surface (Pritzker et al., 2006). Fibronectin fragments are produced when the cartilage matrix is damaged. It’s binding with α5β1 can activate pro-inflammatory and catabolic responses, which will lead to cartilage matrix degradation (Loeser, 2014). Furthermore, many studies have shown that α5β1, as RGD binding integrin, is upregulated in osteoarthritic cartilage, promoting the expression of inflammatory signals, and ultimately accelerating the development of OA (Ostergaard et al., 1998; Attur et al., 2000; Almonte-Becerril et al., 2014; Candela et al., 2016). In addition to integrin α5β1, normal chondrocytes also express αvβ3, α1β1, αvβ5 and α3β1 (Woods et al., 1994). Among them, αvβ3 also plays a certain regulatory role in OA. Wang et al. shown that blocking αvβ3 can significantly inhibit the inflammation of OA and weaken the progression of OA (Wang et al., 2019). In addition, Mukundan et al. also confirmed that αvβ3 can reduce the production of inflammatory factors such as IL-1B, NO and PGE2, and negatively regulate the progression of OA (Attur et al., 2000).
APPLICATION OF RGD IN BONE TISSUE ENGINEERING
RGD interacts with specific receptors on the surface of integrin and is therefore called a stimulant of cell adhesion. It is immobilized on the polymer surface to activate cell proliferation, regulate cell metabolism and extracellular matrix synthesis (de Jonge et al., 2008). RGD is often composed into PEG hydrogels to enhance cell viability. However, researchers usually focus on RGD’s ability to promote cell adhesion and proliferation. Whether RGD peptide can promote cell differentiation is still a controversial issue. In the following sections, we will discuss the effects of RGD peptides on cell differentiation in bone and cartilage tissue engineering.
The application scenarios of bone tissue engineering are mainly large-area bone defects, bone necrosis and bone nonunion caused by trauma (Kim et al., 2017). In the face of strong demand, supports represented by titanium alloy (Dard et al., 2000), PCL (Richbourg et al., 2019; Alipour et al., 2020), phosphate composites (Lin et al., 2019) and polyethylene glycol polymers (Wang et al., 2017) have been produced in the field of bone tissue engineering. These tissue engineering supports usually have high mechanical properties; whereas it’s accompanied by poor cell adhesion. RGD Peptides are often added to these scaffolds to improve their cell adhesion. The results shown that titanium alloy, PCL and phosphate complexes can significantly promote bone repair and healing after adding RGD Peptides (Lin et al., 2019; Alipour et al., 2020). Among them, many studies have shown that the surface modification of RGD by titanium alloy is beneficial to the early adhesion and spread of osteoblasts, and to the proliferation and differentiation of cells in the later stage (Ferris et al., 1999; Elmengaard et al., 2005; Heller et al., 2018).
PEG hydrogel also has the disadvantage of poor cell adhesion. While titanium alloy combined with RGD had achieved good results in the field of bone repair, studies of Jäger (Jäger et al., 2013), Benoit (Benoit and Anseth, 2005) and Bell (Bell et al., 2011) showed that RGD peptide combined with polyethylene glycol hydrogel did not promote stem cell osteogenesis. It even inhibits the osteogenic differentiation of cells. Tosatti (Tosatti et al., 2004) found that RGD-containing peptide GCRGYGRGDSPG reduced enhancement of osteoblast differentiation by poly-(L-lysine)-graft-PEG-coated titanium surfaces. The results of Bell (Bell et al., 2011) showed that RGD increased the number of cells, but decreased the markers of osteoblast differentiation. Moreover, Smith believed that in continuous gradient culture, low RGD concentrations were more conducive to osteogenic differentiation than high RGD concentrations (Callahan et al., 2013c).
There are also results showing that RGD peptide combined with PEG hydrogel can promote osteogenesis. Kim found that an injectable hydrogel based on MPEG (methoxy polyethylene glycol) -PCL-RGD could promote osteogenic differentiation of stem cells. Moreover, they suggested that focal adhesion kinase (FAK) protein kinase B (AKT) and FAK extracellular signal-regulated kinase (ERK) also played roles in osteogenic differentiation in the RGD-integrin-mediated pathway (Kim et al., 2020). Burdick (Burdick and Anseth, 2002) thought that compare with 0 mM, 0.5 mM RGD, 5 mM concentration of PEG-DA-RGD hydrogel had a more significant ability to promote cell mineralization. The results of Yang (Yang et al., 2005) showed that the expression of bone related markers Osteocalcin (OCN) and alkaline phosphatase (ALP) increased significantly with the increase of RGD concentration. Wong (Wong et al., 2017)’ data showed that high RGD tether mobility delayed the early adhesion and spreading of human mesenchymal stem cells (hMSCs), leading to compromised osteogenic differentiation at a later stage. In contrast, hMSCs cultured on substrate with restricted RGD tether mobility, achieved either via a shorter PEG linker or magnetic force, showed significantly better adhesion, spreading, and osteogenic differentiation. Moreover, PEG-RGD regulated the osteogenic differentiation of MSCs by changing the aspect ratio and shape of cells in 2D culture (Tang et al., 2010; Peng et al., 2011). Interestingly, the results of Steinmetz (Steinmetz and Bryant, 2011) showed that although simple RGD inhibited osteogenic differentiation, RGD could promote osteogenesis through dynamic compression of hydrogel scaffolds. In addition, Nam (Nam et al., 2019) found that faster relaxation of RGD functionalized alginate -PEG hydrogels enhanced osteogenic differentiation of MSCs.
In conclusion, there may be three reasons for the different results. First, the RGD adhesion peptide sequences used in each study are different. Some results show that cyclic RGD has better biological activity than linear RGD; Second, different cells adopt different integrin sites, which may activate different pathways and induce the opposite results; Third, there are different types of polyethylene glycol hydrogels. Their spatial structures are different, their effects on cells are different; and the time of degradation of hydrogels is also different. The suitable degradation time of tissue engineering scaffolds is very important. The slow degradation will prevent the growth of new bone, while the fast degradation will lead to the failure of new tissue to grow in time. The results of Thoma’s study showed that polyethylene glycol hydrogels with RGD had better degradability and improved bone formation (Thoma et al., 2011).
Beyond that, many studies have found that RGD polypeptide functionalized PEG-based hydrogels are very suitable scaffolds for bone tissue engineering (Nuttelman et al., 2005; Pan et al., 2014; Gao et al., 2015; Carles-Carner et al., 2018; Chahal et al., 2020). Although their results showed that the constructed hydrogel system had a significant osteogenic effect, RGD polypeptide in these hydrogel systems might mainly play the role of cell adhesion. They still lacked a control group to show that RGD promotes osteogenesis. The reasons for their conclusions are complex and most likely closely related to other components of the system that promote osteogenesis, such as: calcium phosphate composites (Chahal et al., 2020), hydroxyapatite nanoparticles (Pan et al., 2014; Carles-Carner et al., 2018), acrylated matrix metalloproteinase (MMP)-sensitive peptide (Gao et al., 2015), and ethylene glycol methacrylate phosphate (EGMP) (Nuttelman et al., 2005). It’s worth noting that nanoparticles modified with RGD peptides can be used to treat diseases (Liu et al., 2018; Deng et al., 2021) or deliver specific genes (Kong et al., 2015). Bone morphogenetic protein is an important growth factor for osteogenesis, GUAN et al. utilized PEG molecules and RGD peptide (thermo-activated thiol-yne and copper-free alkyne and azide click reactions) to achieve reverse gradients and create countercurrent distributions of fibroblast growth factor 2 (FGF-2) and bone morphogenetic protein 2 (BMP-2) gradients (Guan et al., 2016).
APPLICATION OF RGD IN CARTILAGE TISSUE ENGINEERING
Once damaged, cartilage is difficult to repair due to the lack of nerves and blood vessels. There are also many studies on the treatment of cartilage defects with PEG combined with RGD tissue engineering scaffolds in recent years.
It is also controversial whether polyethylene glycol combined with RGD hydrogel promotes cell differentiation. Kudva’s research in recent years showed that 150 um RGD could promote human periosteal stem cells into cartilage (Kudva et al., 2018a). It is interesting to note the same RGD sequence structure and their research of human articular cartilage cells results showed that 150 μm RGD can promote cartilage cells in vitro plant regeneration (Kudva et al., 2017). It suggests different cells with the same RGD sequence will show different results of differentiation. Zhang’s results also showed that RGD polypeptides could improve the function of the cartilage cells, but would cause cartilage cell hypertrophy and slightly to differentiation tendency (Zhang et al., 2015). Li (Li et al., 2015a) found that RGD peptides nanoscale spatial arrangement of cartilage cells to differentiation may also be affected, and sparse RGD spatial arrangement could reduce cartilage cells to differentiation. Li’s results also showed that large RGD nano spacing could promote the differentiation of mesenchymal stem cells into cartilage (Li et al., 2015b). Moreover, the results illustrated that chondrocytes dedifferentiation were more likely to occur in the condition of larger sizes and higher aspect ratios (Cao et al., 2014).
Contrary to the results of Kim (Kim et al., 2015) and Vonwil (Vonwil et al., 2010), Smith believed that the cartilage phenotype and extracellular matrix secretion of human chondrocytes are inhibited with the increase of RGD concentration (Callahan et al., 2013b). Some scholars believed that appropriate RGD concentration, mechanical stimulation, physicochemical stimulation, or time stimulation was the key to promote the chondrogenic phenotype of cells. Liu (Liu et al., 2010) found that under different concentrations (0, 1 mM, 5 mM) of RGD peptide mixed polyethylene glycol hydrogel, the 1 mM RGD was most conducive to the formation of human mesenchymal stem cells in vitro. Mechanical stimulation may cause the reaction between RGD and cells. Without dynamic loading, RGD had a negative effect on chondrocyte phenotype. After dynamic compression, chondrocyte phenotype and proteoglycan synthesis increased with the increase of RGD concentration (Villanueva et al., 2009). Moreover, physicochemical properties may influence chondrogenic differentiation of cells and soft hydrogels are more conducive to chondrogenesis differentiation (Callahan et al., 2013a; Carrion et al., 2016). Another interesting phenomenon is the time response of RGD to cells. RGD promotes the survival of hMSC encapsulated in PEG gel, and can induce the early stage of cartilage formation. Its persistence would limit the complete differentiation of cells (Salinas and Anseth, 2008; Kloxin et al., 2009).
In conclusion, different RGD adhesion peptide sequences, spatial distribution of RGD polypeptide, cells, concentrations of RGD polypeptide, mechanical stimulation, and even time response all affect chondrogenic differentiation. More high-quality studies are needed to confirm this phenomenon.
CONCLUSION
RGD is a cell adhesion sequence found in extracellular matrix. There are many kinds of structures, and different structures may play different roles. At present, RGD sequences that are widely used in the field of bone and cartilage repair include RGDS, GRGDS, c (RGDfk) and YRGDS. RGD, as a polypeptide sequence, can be synthesized in many ways, such as: enzyme-catalyzed synthesis, solid phase synthesis and liquid phase synthesis. They have their own advantages and disadvantages, and the common synthesis method is solid phase synthesis. Integrin seems to play an important role in the bone and cartilage repair, its one of the important mechanisms of the RGD polypeptides action. There are eight integrins that recognize RGD sequences in natural ligands. The α5β1 and αvβ3 integrins play the main roles. The role of integrin in bone and cartilage repair is complex. In general, α5β1 promotes osteogenic differentiation, osteoblast proliferation and bone formation of MSCs. α5β1 also promotes inflammation and decomposition, leading to cartilage matrix degradation. αvβ3 inhibited MSCs proliferation and osteogenic differentiation and promoted bone resorption. Finally, inhibition of αvβ3 significantly inhibited OA inflammation. At present, the application of RGD polypeptide in bone tissue engineering and cartilage tissue engineering is not in-depth enough, and it is still very controversial whether RGD polypeptide can promote osteogenesis or cartilage formation. The different results may be related to the structural sequence of RGD, concentration, spatial structure, time effect, mechanical stimulation, and distribution of integrins on different cells. In conclusion, the application of RGD in bone and cartilage tissue engineering needs further research, especially to explore its mechanism with integrin. In addition, the time responsiveness, mechanical responsiveness, and repair ability of RGD in complex environment in vivo also need further research.
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Over centuries, several advances have been made in osteochondral (OC) tissue engineering to regenerate more biomimetic tissue. As an essential component of tissue engineering, scaffolds provide structural and functional support for cell growth and differentiation. Numerous scaffold types, such as porous, hydrogel, fibrous, microsphere, metal, composite and decellularized matrix, have been reported and evaluated for OC tissue regeneration in vitro and in vivo, with respective advantages and disadvantages. Unfortunately, due to the inherent complexity of organizational structure and the objective limitations of manufacturing technologies and biomaterials, we have not yet achieved stable and satisfactory effects of OC defects repair. In this review, we summarize the complicated gradients of natural OC tissue and then discuss various osteochondral tissue engineering strategies, focusing on scaffold design with abundant cell resources, material types, fabrication techniques and functional properties.
Keywords: osteochondral repair, scaffolds, fabrication, tissue engineering, biomaterials
INTRODUCTION
The management and repair of osteochondral (OC) defects are still one of the most challenging clinical issues in orthopedics. Resulting from trauma, athletic injury or pathological factors, early localized osteochondral lesions can lead to general tissue deterioration, characterized clinically by severe pain and functional incapacitation of the affected joints (Hunter and Bierma-Zeinstra, 2019). As a common degenerative disease worldwide with high socioeconomic burdens, osteoarthritis (OA) is an adverse outcome of OC defects (Kwon et al., 2019). At the same time, OA can exacerbate the defects as a major cause. By 2030, approximately 67 millions people are expected to suffer from OA in the United States (Murphy and Helmick, 2012; Zhao et al., 2019). The upper articular cartilage possesses a stratified structure with no lymphatic or vascular components, lacking the capability of self-rehabilitation (Le et al., 2021). Moreover, different gradients of OC tissue have heterogeneous microstructures and biological properties (Ansari et al., 2019). So far, various clinical treatments have been available to alleviate symptoms and improve life quality to some extent, including microfracture technology, mosaicplasty, subchondral drilling, chondral shaving, abrasion arthroplasty, auto/allografts and joint replacement surgery (Redman et al., 2005; Gracitelli et al., 2016). Unfortunately, on account of the complex condition involving different layers of articular cartilage, cartilage-bone interface and subchondral bone, all these approaches have failed to achieve complete repair of OC defects and satisfactory reconstruction of joint functions. Then, the emergence of tissue engineering strategies has shown promise as a potential alternative for OC defect repair (Smith and Grande, 2015). This review aims to update the recent development in OC tissue engineering, focusing on biomaterial design and scaffold modification.
NATIVE OSTEOCHONDRAL TISSUE: STRUCTURE AND TISSUE ENGINEERING
Articular Cartilage
As a tough and flexible connective tissue lack of lymphatics, blood vessels and nerves, articular cartilage can be further divided into the radial/deep zone, the transitional/middle zone and the superficial/tangential zone, consisting of embedded chondrocytes and extracellular matrix (ECM) (Hunziker et al., 2002; Sophia Fox et al., 2009) (Figure 1). As the singular cell type, chondrocytes are responsible for the synthesis, homeostasis and remodeling of ECM. Also, they can sense local environment by expressing integrins (Loeser, 2014). Each chondrocyte and the surrounded narrow pericellular matrix (PCM) is referred to as a chondron (Poole et al., 1987). With tensile strength and unique viscoelastic properties, articular cartilage facilitates load transmission to subchondral bone during compression and restores original appearance when the pressure is relieved, performed by the fibrillar collagen network and entrapped macromolecules such as collagen II and proteoglycans in the ECM (Carballo et al., 2017). In addition, articular cartilage provides a lubricated surface to reduce friction with the presence of lubricin and hyaluronic acid. In terms of nutritional supplies, on the one hand, joint movement and mechanical stimulation cause synovial fluid to flow over the cartilage surface. On the other hand, small molecules can penetrate from subchondral bone into articular cartilage through potential direct signaling pathways (Pan et al., 2009). Signals associated with cartilage injury or scaffold implantation can recruit and activate immune cells, followed by cellular polarization. The phenotypes of cells and their interactions can affect the local microenvironment. Pro-regenerative microenvironment can develop proper tissue resembling the original host tissue; however, unbalanced immune system can produce inflammation and fibrocartilage, causing functional impairment (Sadtler et al., 2016).
[image: Figure 1]FIGURE 1 | The components of native osteochondral (OC) tissue.
Calcified Cartilage
The calcified cartilage (CC) layer is defined as mineralized cartilage between articular cartilage layer and subchondral bone plate which passages from the so-called tidemark to the cement line (Ferguson et al., 2003; Lyons et al., 2006). The CC layer interlocked tightly with the upper articular cartilage and the lower subchondral bone plate in the manner of “ravine-engomphosis” and “comb-anchor”, respectively, (Wang et al., 2009) (Supplementary Figure S1). The undulated interface helps convert shear into compressive and tensile forces. Also, it can provide an integration to transfer mechanical load between flexible cartilage and stiff subchondral bone and maintain interfacial environment (Goldring and Goldring, 2016).
Subchondral Bone
Subchondral bone refers to the bony layer beneath the cement line, which can be anatomically divided into subchondral bone plate (SBP) and trabecular bone (STB) (Goldring and Goldring, 2010). SBP is impenetrable cortical lamellae, whereas STB is more porous and metabolically active with lower volume, density and stiffness. Osteocytes, the most widely distributed cell throughout bone tissue, are involved in bone metabolism and mechanical transduction through solid matrix directly or load-induced fluid flow indirectly (Knothe Tate et al., 2004; Furuya et al., 2018). Collagen I accounts for over 90% of bone matrix (Blair et al., 2017; Schlesinger et al., 2020). The environment in subchondral bone has an effect on the viscoelasticity and nutritional metabolism of articular cartilage (Burr and Gallant, 2012; Fell et al., 2019; Hu et al., 2021).
Gradients of the OC Tissue
Distinct gradients and properties during development and maturation, with regard to biochemistry, mechanics, architecture, electrics and metabolism, have been found in the OC tissue, which are not completely independent and act as the foundation for OC functional tissue engineering (Ansari et al., 2019; Li et al., 2021) (Figure 2).
[image: Figure 2]FIGURE 2 | Different gradients in the osteochondral (OC) tissue with regard to biochemistry, mechanics, architecture, electrics and metabolism.
The OC tissue exhibits cellular and compositional transitions from articular cartilage layer to subchondral bone layer (Figure 1). Within the articular cartilage layer, gradients of cell morphology, distribution and surrounding ECM can be observed (Ren et al., 2016). In the superficial/tangential zone, the flattened chondrocytes with the maximum cell density and highly packed collagen fibers aligned parallel to the articular surface, endowing the cartilage with tensile properties. As an anatomic and functional bridge between the superficial and radial zones, the transitional/middle zone contains more rounded cells at low density and thicker collagen fibers which are organized obliquely, functioning as the first line of resistance to compressive forces. Chondrocytes in the radial/deep zone are ellipsoid or rounded, arranged in columns perpendicular to the joint surface. Also, collagen fibers in this zone are organized vertical to the surface. In the CC layer, we can see sparce chondrocytes with hypertrophic types which can produce collagen X. The underlying bone tissue comprises a variety of cells such as osteoblasts, osteoclasts, osteocytes, chondrocytes, endothelial cells and mesenchymal stem cells (MSCs) (Florencio-Silva et al., 2015). Moreover, hydroxyapatite increases gradually moving from articular cartilage to bone layer. The specific composition and content of different gradients should be considered when designing complicated layered constructs in OC tissue engineering. For instance, polymers with various water absorption capabilities can be used in combination to mimic moisture gradient. Different growth factors can be integrated to rehabilitate specific differentiation paths.
Essential constituents (collagen and proteoglycan, for instance) and mineralization degree lead to depth-dependent variations in mechanical properties including tensile modulus, compressive modulus, viscoelastic properties, and hydrostatic pressure (Responte et al., 2007; Chen et al., 2013; Armiento et al., 2018). Owing to the intrinsic material features of soft collagen fibers and rigid apatite crystals, and hierarchical arrangements more importantly, the bone layer develops diverse mechanical properties with regard to the loading direction as an anisotropic and viscoelastic material (Morgan et al., 2018). Accordingly, a collagen-apatite composite scaffold has been fabricated to restore bone-like hierarchical organization (Wingender et al., 2018). To repair OC tissue, metal alloys and ceramics have been used to mimic the strength and stiffness of subchondral layer, while polymers for the viscoelasticity of cartilage layer (Khorshidi and Karkhaneh, 2018). Fabrication techniques, such as electrospinning, can modify the mechanical properties of regenerated constructs by producing fibers with different diameters, components and structures. And bio-reactors can provided mechanical stimulation to mimic physiological conditions of OC tissue and control cell differentiation (Karkhaneh et al., 2014).
Architectural gradients refer to structural features such as porosity, pore size, pore connectivity and permeability. Articular cartilage has open and connected pores with a porosity of 60–85%, while the cortical bone and trabecular bone are 5–30% and 30–90% porous, respectively, (Mow et al., 1992; Di Luca et al., 2015). With permeability changing in a deformation, direction and location dependent manner, the articular cartilage inhibits fluid loss and promotes nutrition transmission (Maleki et al., 2020). And the permeability of bone tissue changes with the density of osteocytes and fabric parameters (Kreipke and Niebur, 2017). These architectural properties are closely related to cell migration and vascular in-growth in tissue regeneration.
At present, three theories exist about the electrical characteristics of the cartilage layer: streaming potential, diffusion potential and piezoelectricity (Schmidt-Rohlfing et al., 2002; More and Kapusetti, 2017; Farooqi et al., 2019). The bone tissue can also generate electricity under pressure possibly due to piezoelectricity of collagen and flexoelectricity of bone mineral (Vasquez-Sancho et al., 2018). Scaffolds produced by piezoelectric materials can provide electrical energy and trigger signaling pathways associated with cell morphology maintenance, gene expression and biological functions, associated with tissue repair (Jacob et al., 2018).
In terms of metabolism, different properties of tissues result from mediums of physical transport—synovial fluid and blood vessels, respectively. The metabolic gradients include oxygen pressure, glucose consumption and waste products, which are associated with chondrocyte phenotype, cellular functions and environmental homeostasis (Sheehy et al., 2012; Karner and Long, 2018; Sieber et al., 2020; Suzuki et al., 2020). Controlled oxygen releasing biomaterials, such as hyperoxide and fluorinated compounds, are potential candidate for oxygen gradient formation in OC tissue engineering (Camci-Unal et al., 2013). And well designed bio-reactors can provide nutrients and remove waste products (Hossain et al., 2014).
Undoubtedly, to design a suitable construct for the rehabilitation of detected OC tissue is based on comprehensive understanding of native structure and physiology. Necessarily, multi-layered scaffolds, which are synthesized respectively and assembled subsequently, can not form a smooth transition between different layers, probably resulting in unsatisfactory simulation of native tissue interface. Several methods, such as microfluidic system, centrifugation, core-shell and layer-by-layer deposition, have been used to mimic physical and chemical gradients of native osteochondral tissue (Cross et al., 2016; Ansari et al., 2019). Advances in bio-reactors and fabrication techniques pave the way for mimicking the complex microenvironment of OC tissue. And coinduction of mechanical and electrical gradients combined with stratified metabolic regulation of cells should be concerned in future studies.
CELL SOURCES IN OSTEOCHONDRAL TISSUE ENGINEERING
In some OC tissue engineering strategies, scaffolds are preliminarily loaded with different cells to collectively promote tissue repair. Ideal cells for tissue engineering should have adequate sources and be able to maintain in vitro for manipulation and implantation safely. As shown in Table 1, two commonly proposed cell types for osteochondral repair are tissue-specific cells and progenitor cells, namely stem cells from different sources (Figure 3). Consistent with the host tissue, we usually use chondrocytes for hyaline cartilage repair and osteoblasts for subchondral bone regeneration. However, the use of differentiated cells suffers several limitations in the successive process of harvest, isolation, expansion, seeding, culture and finally implantation. For instance, chondrocytes are characterized by limited quantity in the native cartilage tissue, isolation difficulty and dedifferentiation capacity (Nukavarapu and Dorcemus, 2013). Since chondrocytes and osteoblasts both originate from bone marrow stem cells, MSCs have received widespread attention for their prominent advantages such as rapid proliferation and multipotency (Kagami et al., 2011; Mahmoudifar and Doran, 2013). Also, the secretory and immunomodulatory functions are closely related with cartilage regeneration. Various methods have been proposed for spatial and temporal control of differentiation toward the osteogenic and chondrogenic lineage including matrix properties and external factors, remaining to further explore and perfect (Seong et al., 2010; Mendes et al., 2018). Additionally, cell-free strategies have been pursued to overcome the aforementioned limitations (Maia et al., 2018). In combination with microfracture technology, biocompatible and biodegradable scaffolds without cells are implanted to promote cell recruitment and differentiation within the osteochondral defect area. Moreover, alternative approaches participated by MSC-derived exosomes or extracellular microvesicles have been developed in tissue repair and regeneration (Kim et al., 2020).
TABLE 1 | Cell resources in osteochondral tissue engineering.
[image: Table 1][image: Figure 3]FIGURE 3 | Comparison of stem cells from different sources commonly used in scaffold-based osteochondral (OC) tissue engineering strategies. Biological characteristics are shown as different color blocks from high to low, inspired by Zha et al. (2021). * USCs are reported to promote the chondrogenesis of BM-MSCs by paracrine action in the co-culture system (Gao et al., 2016).
SCAFFOLD FABRICATION TECHNIQUES
Scaffolds are one of the fundamental elements of tissue engineering approaches to osteochondral repair. For the quality of tissue regeneration, scaffolds are expected to have the following characteristics: porous structure for cell survival and material transport, suitable surface for cell adhesion, proliferation and differentiation, mechanical properties matching the surrounding tissue, biocompatibility with limited immunoreaction and bioabsorbability with a controllable degradation rate (Hutmacher, 2000).
To improve scalability, sustainability and spatial control, various methods for scaffold fabrication in osteochondral tissue engineering have been proposed, including lyophilization, freeze casting, gas foaming, sol-gel process, solvent casting, compression molding, particulate leaching and phase separation process et al. (Hutmacher, 2000; Cheng et al., 2019) (Table 2). Seo JP et al. utilized the freeze-drying technology to prepare bilayer gelatin/β-tricalcium phosphate (GT) sponges (Seo et al., 2013). In their study, PRP/BMP-2/GT scaffolds showed more cartilage-like tissue with no remaining implant materials and no evidence of infection, adhesions or synoyial proliferation. To establish various bioactive scaffolds, the use of freeze casting has drawn much concern in recent years. In a previous study, Abarrategi A et al. performed both in vitro and in vivo assays of cell survival and bone formation based on rhBMP-2/multiwall carbon nanotubes (MWCNT)/chitosan (CHI) scaffolds in conjunction with freeze casting (Abarrategi et al., 2008). The technology has high application value and development potential in forming structures in accordance with natural tissue (Shao et al., 2020). Reyes R et al. analyzed the effects of repair induced by TGF-β1/BMP-2 loaded segmented polyurethane/polylactic-co-glycolic (SPU/PLGA) scaffolds in osteochondral lesions (Reyes et al., 2014). The PLGA porous structure was produced by gas foaming in acidic aqueous solution. Algul D et al. manufactured multilayered β-TCP/chitosan-alginate polyelectrolyte complex (CA/PEC) scaffolds to mimic the structural gradients of native osteochondral tissue (Algul et al., 2015). The chitosan and alginate solutions were mixed and stirred to prepare a gel. The chitosan/alginate gel was treated through a series of steps for scaffold fabrication such as lyophilization, cross-linking and elution. Wu et al. evaluated the efficacy of bilayered silk scaffolds loaded with TGF-β3/BMP-2 for osteochondral defect repair in rabbits aided by the solvent casting/particulate leaching technology (Wu et al., 2021). The lyophilized silk powder was first mixed with hexafluoroisopropanol (HFIP) solution with or without sucrose particles in a silicone mold. Then, 10% silk-HFIP solution was poured onto the mold and kept for crosslink. The demolded scaffolds were treated with methanol (100% w/v) and running water to remove the HFIP and particles. After the process above, the top and bottom layers of scaffolds served as the cartilage and subchondral bone layers, respectively. Moreover, Sil-MA (methacrylated silk fibroin) hydrogels for marginal sealing were prepared by photo curing. This new approach indicated the effect of the marginal sealant on the integration of the cartilage layer and rapid cartilage formation. Duan et al. investigated the effects of pore size on osteochondral repair in vivo using a rabbit model (Duan et al., 2014). The bilayered poly(lactide-co-glycolide) (PLGA) porous scaffolds for research were fabricated by a compression molding/particulate leaching method. The PLGA solution and sodium chloride (NaCl) particulates as porogen were mixed and pressed into the pre-designed mold. After releasing the mold, cylindrical structure was obtained. Then, the mixture constructs were cut into appropriate sizes and leached by water. Five types of integrated scaffolds with identical porosity and different pore sizes were processed finally. The assessment in this study reminded us to take pore sizes into consideration during scaffold design for tissue engineering. Da et al. prepared the compact layer between the chondral and bony layers from PLGA/β-TCP by the phase separation process (Da et al., 2013). The homogeneous PLGA/β-TCP mixture was compactly extruded and solidified line by line above the subchondral bone layer. Through in vitro and in vivo tests, the compact layer-containing biphasic scaffolds showed better biomechanical properties and tissue repair results.
TABLE 2 | Fabrication techniques of scaffolds in osteochondral tissue engineering.
[image: Table 2]With the development of manufacturing, an advanced technique named electrospinning has been applied to produce functional scaffolds with spatially complex physical and chemical properties in osteochondral tissue engineering (Figure 4). To reduce the inflammatory immune responses, natural polymers such as collagen and silk fibroin have been employed as scaffold materials. Liu et al. fabricated a nanofiber yarn-collagen type I/hyaluronate hybrid (Yarn-CH)/TCP biphasic scaffold by dynamic liquid electrospinning, which showed an almost smooth articulating surface and good integrity of the host-implant interface (Liu S et al., 2015). Composite electrospun matrix derived from 70S bioactive glass and silk fibroin was obtained and evaluated as potential candidate for osteochondral defect repair by M JC et al. (M et al., 2017). The biphasic constructs showed the ability to synergistically support the chondrogenic and osteogenic growth. Also, certain synthetic polymers have been used as bioassimilable materials, including PCL, PLA and PLGA in particular (Liu W et al., 2015). The nanofibers fabricated by electrospinning technique can present a high surface area for cell growth and cellular differentiation (Aguirre-Chagala et al., 2017). Continuously graded insulin/PCL/β-GP scaffolds, fabricated via the application of the twin-screw extrusion/electrospinning method, have implemented the selective differentiation of h-ADSCs into chondrocytes and mineralized tissue hierarchically (Erisken et al., 2011). In the study of Baumgartner W et al., electrospun meshes of PLGA/amorphous calcium phosphate (aCaP) seeded with h-ADSCs were cultured in DMEM to explore the effects of aCaP and shear forces on osteogenic, chondrogenic, adipogenic and angiogenic stimulation (Baumgartner et al., 2019). To improve the reparative potential of irregular osteochondral defects, the cell/nanofibers composite electrospun scaffolds with a slurry-like texture have been produced. Kim HS et al. prepared the cartilage-dECM-decorated PCL electrospun scaffolds which were surface-modified with poly(glycidyl methacrylate) (PGMA@NF) via surface-initiated atom transfer radical polymerization (SI-ATRP) method (Kim et al., 2021). The in vivo study in a rat model indicated significantly improved cartilage and bone regeneration of osteochondral defects. To provide molecular cues and improve the spatiotemporal control of cell distribution and differentiation, Liu YY et al. reported a functional gradient scaffold consisting of gelatin/sodium alginate (SA) struts and electrospun nanofibers incorporated by gentamycin sulfate (GS) and desferoxamine (DFO) (Liu et al., 2016). Fabricated via a system which combined 3D biological printing and electrospinning process, the scaffold showed excellent mechanical stability. Loaded with different biomolecules, the 3D composite osteochondral scaffolds can achieve spatiotemporal release according to various requirements.
[image: Figure 4]FIGURE 4 | Electrospun fibers, obtained by basic electrospinning setup (A), can be modified by physical or chemical techniques. Post-fabrication surface modifications of electrospun fibers (B) were adapted with permission from ref (Gonçalves et al., 2021). Copyright 2021 by MDPI Inc.
Osteochondral scaffold manufacturing that can produce tunable structure in terms of architectural, biomechanical and biochemical properties is an ideal candidate for tissue engineering. Additive manufacturing (AM), an electrohydrodynamic technique, is gradually coming into focus. Characterized by layered sedimentation and computer-aided design/manufacturing (CAD/CAM) technology, AM methods include fused deposition modeling (FDM), selective laser sintering (SLS) and inkjet 3D printing et al. (Gonçalves et al., 2021). Ding C et al. designed a CAD/CAM-fabricated scaffold from polylactic acid-coated polyglycolic acid (PGA/PLA) and poly-ε-caprolactone/hydroxyapatite (PCL/HA) for goat femoral head regeneration (Ding et al., 2013). The PGA/PLA and PCL/HA scaffolds were respectively fabricated by 3D printing and FDM with aid of CAD/CAM technology. The strategy in this study provided a promising approach for tissue specific regeneration with cartilage tissue, immature calcified tissue, transitional trabecular bone and hypertrophic chondrocytes. Significantly, these methods can integrate bioactive molecules or drugs into scaffolds derived from various biomaterials. Tamjid E et al. prepared PCL composite scaffolds containing tetracycline hydrochloride (TCH) by 3D printing and tested the performance of biocompatibility, drug release kinetics and antibacterial activity (Tamjid et al., 2020). This study has paved the way for realizing sustainable release of loaded medicine. In another instance, an air-extrusion 3D printing technique was utilized to fabricate a scaffold consisting of poly(N-acryloyl 2-glycine)-methacrylated gelatin (PACG-GelMA)-Mn2+ for cartilage layer and PACG-GelMA-bioactive glass (BG) for bone layer (Gao et al., 2019). In vitro experiments indicated increased gene expression of both chondrogenic- and osteogenic-related differentiation. Also, the biohybrid scaffold promoted osteochondral tissue regeneration after implantation in a rat model. With excellent elasticity, hybrid scaffolds can support various deformation. In some cases, osteochondral defects are closely associated with mitochondrial dysfunction, metabolic reconfiguration and increased heterochromatin, which provides a potential avenue to design functional scaffolds for tissue regeneration (Varela-Eirin et al., 2018; Coryell et al., 2021). Chen P et al. examined the therapeutic potential of MSC-derived exosomes in 3D printed ECM/GelMA scaffolds (Chen et al., 2019). In vitro studies demonstrated increased chondrocyte migration by the scaffolds, which has been reported as a major element in the repair process of osteochondral defects (Chen et al., 2015; Zhang et al., 2018). The healing capacity was then assessed in a rabbit model. After implantation, the ECM/GelMA/exosome scaffold was shown to restore the damaged chondrocyte mitochondria by providing critical proteins and stimulate M2 macrophage polarization in the synovium. Advances in manufacturing have allowed the development of in situ 3D printing technology for osteochondral tissue repair, thereby improving the surgical procedure and the graft accuracy (Ma et al., 2020). However, mass industrial implementation and clinical applications are limited by several limitations: narrow range of suitable materials, time-consuming layer-by-layer processing and high costs, et al. Further exploration is needed to accelerate the clinical translation and fill the gap in osteochondral defect treatment.
DIFFERENT TYPES OF SCAFFOLDS IN OSTEOCHONDRAL TISSUE ENGINEERING
As a vital component of tissue engineering and regenerative medicine, scaffolds play an increasingly important role in the reconstruction and maintenance of tissue functions. Under the regulation of essential parameters, such as growth factors and functional particles, they can provide a platform for cell survival, proliferation and differentiation, thereby raising the possibility of tissue repair. Today, advances in biomaterials and fabrication techniques provide new opportunities for the development of biomimetic and sophisticated scaffolds, which can be further divided into monophasic, biphasic and multiphasic constructs. Apparently, multiphasic scaffolds have several advantages in bionic performance over the monophasic ones. In the following sections, we focus on different types of biphasic and multiphasic scaffolds for OC tissue engineering on the basis of biomaterial design (Supplementary Table S1).
Porous Scaffolds
There are various forms of porous scaffolds, including foam, sponge, mesh, microfibers and nanofibers, etc. The porous structure can function as an important support for cell aggregation and infiltration to guide further differentiation towards diverse lineages. Moreover, the interconnected pore networks with appropriate pore size and porosity are the forming basis of extracellular matrix simulating the native OC tissue. The resulting microenvironment can promote nutrient supply and stimulate effective cell-cell and cell-matrix communications. More significantly, the macro- and micro-pores of scaffolds are crucial channels for blood vessel and nerve growth. Considerable efforts have been made to optimize the structures of porous scaffolds to serve specific functions through tissue regeneration. As mentioned in the previous section, Duan P et al. first assessed the effects of pore size on the efficacy of in vivo osteochondral tissue repair (Figures 5A,B). Until now, researchers have not yet reached a consensus on the ideal pore morphology. In addition to pore size and porosity, more descriptive parameters (e.g., tortuosity and surface area to volume ratio, et al.) have been supplemented to characterize and evaluate scaffolds.
[image: Figure 5]FIGURE 5 | Porous and hydrogel scaffolds. Bilayered PLGA porous scaffolds (A) with different pore sizes shown in scanning electron microscopy (SEM) images (B: a-e). The boundaries between the layers were magnified (B: f-j). Bilayered porous scaffold consisting of non-woven PGA meshes (C) and PLGA/PEG foams (D). PCL porous scaffold with a 0/60/120° lay-down pattern (E). Muti-layered scaffolds with porous 3D printing PLGA/TCP bone layer (F) were shown in digital pictures (F: a), SEM images (F: b-c) and micro-CT reconstructive images (F: d), respectively. Bilayered CAN-PAC hydrogel (G: a) and the SEM images of upper (G: b) and lower layers (G: c). SEM images of the upper and lower layers of chitosan hydrogel scaffold (H). Tri-phasic scaffolds made of gelMA hydrogel and PCL/HA (I: a). CD31 immunohistochemical analysis showed the presence of HUVECs in the PCL-PCL/HA phase (I: b). (A, B) Adapted with permission from ref (Duan et al., 2014). Copyright 2013 by WILEY PERIODICALS Inc. (C, D) Adapted with permission from ref (Schaefer et al., 2000). Copyright 2000 by Elsevier Science Ltd. (E) Adapted with permission from ref (Cao et al., 2003). Copyright 2003 by Mary Ann Liebert Inc. (F) Adapted with permission from ref (Jia et al., 2018). Copyright 2018 by American Chemical Society. (G) Adapted with permission from ref (Liao et al., 2017). Copyright 2017 by Nature Publishing Group. (H) Adapted with permission from ref (Dehghani Nazhvani et al., 2021). Copyright 2021 by Elsevier Inc. (I) Adapted with permission from ref (Pirosa et al., 2021). Copyright 2021 by Elsevier Ltd.
Ideal porous scaffolds for clinical applications in osteochondral tissue engineering should meet both structural and functional requirements. Different layers of the scaffolds can mimic the natural gradients of the OC tissue. After implantation, the scaffolds can stimulate tissue regeneration and integration with the surrounding cartilage and subchondral bone. Natural and synthetic polymers are commonly employed as biomaterials. In an earlier in vitro study, Schaefer D et al. dynamically seeded the fibrous, non-woven PGA meshes and PLGA/PEG foams with chondrocytes and periosteal cells, respectively, (Figures 5C,D). Then, the two cell-polymer constructs were cultured independently and sutured together for an additional co-culture in osteogenic medium. Mature bone-like constructs in combination with immature cartilaginous constructs were suggested to promote integration at the tissue interface. Seo JP et al. inserted PRP/acidic GT sponges loaded with chondrocytes and BMSCs and BMP-2/basic GT sponges loaded with BMSCs into the upper and lower part of osteochondral defects separately in a horse model (Seo et al., 2013). The GT sponges prepared have a porosity of 95.9% with the pore size of 179.1 ± 27.8 μm. Sponges have better mechanical stability compared to meshes. To date, there have been various multi-layered porous scaffolds reported based on different fabricating techniques. Dresing I et al. demonstrated PUR and nHA/PUR scaffolds consisting of three regions (Dresing et al., 2014). The scaffolds were assembled via a solvent welding technique. Jia S et al. designed a biomimetic multi-layered scaffold (Figures 5F). The scaffold comprised three integrated layers: an oriented ACECM-derived cartilage layer, an intermediate compact interfacial layer and a 3DP porous PLGA/TCP layer. The heterogeneous porous constructs provided a suitable template to guide hyaline cartilage, calcified cartilage and subchondral bone growth.
Hydrogel Scaffolds
The extracellular matrix of osteochondral tissue is gelatinous substance containing fibrous components (Khorshidi and Karkhaneh, 2018). Because of the structural and compositional resemblance to natural ECM, natural and synthetic hydrogel scaffolds have great potential in tissue regeneration due to their intrinsic properties, such as biocompatibility, biodegrability and cell interaction. Natural materials used in hydrogels, including decellularized ECM, collagen, chitosan and hyaluronic acid etc., possess satisfactory biocompatibility with no inflammation and cytotoxity, whereas synthetic polymers are easier to process and control (Naahidi et al., 2017). To balance the degradability of scaffolds and the adhesions of cells is the key to design hydrogels for tissue repair. Responsive hydrogel materials are considered as potential candidate for biological platforms due to their adaptive responses to physiological stimuli in the environment. And hydrogel-based soft-hard interfaces, which can regulate homeostasis in the interfacial microenvironment, deserve attention in future studies (Fang et al., 2021).
A biphasic CAN-PAC hydrogel was fabricated by Liao J et al. for osteochondral defect regeneration in a rabbit model (Figures 5G). CSMA and NIPAm were dissolved in the upper solution, meanwhile, PECDA, AAm and PEGDA were added in the lower solution. The hydrogel facilitated the formation of new translucent cartilage and repaired subchondral bone. Also, a hypoxic preconditioned chitosan-based hydrogel has shown a faster healing trend, with thicker cartilage and more new ECM formation (Figures 5H). More recently, Pirosa A et al. used solid gelMA hydrogel in combination with wet-spun PCL and PCL/HA to generate an in vitro vascularized osteochondral tissue model (Figures 5I). In another study, an injectable and self-hardening hydrogel of silylated cellulose and chitosan showed the potential for osteochondral tissue repair in a dog model (Boyer et al., 2020).
Fibrous Scaffolds
Actually, fibrous scaffolds can be classified as porous microfiber or nanofiber scaffolds, which offer a microenvironment favorable for cell attachment and survival. Various materials and techniques can be utilized for fabrications. Electrospinning, in particular, is an widely used technique. Moreover, the fibers can be specifically functionalized by the controlled release of drugs and biomolecules. The application of fibrous scaffolds to osteochondral tissue engineering makes it possible to customize properties as required, including pore morphology, resilience, flexibility and bioactivity etc.
In osteochondral tissue engineering, materials used to produce fibrous scaffolds include natural polymers, synthetic polymers, cellulose fibers, mineral fibers and carbon fibers (Hild et al., 2011; Yunos et al., 2013; Baah-Dwomoh et al., 2015). Liu S et al. produced a nanofiber yarn-collagen type I/hyaluronate hybrid (Yarn-CH)/TCP biphasic scaffold for osteochondral defect repair in a rabbit model. The nanofibrous scaffold showed an almost smooth articulating surface and good integration of cartilage-implant interface. A bilayered microporous scaffold was fabricated with collagen and electrospun poly-L-lactic acid nanofibers (COL-nanofibers) by Zhang S et al. The study reported more rapid osteogenic differentiation and better cartilage formation induced by the nanofibrous scaffold. Another nanofibrous scaffold, namely XanoMatrix, contains polyethylene terephthalate and cellulose acetate (Bhardwaj and Webster, 2016). With great hydrophobicity, 3D surface area and high tensile strength, the scaffold is a candidate for osteochondral defect treatment. Elangomannan S et al. evaluated the properties of carbon nanofibers/PCL/mineralized hydroxyapatite (CNF/PCL/M-HAP) scaffolds and reported the potential for orthopedic applications (Elangomannan et al., 2017).
Microsphere Scaffolds
As an important candidate as building blocks of scaffolds, microspheres (MSs) show advantages in the following respects: biomimetic structural support, biological regulation, controlled release of biomolecules and drugs, cell delivery in vivo and large scale production (He et al., 2020). According to the purpose, scaffolds loaded with MSs come in two types: MS-leached scaffolds and MS-incorporated scaffolds (Figure 6).
[image: Figure 6]FIGURE 6 | Microsphere (MS) scaffolds can be classified into MS-leached scaffolds (A) and MS-incorporated scaffolds (B). Chondrocyte-encapsulated MSs can provide protection and achieve targeted carriage (B: a). MS scaffolds loaded with vancomycin hydrochloride (VH) can reduce inflammation after implantation (B: b). MS scaffolds loaded with OIC-A006 (B: c). Multi-layered scaffold consisting of pre-integrated hydrogel (G), hydrogel + microsphere interface (I) and microsphere (M) bone layers (B: d). (B-a) Adapted with permission from ref (Bozkurt et al., 2019). Copyright 2019 by BioMed Central Ltd. (B-b) Adapted with permission from ref (He et al., 2021). Copyright 2020 by Elsevier Ltd. (B-c) Adapted with permission from ref (Lin et al., 2016). Copyright 2016 by Taylor and Francis Group. (B-d) Adapted with permission from ref (Jiang et al., 2010). Copyright 2010 by Biomedical Engineering Society.
In the former type, MSs serve as porogens to produce homeostatic and regular porous structure. Several studies have reported better cell infiltration and tissue invasion based on MS-leached scaffolds (Zaborowska et al., 2010; Huebsch et al., 2015). In the latter type, MSs are used to modify sophisticated biological functions, thereby showing promise for development of osteochondral tissue engineering. MSs based on hydroxyapatite, calcium carbonate, chitosan and PLGA etc. have been reported to use for scaffold fabrications to improve mechanical strength and bioactivity (Shalumon et al., 2016). Cell-encapsulated MSs can protect the inner cells and allow bidirectional substance exchange (Bozkurt et al., 2019). Moreover, MSs loaded with drugs or biomolecules can exert therapeutic effect and regulate cell metabolism (Dormer et al., 2010). Reyes R et al. incorporated MSs loaded with TGF-β1 and BMP-2 into a bilayered scaffold to induce chondrogenic and osteogenic differentiation, separately (Reyes et al., 2014). The microsphere scaffold was reported to induce a high degree of tissue repair based on histological evidence. In addition, one study encapsulated 45S5 bioactive glass particles (BG) in PLGA MSs, which facilitated mineral formation in the interface and bone regions (Jiang et al., 2010). Mohan N et al. fabricated PLGA-CS-NaHCO3 as chondrogenic MSs and PLGA-β-TCP as osteogenic MSs to produce a gradient scaffold (Mohan et al., 2015). Recently, various studies have reported the utility of drug or gene delivery MSs for effective osteochondral tissue regeneration (Lin et al., 2016; Madry et al., 2020; He et al., 2021).
Metal Scaffolds
To date, limited studies on metal scaffolds have been reported. Mrosek EH et al. used trabecular metal/periosteal graft (TMPG) biocomposites to treat osteochondral defects in a sheep model (Mrosek et al., 2016). The metal scaffolds showed excellent bony ingrowth and integration, but failed to promote satisfactory neo-cartilage formation, unfortunately. Another metal worth mentioning is titanium (Ti), a highly corrosion resistant and biocompatible material with superior mechanical properties (Nover et al., 2015). Given the ability to promote cartilage growth and allow bone tissue ingrowth, porous titanium has been proposed as a viable bone-like base material for osteochondral tissue engineering. The mechanical support of subchondral bone has been reported as an essential part in articular cartilage protection (Hu et al., 2021). Therefore, metallic materials have been employed in OC tissue repair as subchondral bone phase. Duan X et al. fabricated a biphasic scaffold composed of type I collagen (Col)/glycosaminoglycan (GAGs) as chondral phase and porous titanium as subchondral phase (Duan et al., 2013). Sing SL et al. combined the two metals mentioned above to develop a biphasic metal scaffold for osteochondral defect repair (Sing et al., 2017). The titanium-tantalum (TiTa)/type I collagen scaffold demonstrated continuous interface between the two phases, the biological functions of which need to be further evaluated. The poor biodegradability and unsatisfactory performance in mimicking articular cartilage tissue have been the major obstacles to widespread application of metals (Díaz Lantada et al., 2016).
Composite Scaffolds
The use of composite scaffolds in tissue engineering can integrate the advantages of polymers and ceramics. Various bioceramics have been used for scaffold fabrication, mainly summarized into three categories including bioinert materials (e.g., alumina and zirconia), semi-inert surface reactive materials (e.g., bioactive glass and dense hydroxyapatite) and biodegradable materials (e.g., calcium phosphate and tricalcium phosphate) (Pina et al., 2018). Unlike polymers, ceramics have better mechanical stiffness and corrosion resistance. However, several inherent features, such as fragility, inelasticity and difficult processing, limit their applications. Therefore, composite scaffolds made of polymers and ceramics perform better in mechanical properties and degradation behaviors. Erickson AE et al. presented a bilayered scaffold composed of two areas (Erickson et al., 2019) (Figures 7A,B). The cartilage and bone layers contain chitosan/hyaluronic acid (HA) and chitosan/alginate/hydroxyapatite nanorod (HAp), respectively. By the thermally-induced phase separation process, a gradient transition zone between the two layers was established, improving the whole stability. A bilayered chitosan/chitosan-β-tricalcium phosphate (CS/CS-β-TCP) composite scaffold was fabricated and evaluated in a rat model (Xu et al., 2021) (Figure 7C). Cells seeded in both layers maintained excellent viability and differentiated into chondrogenic and osteogenic lineages, respectively. As one of the major projects in designing OC tissue engineering scaffolds, the bone-cartilage interface can regulate the mechanical properties of the composite structure and enhance the integration as a connecting medium. Meanwhile, the interface can inhibit unexpected infiltration and provide independent microenvironment for differentiation. For instance, a four-layered composite scaffold was designed to improve the interfacial bonding between the newly formed tissues and the integration of implants with host tissues (Figure 7D). In the study by Khader A et al., fibrous zinc oxide (ZnO)/PCL composite scaffolds were fabricated and evaluated in vitro (Khader and Arinzeh, 2020). Different percentage ZnO composite scaffolds demonstrated chondrogenic and osteogenic differentiations in different degrees. Bioactive glass (BG) is another important material to produce polymer-bioceramic composite scaffolds (Yao et al., 2014). Due to its osteogenic potential, BG has a remarkable application prospect in osteochondral defect repair. All these studies emphasize the value of composite scaffolds in effective osteochondral tissue engineering. At present, the main challenges in designing this type of scaffolds lie in the balance among stability, mechanical stiffness, biocompatibility, bioactivity and degradability.
[image: Figure 7]FIGURE 7 | Composite scaffolds. The fabrication process (A) and SEM images (B) of a bilayered composite scaffold consisting of 4% CHA cartilage layer (B: a) and 6% CA + 0.5%HAp bone layer (B: c) with an integrated interface (B: b). A bilayered CS/CS-β-TCP scaffold (C) was prepared and observed by gross appearance (C: a–c) and SEM (C: d–f). A composite scaffold with four functional layers improved the integration of implants with host tissues (D). (A and B) Adapted with permission from ref (Erickson et al., 2019). Copyright 2019 by Springer Science + Business Media LLC. (C) Adapted with permission from ref (Xu et al., 2021). Copyright 2021 by Mary Ann Liebert Inc. (D) Adapted with permission from ref (Chen et al., 2018). Copyright 2018 by Elsevier B.V.
Extracellular Matrix-Based Scaffolds
In consideration of the difficulty in mimicking comparable components and complicated architecture of native extracellular matrix (ECM), decellularization of specific tissues, by removing cells and genetic molecules and maintaining biochemical and biomechanical properties, is a potential candidate for scaffold fabrication in osteochondral tissue engineering (Hussey et al., 2018; Yin et al., 2018). Decellularized matrix derived from different tissues, such as urinary bladder, pericardium, dermis and cartilage etc., has been developed and investigated in vitro and in vivo (Singh et al., 2018; Bock et al., 2020). However, decellularized extracellular matrix (dECM), processed to serve as a whole scaffold, has several limitations. Due to the differences in tissue sources, separation and processing techniques and sterilization methods, decellularized scaffolds obtained have certain differences in structures and functions, limiting the reproducibility. Furthermore, unseeded scaffolds promote the natural rebuilding of host tissues, possibly resulting in poor tissue replacement and undesired inogenesis. Efforts should be made to control the potential negative outcomes. Besides, the recellularization of dECM-based scaffolds to mimic native cell distribution is another challenge, considering cell type and concentration, seeding routes and methods and bioreaction characteristics (Hussey et al., 2018). Recently, studies on exosomes possibly pave a new way for OC tissue engineering strategies. Jiang S et al. applied cartilage dECM in combination with intra-articular injection of MSC derived exosomes for osteochondral tissue regeneration (Jiang et al., 2021).
CLINICAL PRODUCTS
To date, several synthetic scaffolds applied to osteochondral lesions have been translated into commercial products, some of which have been approved in the European Union, including TruFit™, MaioRegen™, ChondroMimetic®, BioMatrix CRD and Agili-C™ (Wang et al., 2020; D'Ambrosi et al., 2019; Getgood et al., 2012; Kon et al., 2016) (Table 3). Although these bilayered and multilayered scaffolds have reported considerable improvement in clinical symptoms and activity quality, several problems in clinical trials remain to be solved, such as the delamination of scaffolds, the incomplete integration with native tissue, the unsatisfactory quality of regenerated tissue, knee discomfort and the risk of reoperation etc. (Hindle et al., 2014; Brix et al., 2016; Farr et al., 2016; Azam et al., 2018). Therefore, further efforts are needed to illustrate the relationship between these problems and scaffold design strategies for volume production and clinical application.
TABLE 3 | Hierarchical commercial products for OC tissue regeneration approved in the European Union.
[image: Table 3]CURRENT CHALLENGES AND FUTURE PROSPECTS
Due to the native complexity of OC tissue in hierarchical structure and biological functions, there are still several drawbacks and challenges remaining to be overcome, such as scaffold material-cell interactions, controlled cellular proliferation and differentiation, vascularization and long-term survival of the regenerated tissue etc. Chondrocytes are decisive to the maintenance of the structure and functions of cartilage tissue and can be seeded into scaffolds to produce cartilaginous extracellular matrix (ECM) (Malda et al., 2019). Considering the limitations of chondrocytes, such as isolation difficulty, low proliferation capacity, unexpected dedifferentiation and phenotypic instability, stem cells have offered a new kind of way for OC tissue regeneration. The respective chondrogenic and osteoblastic differentiation of stem cells depends on independent microenvironments, with the assistance of biological or physical stimulations or combined applications (Xuan et al., 2020; Paggi et al., 2020). The spatio-temporal control of stem cell differentiation is an important direction for further research. Due to the low survival rate of cells and instability of bioactive molecules, cells or growth factors incorporated scaffolds are difficult to store and transport, which is an obstacle to commercialization of bioactive scaffolds (Deng et al., 2018). Scaffolds in combination with multiple bioactive ions provide potential directions (Deng et al., 2018) (Figure 8A). Despite the hypothesis that MSCs can differentiate into chondrocytes to regenerate damaged tissue, their secretory functions have attracted more attention recently in tissue repair. Exosomes are possibly candidate for OC tissue engineering (Zhang et al., 2018). Besides, since cells and fibers in native OC tissue have gradient arrangements, the effects of filament orientations and constructs on cellular functions and tissue regeneration should be investigated (Zhang B et al., 2020). Moreover, the integration of scaffolds and regenerating tissue to surrounding targeted tissue is another consistent improving direction, determining the biomechanical properties of the composite structure (F. Zhou et al., 2018). Several strategies, including tissue adhesive and chemical modification, have been applied to enhance integration (Han et al., 2018; Zhang J et al., 2020) (Figure 8B). Despite the comprehensive understanding of the composition and structure of native OC tissue, the reconstruction of its anatomic and biomechanical gradients still remains difficult, which affects the long-term survival of newly formed tissue during joint movements. In comparison to the early developed monophasic scaffolds, biphasic scaffolds can achieve the regeneration of two individual layers, respectively, and triphasic scaffolds can better resemble the OC tissue stratification by taking intermediate CC layer into account. And recently proposed gradient scaffolds, whether in multiphasic or continuous forms, can better imitate the native biochemical components and architectural properties of OC tissue in a more superior way (Wei and Dai, 2021). As a potential direction in future studies, the development of sophisticated gradient OC tissue engineering scaffolds needs more exploration with the assistance of evolving biomaterials and fabrication techniques. Finally, good manufacturing practices and regulatory issues before and after clinical approval are critical to produce safe and efficacious commercial products (Zhou et al., 2020).
[image: Figure 8]FIGURE 8 | (A) 3D-printed Sr5(PO4)2SiO4 (SPS) bioactive ceramic scaffolds can promote osteochondral defect reconstruction possibly by releasing Sr and Si ions (a-d). (B) A polydopamine−chondroitin sulfate−polyacrylamide (PDA−CS−PAM) hydrogel with tissue adhesiveness and super mechanical properties for cartilage regeneration. (A) Adapted with permission from ref (Deng et al., 2018). Copyright 2018 by Ivyspring International Publisher. (B) Adapted with permission from ref (Han et al., 2018). Copyright 2018 by American Chemical Society.
CONCLUSION
Over the past few decades, osteochondral tissue engineering strategies based on scaffolds have achieved great progress. However, several problems still remain in the restoration of anatomical, biochemical and biomechanical stratification, including the efficiency of cells and bioactive molecules, the integration to adjacent tissues, the spatiotemporal control of physicochemical properties and cellular behaviors and the survival of regenerated tissue etc. In spite of all these challenges, we are optimistic that the development of closely related disciplines and further researches will gradually provide more opportunities for osteochondral tissue engineering for the foreseeable future.
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Avascular necrosis of femoral head (ANFH) is a disease that is characterized by structural changes and collapse of the femoral head. The exact causes of ANFH are not yet clear, but small advances in etiopathogenesis, diagnosis and treatment are achieved. In this study, ß-tricalcium phosphate/poly lactic-co-glycolic acid composite scaffolds incorporated with bisperoxovanadium [bpV (pic)] (bPTCP) was fabricated through cryogenic 3D printing and were utilized to treat rat models with early ANFH, which were constructed by alcohol gavage for 6 months. The physical properties of bPTCP scaffolds and in vitro bpV (pic) release from the scaffolds were assessed. It was found that the sustained release of bpV (pic) promoted osteogenic differentiation and inhibited adipose differentiation of bone marrow-derived mesenchymal stem cells. Micro-computed tomography scanning and histological analysis confirmed that the progression of ANFH in rats was notably alleviated in bPTCP scaffolds. Moreover, it was noted that the bPTCP scaffolds inhibited phosphatase and tensin homolog and activated the mechanistic target of rapamycin signaling. The autophagy induced by bPTCP scaffolds could partially prevent apoptosis, promote osteogenesis and angiogenesis, and hence eventually prevent the progression of ANFH, suggesting that the bPTCP scaffold are promising candidate to treat ANFH.
Keywords: bisperoxovanadium, ß-tricalcium phosphate, avascular necrosis of femoral head, phosphatase and tensin homolo, rats
INTRODUCTION
Avascular necrosis of femoral head (ANFH) is a disease that is related to necrosis of bone cells and marrow tissue, structural changes and collapse of the femoral head, joint dysfunction and pain (Seijas et al., 2017). ANFH is a slow-course disease with complex etiology and a high disability rate, leading to the loss of a patient’s physical labor ability (Zalavras and Lieberman, 2014). It is known that alcohol is an important pathogenic factor in the pathogenesis of ANFH, and among Chinese male ANFH patients, 40.4% of the patients had alcoholism (Moya-Angeler, 2015). Since most people in China have the custom of drinking a high dose of alcohol for a long time, the incidence of ANFH has been increasing year by year (Cui et al., 2015). The most effective surgical approach for ANFH is total hip arthroplasty (THA), but due to the limited life-time of the artificial joints, it is still controversial (Scaglione, 2015). Therefore, developing a novel treatment strategy for ANFH is of great importance and demand.
In the last decade, scaffold-based bone tissue engineering has gained increasing attention in various orthopaedic applications (Sadiasa et al., 2013; Tao et al., 2019; Guo et al., 2020). It is a key scientific issue to prevent and cure ANFH by implanting bioactive materials combined with biologically active factors of key regulatory pathways (Sharma et al., 2019). Biocompatible and biodegradable poly (lactic-co-glycolic acid) (PLGA) is the most widely used synthetic polymer to encapsulate drugs/biomolecules (Thi Hiep et al., 2017; Swider et al., 2018). The addition of TCP to PLGA could improve the mechanical properties of PLGA and reduce the risk of inflammation by neutralizing the acidic products due to the hydrolysis of PLGA matrix.
Phosphatase and tensin homolog deleted on chromosome ten (PTEN), which has a phosphatidylinositol 3-phosphatase activity, is a very effective negative regulator of the P13K/Akt pathway. Akt and its downstream target proteins play a crucial role in the regulation of bone formation and remodeling (Liu et al., 2007; Mukherjee and Rotwein, 2009). The enhanced activity of PTEN can inhibit the activity of mechanistic target of rapamycin (mTOR) pathway (Yang et al., 2018). mTOR pathway is an evolutionary conserved signaling that regulates cell proliferation, autophagy, and apoptosis by participating in multiple signaling pathways. Studies have shown that the mTOR pathway is associated with cancer, arthritis, insulin resistance, osteoporosis and other diseases. Bisperoxovanadium [bpV (pic)] is an inhibitor of PTEN, which binds to the active center and inhibits the activity of PTEN protein (Schmid et al., 2004). In vivo and in vitro experiments have proved that bpV (pic) has a strong inhibitory effect on PTEN at a low concentration. Targeted inhibition of PTEN can increase the content of Alkaline phosphate (ALP) in osteoblasts, improve mineral formation, and up-regulate the expression of genes related to bone formation (Liu et al., 2017), suggesting bpV (pic) is an excellent drug candidate to treat bone degeneration diseases by inhibiting PTEN activity.
In this study, we fabricated bpV (pic)/TCP/PLGA porous scaffolds (designated as “bPTCP”) through cryogenic 3D printing to treat early avascular necrosis of femoral head models in rats, which was made through a 6-month alcohol gavage to rats. The scaffold used in this experiment was porous, and its unique porous pore structure could provide sufficient contact area for the growth of bone tissue cells and blood vessels. The average porosity of cortical bone in rats is 10%–20%, while the porosity of bone trabecular bone is between 50% and 90% (Smith et al., 2020). We noticed that the bPTCP scaffolds promoted osteogenic differentiation and inhibited adipose differentiation in cultured bone Mesenchymal Stem Cells (BMSCs). (Bone Mesenchymal Stem Cells). Furthermore, bPTCP scaffolds induced autophagy, partially prevented apoptosis, promoted osteogenesis and angiogenesis and prevented the progression of ANFH. The underlying mechanism is that controlled release of bpV (pic) from bPTCP scaffolds inhibited PTEN and activated mTOR signalings. In short, the fabricated bPTCP scaffolds could be a promising therapeutic strategy to prevent ANFH.
MATERIALS AND METHODS
Materials
PLGA with a molecular weight of 100,000 was provided by Sigma Aldrich (United States). bpV (pic) and ß-TCP powder (with a diamter <10 μm) were provided by Shanghai Tissue Engineering Center (China). Methylene dichloride (DCM) was provided by Shanghai Clinical Research Center (China). Deionized (DI) water was prepared by an ultra-pure water system (Arum 611, Sartorius).
Scaffold Fabrication
The formulation of printing inks and the fabrication process of the 3D printed bone tissue engineering scaffolds (designated as “CTP”) are shown in Figure 1. Firstly, 4 g of PLGA was dissolved in 10 ml of DCM, followed by the addition of 3 g of TCP particles. With the assistance of 30 min of ultra-sonication in an ice water bath, uniform TCP/PLGA/DCM suspension was obtained. Subsequently, we added 2 ml of DI water containing 25 μg of bpV (pic) into the TCP/PLGA/DCM suspension, followed by the addition of 100 μL of Tween20 as emulcifier. In our study, Tween 20 was solely used as a biocompatible surfactant to stabilize the as-formulated composite emulsion inks. It has been used in many studies and no cell toxicity was reported (Wang et al., 2017). With the aid of sufficient oscillation, water-in-oil composite emulsions was obtained. The as-prepared composite emulsions were used as printing inks and poured in a 20 ml syringe which was connected with a V-shape nozzle (inner diameter of 0.4 mm). The ink loaded syringe was further loaded in the cryogenic 3D printer which could provide a cryogenic environment with a temperature of −30 C. The propelling speed of the ink was maintained at 0.002 ml/s, and the printing speed is set at 8 mm/s. A pre-designed STL file was imported in the cryogenic 3D printer and 3D scaffolds with a rod-like pattern were fabricated. Scaffolds were first dried in a freeze-dryer for 24 h and then coated with a thin layer of gold. The coated scaffold samples were attached to the stage and subjected to scanning electron microscopy (SEM) observation (Sigma 500, Zeiss, Germany). Compression tests were conducted to study the mechanical properties of scaffolds using a universal testing machine (Shanghai He Sheng Instrument co., ltd).
[image: Figure 1]FIGURE 1 | Schematic illustration of fabricating bpV (pic)/TCP/PLGA composite scaffolds via cryogenic 3D printing. The scaffolds were seeded with rBMSCs for in vitro biological evaluate and implanted into the femoral heads of rats with ANFH to treat ANFH in vivo.
Scaffold Characterization
Digital camera and SEM were used to observe the macro- and micro-structures of different scaffolds. Typically, scaffold samples with a dimension of 5 mm × 5 mm × 5 mm were immersed in PBS solution and then subjected to a compression testing using a universal testing machine at 37°C. The strain rate was set as 2 mm/min and the compression was stopped when 50% compression strain was achieved. Five samples for each type of scaffold were tested. The compression strength and elastic modulus were calculated.
Alcoholic Femoral Head Necrosis Model of Rats
Healthy adult SD rats were provided by The Experimental Animal Center of Youjiang Medical University for Nationalities, and all procedures were approved by the Animal Ethics Committee of our hospital. According to the experimental method of Wang et al. (2019) and Zhang et al. (2016), the experimental animals were changed from rabbits to rats. A total of 60 2-month-old healthy SD male rats with a bodyweight of 260–310 g (285 g in average) were selected. Rats have free access to water and food (temperature: 22 ± 1°C; relative humidity: 45 ± 5%). Automatic control of light and shade period is about 12 h. After adaptive feeding for 1 week, 10 rats were selected as negative control (sham group), 50 rats were gavaged with 52.0% alcohol liquor at 0.01 ml/g for 4 months. The 50 rats were examined by X-ray, µ-CT and MRI after 4 months of intragastric administration, and 42 animals were confirmed to suffer from ANFH. 30 rats in good status were selected and randomly divided into control group (ANFH group), PLGA-TCP stent group (PTCP group) and bpV (pic)-PLGA-TCP stent group (bPTCP group) (n = 10). The rats were anesthetized by intraperitoneal injection of 3% pentobarbital sodium (1 ml/kg body weight), and the left femoral trochanter was exposed. The pulp core was decompressed with a 1.2 mm surgical drill, and a bone tunnel with a diameter of 1.2 mm was established under the guidance of C-arm fluoroscopy. Two different stents were placed in the bone tunnel, sutured one after the other, the antibiotic used within the scope of animal experiments is penicillin. After the surgery, the rats were intramuscularly injected with penicillin at a dose of 1.0 × 106 U/kg for three consecutive days. Two months later, the animals were sacrificed and bone tissues of femoral heads from all the groups were analyzed.
Fourier Transform Infrared Spectra Analysis
Fourier transform infrared (FTIR) spectra of two scaffolds were recorded with a NICOLET iS5 (Thermo fisher, United States) FTIR spectrometer using a KBr pellet technique with a resolution of 1 cm−1 over a scan range of 4,000–500 cm−1.
Degradation Behaviour Experiment
The in vitro degradation behaviour of scaffolds was studied by monitoring the weight remaining in an 8-week test period. Typically, 100 mg of scaffold sample was put into a 15 ml centrifuge tube which was added with 3 ml PBS solution. The test liquid was changed every week. After 2-, 4-, 6-, and 8-weeks of incubation, the scaffold samples were taken out and rinsed in DI water for several times to remove precipitated salts. The rinsed scaffolds were then freeze-dried for 48 h and the weight remaining was measured using a digital balance.
Cell Culture
Bone marrow mesenchymal stem cells (BMSCs) were derived from the femoral cavity of adult rats. 10% fetal bovine serum was added into Dulbecco’s Modified Eagle Medium (DMEM)-high sugar medium, and rat BMSCs cell was inoculated into the Medium (Derubeis and Cancedda, 2004). They were then cultured in a cell incubator at 37°C, CO2 concentration was 5% and relative humidity was 50%. The medium was changed timely according to the growth rate of cells, and the cells with 80–90% confluence were digested with 0.25% EDTA working solution of trypsin for a subculture or cell seeding. To further study the osteogenesis capability of scaffolds, scaffold samples were infused with 0.5 ml of rat bone marrow-derived mesenchymal stem cells (rBMSCs) solution with a density of 5 × 107 cell/mL. In order to achieve the adhesion of stem cells to the bone tissue structure scaffold, the scaffolds and rBMSCs were cultured together in vitro, and the effects of inhibiting PTEN activation of mTORC1 on the mTORC1 activity and osteogenic differentiation function of rBMSCs were detected. BpV concentration was determined by referring to the cell culture method previously studied (Mukhopadhyay et al., 2014), The cells were stimulated with leaching solution extracted from bPTCP scaffolds (two concentrations) and the scaffold was infiltrated with 5 ml (bpV-1) or 10 ml (bpV-2) culture medium for 48 h. The purpose of using different concentrations of bpV was to study whether different concentrations would affect the behavior of cells.
Alkaline Phosphate Staining
BMSCs in different groups (control, bpV-1, bpV-2) were cultured with mineralization-inducing media containing 100 µM ascorbic acid (Sigma-Aldrich, St. Louis, MO. United States), 2 mM ß-glycerophosphate (Sigma-Aldrich) and 10 nM dexamethasone (Sigma-Aldrich). For ALP staining, after induction, cells were fixed with 70% ethanol and incubated with a solution of 0.25% naphthol AS-BI phosphate and 0.75% Fast Blue BB dissolved in 0.1 M Tris buffer (pH 9.3). ALP activity assay was performed with an ALP kit according to the manufacturer’s protocol (Sigma-Aldrich) and normalized based on protein concentrations.
Oil Red O Staining
BMSCs in different groups (control, bpV-1, bpV-2) were cultured with medium containing a-MEM, 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 5 mg/ml insulin (Sigma-Aldrich), 1 mM dexamethasone (Sigma-Aldrich), 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich), and 100 mM indomethacin (Sigma-Aldrich) to induce adipogenic differentiation. For Oil red O staining, cells were washed twice with PBS and fixed with 4% paraformaldehyde for 2 h at 4°C. Then, cells were stained for 2 h in freshly diluted oil red O solution at 4°C. The stain of cells was removed by washing twice with PBS.
Histological, Immunofluorescence and TUNEL Analysis
Resected bone samples from each group were fixed in 4% paraformaldehyde and decalcification with 10% EDTA for 2 months. After decalcification, bone samples were cut into 5-μm-thick sections and stained with hematoxylin and eosin (H and E) following a standard protocol. For immunofluorescence analysis, the slices were incubated in 10 mM citric acid buffer overnight at 60°C to unmask antigens. Then, we incubated the slices in diluted primary antibodies at 4°C overnight and appropriate secondary antibody for 1 h at RT. nuclei were counterstained in 4′,6-diamidino-2-phenylindole (DAPI) (Life Technologies) and images were obtained on a confocal laser-scanning microscope (Olympus, Tokyo, Japan). For TdT-mediated dUTP nick end labeling (TUNEL), slices were deparaffinized and antigens were unmasked. The DeadEnd Fluorometric TUNEL System (Promega) procedure was performed following the manufacturer’s instructions.
Western Blot Analysis
The cells were lysed in 2% sodium dodecyl sulfate (SDS), 2 M urea, 10% glycerol, 10 mM Tris-HCl (pH 6.8), 10 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride. Proteins were separated by 10% SDS-polyacrylamide gel electrophoresis. After electrophoresis, the proteins were transferred to the membrane by wet transfer (Bio-Rad Laboratories, Hercules, CA, United States). Each membrane was incubated with TBST (100 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween 20) and 5% non-fat-blocking milk powder at room temperature for 1 h, then incubated overnight with the primary antibody in a shaking bottle at 4°C. The membrane and HRB-conjugated secondary antibody were incubated at room temperature for 1 h. The membrane was then treated with enhanced chemiluminescence reagent (ECL Kit, Amersham Biosciences, Piscataway, NJ, United States) and the proteins were detected using chemiluminescence technology.
Real-Time Polymerase Chain Reaction Analysis
Expression of osteogenic genes, including alkaline phosphate (ALP), collagen type I (col1a1), osteocalcin (OCN), transcription factor Sp7 (Osterix), and Runt-related transcription factor 2 (RUNX2), were analyzed in BMSCs in different groups with osteogenic induction medium. And adipogenesis genes including Fatty acid-binding protein 4 (Ap2), CCAAT/enhancer-binding protein a (CEBPα), peroxisome proliferator-activated receptor γ (PPARγ) and adiponectin were analyzed. Operation steps: 1) Measure the concentration of total RNA extracted, separate the mRNA, and then use the reverse transcription kit for operation, reverse transcription of the mRNA into cDNA. 2) The purpose of PCR primers is to design a pair of appropriate nucleotide fragments that can effectively amplify template DNA sequences. After culturing for 7 days, total RNA was extracted using Trizol reagent from cells. The concentration of RNA was measured by a NanoDrop spectrophotometer (Thermo Fisher Scientific, United States). The primers used are shown in Table 1.
TABLE 1 | Primer sequences used for RT-PCR.
[image: Table 1]Micro-CT Scanning
Micro-computed tomography (μ-CT, Scanco Medical, Bassersdorf, Switzerland) was used to determine rats’ femoral heads from all groups (voltage 75 kV, resolution 12 μm per pixel). The bone mineral density (BMD) and bone volume/total volume (BV/TV) were calculated with the analysis system of the micro-CT. A total of 100 sections of the primary trabecular bone of the lower femoral metaphysis as areas of interest were quantified.
Statistical Analysis
All data were expressed as mean ± standard deviation (SD). SPSS statistical software (version 16.0) was used for one-way ANOVA (p < 0.05), and the difference was statistically significant.
RESULTS AND DISCUSSION
Scaffold Characterization
The general morphology and different magnification under SEM of the PTCP and bPTCP scaffolds is shown in Figure 2A. The scaffolds had a rod-like structure in which grid patterns can be observed. The strut surface was rough. and all scaffolds showed a good dispersion of TCP particles. Figure 2B showed the FTIR of TCP/PLGA before and after bpV (pic) incorporation. It can be seen that the distinctive peaks at 1,631 and 805 cm−1 were corresponding to the–OH stretching vibrations of TCP/PLGA, intimating that there is–OH group existing on the surface of the scaffolds. The distinctive peaks at 1,000 cm-1belonged to the C-H flexural vibration of the olefin group and alkyl group. The adsorption peak at 547 cm−1 presented the P-O stretching vibration of phosphate group, and the adsorption peak at 1,629 cm−1 belonged to the C = O stretching vibration of the carboxyl group. After bpV (pic) adsorption, the peak at 805 cm−1 was shifted to 801 cm−1, indicating the hydrogen bonds were formed between the TCP/PLGA and bpV (pic). Similarly, the C-H, C-O, C = O and–OH peaks area of TCP/PLGA tended to a lower peak area and the vibration band at 1,238 cm−1 presented the C=N stretching bands, The vibration band at 1,045 cm−1 presented the C-N stretching bands, revealing that there was an incorporation between the TCP/PLGA material and bpV (pic). Indicating that bpV was successfully loaded on the bPTCP scaffold. The both compressive strength of two scaffolds are 2.8 MPa, and the both elastic moduli are 20.0 MPa. There were no significant differences in pore size, porosity and mechanical properties in each scaffold group. The addition of bpV (pic) did not change the mechanical properties (Figure 2C). The in vitro degradation behavior of different scaffolds was studied by monitoring their weight remaining in test liquid within 10 weeks (Figure 2D). The degradation rate of PTCP stent was slightly slower than bPTCP, and the degradation rate of bPTCP was more than 96% in the 10th week. The in vitro release behavior of bPTCP scaffold was also studied (Figure 2E). 60% level of bpV (pic) was released within 10 days, and the release profile achieved a plateau after 14 days of incubation. The release of bpV (pic) reached 87% in the 8th week at a nearly constant rate. After scaffold characterization, we studied the biological performance of scaffolds. rBMSCs were cultured on the scaffolds for 3 days and live and dead staining was conducted. It is noticed that the viability of rhBMSCs on different scaffolds had no significant difference (Figure 2F), indicating that the two scaffolds have similar biocompatibility to cells and that the 3D printed scaffolds were biocompatible platforms for BMSCs growth.
[image: Figure 2]FIGURE 2 | Morphology and mechanical properties of TCP/PLGA and bpV/TCP/PLGA scaffolds. (A) The morphology of the 3D-printed PTCP and bPTCP scaffolds and SEM micrographs of different scaffolds at different magnification; (B) FTIR spectra of the 3D-printed PTCP and bPTCP scaffolds. (C) Compressive strengths and elastic modulus of both scaffolds. (D) In vitro degradation behavior of both scaffolds. (E) In vitro release behavior of bPTCP scaffolds in a 8-week test period. (F) Results of inverted fluorescence microscope observation of cultured cells for 3 days, the round dots in the figure were living cells (yellow arrow).
bPTCP Scaffolds Promotes Osteogenic Differentiation of Rats BMSCs
rBMSCs have multi-lineage differentiation potential, including the ability to form osteoblasts, adipocytes and chondrocytes. To analyze the effect of bPTCP scaffolds on the rBMSC osteogenesis, we cultured the rBMSCs with osteogenic medium supplemented with two types of extracts from the scaffolds (different concentrations). The mRNA expressions of the osteogenic differentiation-related genes were analyzed with RT-PCR, and we noticed that the gene expression level of ALP, Col1α1, OCN, Osterix and Runx2 were significantly up-regulated in the treatment of extracts from the bPTCP scaffolds (Figure 3A). Also, the ALP activity was enhanced in the bPTCP groups compared with control group (Figure 3B). We confirmed that the protein expression of osterix and OCN were up-regulated in the stimulation of bPTCP scaffolds (Figure 3C). These data indicated that bPTCP scaffolds promote the osteogenic differentiation of BMSCs.
[image: Figure 3]FIGURE 3 | bPTCP scaffolds promotes osteogenic differentiation of rats BMSCs. (A) mRNA expression of osteogenic genes in BMSCs stimulated with osteogenic medium supplemented control or two different concentrations of extracts from the bPTCP scaffolds [bpV (pic)-1, bpV (pic)-2] for 7 days. B. ALP staining of the BMSCs stimulated with osteogenic medium supplemented control or two different concentrations of extracts from the bPTCP scaffold for 7 days. C. Western blot results of OSX and OCN in BMSCs stimulated with osteogenic medium supplemented control or extracts from the bPTCP scaffold for 7 days *p < 0.05.
bPTCP Scaffolds Inhibited Adipogenic Differentiation of Rats BMSCs
Next, we evaluated the effect of bPTCP scaffolds on the adipogenic differentiation of rats BMSCs. In the stimulation of adipogenic medium and extracts from the bPTCP scaffolds, the mRNA expression of adipocyte differentiation genes were all decreased, including Ap2, C/EBPα, PPARγ and adiponectin (Figure 4A). The lipid production in the differentiated adipocytes was also inhibited in the bPTCP group, as shown by oil red O staining (Figure 4B). Western blotting analysis confirmed that the protein level of PPARγ and C/EBPα were down-regulated in the bPTCP group (Figure 4C). In summary, these data suggest that bPTCP scaffolds inhibit the adipogenic differentiation of rats BMSCs.
[image: Figure 4]FIGURE 4 | bPTCP scaffolds inhibited adipogenic differentiation of rats BMSCs. (A) mRNA expression of adipogenesis genes in BMSCs stimulated with adipogenic medium supplemented control or two different concentrations of extracts from the bPTCP scaffold for 7 days. (B) Oil red O staining of BMSCs stimulated with adipogenic medium supplemented control or two different concentrations of extracts from the bPTCP scaffold for 7 days. (C) Western blot results of PPARγ and CEBPα in BMSCs stimulate with adipogenic medium supplemented control or extracts from the bPTCP scaffold for 7 days *p < 0.05.
bPTCP Scaffolds Induced Autophagy and Inhibited Apoptosis via Activating AKT/mTOR Signaling in rBMSCs
Previous studies had reported that inhibition of PTEN by bpV (pic) would lead to the activation of AKT/mTOR signaling. The loss of PTEN function leads to AKT/mTOR activation, and subsequently increased osteogenic differentiation in osteoblasts. Therefore, we investigated whether the bPTCP scaffolds work through the inhibition of PTEN by controlled release of bpV (pic). We evaluated the expression of phosphorylation state of PTEN and downstream proteins of AKT/mTOR signaling in BMSCs with western blot analysis. As shown in Figure 5A, expression of phosphorylated-PTEN was down-regulated in bPTCP group, indicating the activity of PTEN was inhibited by the controlled release of bpV (pic). Moreover, expression of phosphorylated AKT and S6 levels were both up-regulated, which means the activation of AKT/mTOR signaling in the treatment of bPTCP scaffolds. Furthermore, we noticed the elevated expression of autophagy and reduced apoptosis related protein in the treatment of bPTCP scaffolds (Figure 5B). Overall, our data confirm that bPTCP scaffolds work through the controlled release of bpV (pic). Inhibition of PTEN by bPTCP scaffolds activates AKT/mTOR signaling, induces autophagy and inhibits apoptosis in cultured BMSCs.
[image: Figure 5]FIGURE 5 | bPTCP scaffolds induced autophagy and inhibited apoptosis via activating AKT/mTOR signaling in vitro. (A) Western blot results of p-PTEN, p-AKT, p-S6 in BMSCs stimulate with control or extracts from the bPTCP scaffold for 24 h. (B) Western blot results of autophagy and apoptosis marker (LC3B and cleaved-caspase3) in BMSCs stimulate with control or extracts from the bPTCP scaffold for 24 h.
bPTCP Scaffolds Alleviated the Progression of ANFH in Rats
To elucidate the role of bPTCP scaffolds in the progression of ANFH, we established an ANFH rat model and implanted the PTCP control and bPTCP scaffolds into the left femoral trochanter of ANFH rats. The bone tissues of femoral heads from all the groups were collected and analyzed at 2-month post-surgery. Micro-CT scanning confirmed the presence of significantly fewer subchondral trabeculae in the ANFH group compared to the normal group, and PTCP treated rats showed a limited increase while the bPTCP group showed a more significant increase in the number of trabeculae (Figure 6A). The quantification of BMD and BV/TV verified that the bPTCP group had a better effect in the alleviation of ANFH progression compared to other groups (Figure 6B). Next, the femoral heads from all groups were embedded and sectioned. H and E staining showed increased numbers of empty lacunae and cell necrosis in the subchondral trabecular area of ANFH group, rats in bPTCP group showed decreased numbers of empty lacunae compared to ANFH and PTCP group (Figure 6C). These data indicate that bPTCP scaffolds alleviate the progression of ANFH in rats.
[image: Figure 6]FIGURE 6 | bPTCP scaffolds alleviated the progression of ANFH in rats. (A) Micro-CT scanning images of femoral heads from ANFH rats with different treatments. (B) Quantification of the value of BMD and BV/TV in both groups; (C) H and E staining of the femoral head in ANFH rats from different groups. n = 10 for each group. Scale bar = 50 μm, *p < 0.05. * *p < 0.01, * **p < 0.001.
bPTCP Scaffolds Prevented ANFH by Inducing Autophagy and Inhibiting Apoptosis in vivo
Finally, we examined the underlying mechanism of bPTCP scaffolds in alleviating ANFH in vivo. With IF staining, we noticed that the expression of p-PTEN was notably enhanced in the bone section of ANFH rats, and treated with bPTCP scaffolds decreased p-PTEN expression while PTCP cannot (Figure 7A). Consistent with the in vitro study, rats treated with bPTCP scaffolds also activated mTOR signaling as expression of p-S6 elevated in bPTCP group compared with others (Figure 7B). Next, with IF staining, we confirmed the increased level of angiogenic marker CD31 (Figure 7C) and autophagy marker LC3B (Figure 7D) in bPTCP group. Moreover, with TUNEL analysis to label the apoptosis cells in bone sections, we noticed a reversed effect of bPTCP scaffolds on the increased apoptosis in ANFH rats. In conclusion, our data demonstrate that bPTCP scaffolds could promote angiogenesis and prevent ANFH, and the underlying mechanism is through activating AKT/mTOR signaling, inducing autophagy and inhibiting apoptosis.
[image: Figure 7]FIGURE 7 | bPTCP scaffolds prevented ANFH by inducing autophagy and inhibiting apoptosis in vivo. Representative images of IF staining of p-PTEN (A), p-S6 (B), CD31 (C) LC3B (D) and TUNEL (E) in the femoral head of ANFH rats from different groups. ns, not significant, *p < 0.05. * *p < 0.01, * **p < 0.001.
To date, ANFH is still a great challenge to orthopedic surgeons as the exact mechanisms remain unclear. It is characterized by bone ischemia and destruction of the microstructure, resulting in increased adipose vacuoles and collapse of the femoral head (Pierce et al., 2019; Wu et al., 2019). BMSCs are capable to differentiate into various cell types including osteoblasts, adipocytes, myoblasts and chondrocytes (Liu R. et al., 2019; Zheng et al., 2020). The imbalance of osteoblastic and adipogenic differentiation swift of BMSCs correlates with some diseases including osteoporosis and ANFH (Liu J. et al., 2019).
PTEN is a tumor suppressor gene on chromosome 10. This protein can counteract the effect of PI3K and terminate some downstream signaling pathways. In addition, AKT may be the main downstream target of PTEN, and experiments have confirmed that bpV (pic) has a strong inhibitory effect on PTEN in vivo and in vitro (Schmid et al., 2004). The PI3K/AKT pathway regulates the activation of mTORC1 by regulating the phosphorylation of Rheb, the upstream direct activator of mTORC1 (Aoki and Fujishita, 2017). Therefore, PTEN can reduce the expression level of the downstream effector phosphorylated ribosomal protein S6 (S6) of mTORC1 by inhibiting PI3K/AKT/mTORC1 (Wang et al., 2021). Our in vitro experiments showed that under bpV (pic) intervention, the expression of PTEN protein was inhibited, and the expression levels of AKT and S6 protein were significantly up-regulated, further indicating that bpV (pic) can inhibit the expression of PTEN, and then activate the PI3K/AKT/mTORC1 pathway, which is up-regulated in the expression of corresponding indicators and osteogenic factor OCN. The high expression of Osx suggests that bpV (pic) can promote the osteogenesis of rBMSCs cells to a certain extent by activating the PI3K/AKT/mTORC1 pathway. CD31 is an important marker of angiogenesis, and its staining in the TCP/PLGA/bpV group was significantly stronger than that in the TCP/PLGA/bpV group and THE ANFH group, indicating that bpV (pic) not only has an osteogenic effect, but also has the potential to promote angiogenesis. In the process of osteogenesis, angiogenesis can also promote osteogenesis, which can accelerate bone formation and promote the increase of bone mass (Zhang et al., 2020).
Micro-ct analysis results show TCP/PLGA group The implant in the TCP/PLGA/bpV (pic) group was degraded 12 weeks after surgery, so CT images of the implanted stent could not be presented. This phenomenon was consistent with the results of previous studies, but it could be seen that the damaged bone trabecular was repaired, and the scaffold material in the TCP/PLGA group was completely degraded, indicating TCP/PLGA biomaterial have good degradability and can be degraded within 12 weeks, which is conducive to our observation of changes in the influence of new bone. We can exclude the influence of scaffold materials on bone mass measurement results. BMD in TCP/PLGA/bpV (pic) group BV/TV value was higher than that of TCP/PLGA group and ANFH group. Three-dimensional imaging of bone trabecular growth in TCP/PLGA group was better than that in the ANFH group, but worse than that in TCP/PLGA/bpV(PIC) group. It can be seen that the tunnel cavity of the ANFH group was filled with sparse and limited bone trabeculae, and the bone trabeculae in the femoral head were sparse, and the number and thickness of bone trabeculae in the ANFH group were significantly lower than those in the TCP/PLGA/bpV group. In the TCP/PLGA group, the trabecular area of the bearing area was rare, and the normal trabecular microstructure was lost, so it was difficult to maintain the shape and size of the femoral head, and it was easy to form femoral head collapse and progress to irreversible femoral head necrosis (Zou et al., 2015). By comparing the bone mass indexes of each group, it was clear that the trabecular area of the femoral head was strengthened in the TCP/PLGA/bpV group.
As an inhibitor of PTEN activity, the effect of bpV (pic) has been discussed in spinal cord injury, traumatic brain injury, stroke, and other neurological disease models (Shi et al., 2011; Liu R. et al., 2019; Liu J. et al., 2019; Yu et al., 2020). The mechanistic influences of bpV (pic) activity including activating PI3K/AKT/mTOR, ERK1/2 and ß-Catenin signaling (Sury et al., 2011; Liu et al., 2018; Tang et al., 2019; Walker et al., 2019). In our study, we noticed that released bpV (pic) from bPTCP scaffolds promoted osteogenic differentiation and inhibited adipose differentiation in cultured BMSCs. Consistent with the results of previous studies, we found that bPTCP scaffolds inhibited PTEN activity to activate the AKT/mTOR signaling, therefore promoted autophagy and inhibited apoptosis. Autophagy and apoptosis are two important processes of programmed cell death (Mukhopadhyay et al., 2014). Previous studies have shown that osteoblast apoptosis increased and autophagy reduced in the early phase of ANFH (Zheng et al., 2020). Thus, we speculated that bpV (pic) could be a good candidate drug for ANFH.
However, intraperitoneal injection of bpV (pic) aqueous solution is the most conventional way of drug administration, but bpV (pic) is unstable in water which makes it difficult to accomplish in vivo studies. Further, the repair of osteonecrosis regeneration takes a long time, and the efficiency of the drug reaching the target site is low. Therefore, it is particularly important to prepare a sustained release system of bpV (pic) to directly and continuously work on the ANFH site. PLGA is a biodegradable material approved by the U.S. Food and Drug Administration (FDA) for use as a continuous release vector for medical materials, drugs, and cytokines. ß-TCP ceramics also owns good biocompatibility and similarity, and has been widely used matrix for bone repairment (Xie et al., 2015). Therefore, we constructed bpV (pic) composite scaffolds and loaded them into PLGA with ß-TCP stents and applied them into the rat’s model of ANFH.
In addition to osteogenesis, angiogenesis is also critical to the survival of newly formed bone and bone regeneration in ANFH (Li et al., 2013; Liu et al., 2018). With the implantation of bPTCP scaffolds, the present study demonstrated osteogenesis and angiogenesis were both enhanced in the ANFH rats. The increased bone growth was in accordance with the in vitro study, but the limitation of this study is that we did not discuss the mechanism of bpV (pic) on the angiogenesis.
CONCLUSION
In this study, to treat alcohol-induced AFNH, we successfully fabricated TCP/PLGA composite scaffolds incorporated with bpV (pic) via cryogenic 3D printing. It is highly consistent with the porosity of trabecular bone of rats, indicating that the 3D printed bone tissue scaffold has a mechanical structure that highly fits the cancellous bone of rats. Released bpV (pic) from the bPTCP scaffolds promoted osteogenic differentiation and retarded adipogenic differentiation of rBMSCs in vitro. bPTCP scaffolds activated Akt/mTOR signal by inhibiting PTEN activity and hence promoted autophagy and inhibited cell apoptosis. In addition, we noticed that bPTCP scaffolds increased vascular remodeling that stimulate necrotic tissue and improve blood circulation, thereby promoting new bone formation and preventing ANFH progression.
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Objective: Lateral meniscal posterior root (LMPR) is an important stabilizer for knee joint, providing the stability during tibia forward shifting and internal rotating. It is still controversial that whether the LMPR tear (LMPRT) should be repaired together with ACL reconstruction. This study aims to investigate the effects of LMPR on knee stability with intact ACL.
Methods: Eight cadaver knees were used and performed the biomechanical kinematics tests in orders of: Group A: the LMPR was intact; Group B: the LMPR was cut off from its tibial end; Group C: the LMPRT has been repaired. 1) An internal rotation moment (5 Nm) was given to the tibia, then the internal rotation angle of the tibia was measured; 2) An forward shifting force (134 N) was given to the tibia, then the anterior displacement of the tibia was measured; 3) An internal rotation moment (5 Nm) and a valgus moment (10 Nm) were given to the tibia, then the internal rotation angle and the anterior displacement was measured. The stability was inferred from smaller rotation angle and displacement, and all of the angles and displacements were measured at knee flexion of 0°, 30°, 60° and 90°, respectively.
Results: Comparing to Group A, the internal rotation angle in Group B was increased significantly at knee flexion of 30° (p = 0.025), 60° (p = 0.041), 90° (p = 0.002); the anterior tibia displacement in Group B was increased significantly at knee flexion of 30° (p = 0.015), 60° (p = 0.024); at knee valgus, the internal rotation angle was also increased significantly at knee flexion of 60° (p = 0.011), 90° (p = 0.037). Comparing to Group B, the internal rotation angle in Group C was decreased significantly at knee flexion of 30° (p = 0.030), 60° (p = 0.019), 90° (p = 0.021); the anterior displacement in Group C was decreased significantly at knee flexion of 30° (p = 0.042), 60° (p = 0.037); at valgus, the internal rotation angle was also decreased significantly at knee flexion of 60° (p = 0.013), 90° (p = 0.045). Comparing to Group A, only the internal rotation angle (p = 0.047) and anterior displacement (p = 0.033) in Group C were increased at knee flexion of 30°.
Conclusion: In simulated knee with intact ACL, LMPRT can still lead to the notable internal rotational instability at knee flexion from 30° to 90°, as well as the anterior shift instability at knee flexion from 30° to 60°. LMPRT repair help to improve the internal rotation stability at 30° and restore it at 60° to 90°, and improve the anterior shift stability at 30° and restore it at 60°.
Keywords: lateral meniscus posterior root tear, knee stability, kinematics, internal rotation instability, anterior shift instability
INTRODUCTION
Meniscal posterior root (MPR) refers to the attachment site of meniscus posterior horn to the intercondylar region on tibial plateau. (Wang et al., 2021). Meniscal posterior root tear (MPRT) is defined as a tear or avulsion injury within 1 cm of the MPR tibia attachment point. (Ahn et al., 2009). MPR is essential for maintaining the normal alignment and physiological function of the knee. Lateral MPRT (LMPRT) is associated with sports injury and trauma. (Brody et al., 2006).
MPR plays an extremely important role in transforming the load and maintaining knee stability. (Levy et al., 1982; Shybut et al., 2015). LMPRT leads to meniscus extrusion and kinematic changes during the joint motion, because of lack of the tibial anchor, which is equal to an invalid meniscus. It has been reported that LMPRT can affect the distribution of knee pressure load. (Ode et al., 2012; Schillhammer et al., 2012). What’ more, LMPRT also lead to the instability. It has been known that the lateral MPR is another essential stabilizer for knee joint (the second), following the anterior cruciate ligament (ACL). (Levy et al., 1982; Shybut et al., 2015). As the knee flexion angle increasing, the lateral MPR will become the primary stabilizer, providing the main stability of the internal rotation. (Pache et al., 2018). An intact lateral MPR can prevent the tibia over-forward shift and internal rotation during motions and sports injury.
LMPRT is commonly concomitant with ACL rupture. However, it is still controversial that whether and why the LMPRT should be repaired, together with ACL reconstruction. Excessive valgus force is the main injury mechanism for ACL rupture and LMPRT. LMPR will sustain much more stress from the lateral condyle when knee suffers from valgus force, making it contribute more to the joint stability, especially during internal rotating and forward shifting. At present, studies focused on how LMPRT affects knee stability is relatively limited, (Allaire et al., 2008), although many studies have focused on the load changes, (Schillhammer et al., 2012), or Osteoarthritis. (Ahn et al., 2010). There are only several case reports and clinical follow-up study of the LMPRT repair, (Ahn et al., 2010), lacking of the biomechanical effects of LMPRT on knee stability. We designed a cadaver study to investigate the effects of LMPRT on knee stability.
MATERIALS AND METHODS
Cadavers and Specimens
Eight frozen knee joints donated from four male and four female cadavers were used in this study. The averaged death age was 53.25 ± 5.70 (range: 40–65) years old. The X-ray, MRI, and CT were perform before the experiment in order to exclude: 1) knee fracture and lower-extremity fracture; 2) meniscus injury; 3) ligaments injury; 4) severe osteoarthritis (Outerbridge Ⅲ-Ⅳ level); 5) knee surgery history. The experimental protocols and procedures have been approved by the Ethics Committee in our hospital. The cadaveric knee specimens involved in this study were provided by the Department of Histology and Embryology, School of Basic Medical Science, Peking University Health Science Center.
The tissues beyond 10 cm of joint space proximally and distally were removed, as well as the skin, subcutaneous tissues, muscles, deep fascia tissues were excised. The collateral ligaments, medical and lateral meniscus, and both cruciate ligaments were retained. The specimens were stored at −20°C, and thawed naturally at room temperature for 24 h before the experiment.
Experimental Apparatus
The experiment test platform was set included the digital angle measuring instrument (AICE DXL360S, China) (Supplementary Figure S1A), a self-made corpse knee fixture (Supplementary Figure S1B), a robotic arm (Japan) (Supplementary Figure S1D), and a 6-demesional freedom force sensors (SRI M3705B, Japan) (Supplementary Figure S1E). The arthroscopic equipment and surgical instruments (Smith and Smith, America) were used.
Biomechanical Kinematics Test
The knee joint was fixed to the experimental platform with Kirschner wires and clamps (Supplementary Figure S2A). The biomechanical kinematics tests were performed in the orders of the following: 1) Group A: the lateral MPR was intact (n = 8); 2) Group B: the lateral MPR was cut off from its tibial end (n = 8); 3) Group C: the LMPRT has been repaired (n = 8).
Because lateral MPR functions as the stabilizer on preventing the internal rotation and forward shift, we have detected the effects of LMPRT on these motion modes. Procedures of detecting the biomechanical kinematics on knee stability were listed as the following (Supplementary Figures S2B–D). 1) The internal rotation stability: an internal rotation moment of 5 Nm was given to the tibia (Supplementary Figure S2B), then the internal rotation angle of the tibia was measured at knee flexion of 0°, 30°, 60° and 90°, respectively. (Frank et al., 2017). 2) The anterior shift stability: a forward shifting force of 134 N was given to the tibia (Supplementary Figure S2C), then the anterior displacement of the tibia was measured at knee flexion of 0°, 30°, 60° and 90°, respectively. (Frank et al., 2017). 3) The internal rotation stability and anterior shift stability at knee valgus: an internal rotation moment of 5 Nm and a valgus moment with 10 Nm were given to the tibia (Supplementary Figure S2D), then the internal rotation angle as well as the anterior displacement of the tibia was measured at knee flexion of 0°, 30°, 60° and 90°, respectively. (Frank et al., 2017). Each procedure was repeated twice and averaged at each flexion degree.
[image: Figure 1]FIGURE 1 | The biomechanical kinematics experiment test platform. Figure 1A, the digital angle measuring instrument; Figure 1B, a self-made corpse knee fixture; Figure 1D, the UR10 robotic arm; Figure 1E, 6-demesional freedom force sensors.
[image: Figure 2]FIGURE 2 | Biomechanical kinematics parameters and procedures. Figure 2A, at the beginning, the knee was fixed with Kirschner wires and clamps at 0°; Figure 2B, during the internal rotation stability test, an internal rotation load of 5 Nm (while arrow) was given to tibia, this figure shows the internal rotation angle was detected at 30°; Figure 2C, during the anterior shift stability test, a forward shifting load of 134 N (blue arrow) was given to the tibia, and this figure shows the anterior displacement was measured at 60; Figure 2D, during stability test knee valgus, an internal rotation load of 5 Nm (while arrow) and a valgus stress with 10 Nm (yellow arrow) were given to the tibia, this figure shows the internal rotation angle and anterior displacement were detected at 90.
LMPRT Repair
The arthroscopy suture of LMPRT was performed. The tibia locator of ACL reconstruction was used to locate the MPR insertion site, and then a tibial tunnel with the diameter of 4.5 mm was drilled. The MPR was sutured with a No. 2 Ultrabraid wire, and which was pulled out of the tibial tunnel by a PDS guide wire. After adjusting for an appropriate meniscus tension (LMPR should not lead to incarceration during the flexion-extension and should be tested as stable by the arthroscopic probe), those sutures were knotted through a button plate, which was fixed on the tibia surface.
Statistical Analysis
Measurement data were expressed as mean ± SD. Comparisons of the continuous data were processed by the one-way ANOVA, and the pair-wise comparisons were analyzed by LSD method. The level of significance was set at 0.05. All of the statistical analyses were performed using IBM SPSS 20.0 (SPSS Inc., 2009; Chicago, IL, United States).
RESULTS
The Internal Rotation Stability
At knee flexion of 0°, there was no statistical difference of the internal rotation angle between the Group A, B and C (Supplementary Table S1). At knee flexion of 30°, 60° and 90°, the internal rotation angle in Group B was increased significantly comparing to Group A, and the internal rotation angle in Group C was decreased significantly comparing to Group B (Supplementary Table S1). At knee flexion of 60° and 90°, Group C and A had the comparable internal rotation angle, while at knee flexion of 30°, the internal rotation angle in Group C was still larger than that in Group A (Supplementary Table S1).
The Anterior Shift Stability
At knee flexion of 0° and 90°, there was no significant difference of the anterior tibial displacement distance between the Group A, B and C (Supplementary Table S2). At knee flexion of 30° and 60°, the tibial anterior displacement was increased in Group B compared with Group A, and which were decreased significantly in Group C compared with Group B (Supplementary Table S2). At knee flexion of 30°, the tibial anterior displacement in Group C was still larger than that in Group A, while at knee flexion of 30°, the tibial anterior displacement in Group A and C was comparable (Supplementary Table S2).
The Internal Rotation Stability and Anterior Shift Stability at Knee Valgus
The internal rotation angle between Group A, B and C had no significant difference at knee flexion of 0° and 30° (Supplementary Table S3). At knee flexion of 60° and 90°, the internal rotation angle in Group B was increased compared with Group A, and it was decreased significantly in Group C (Supplementary Table S3), and finally, the internal rotation angle in Group A and C had no difference (Supplementary Table S3). The anterior tibial displacement between Group A, B and C had no significant difference, regardless the different knee flexion angle (Supplementary Table S4).
Summary Between Groups

1) Comparisons between Group A and B: the internal rotation angle in Group B was increased significantly at knee flexion of 30°, 60° and 90° than Group A; the anterior tibia displacement in Group B was increased significantly at knee flexion of 30° and 60° than Group A; at knee valgus, the internal rotation angle in Group B was also increased significantly at knee flexion of 60° and 90°than Group A.
2) Comparisons between Group B and C: the internal rotation angle in Group C was decreased significantly at knee flexion of 30°, 60 than Group B; the anterior displacement in Group C was decreased significantly at knee flexion of 30° and 60° than Group B; at valgus, the internal rotation angle in Group C was also decreased significantly at knee flexion of 60° and 90° than Group B.
3) Comparisons between Group A and C: only the internal rotation angle and anterior displacement at knee flexion of 30° in Group C were increased than Group A.
DISCUSSION
LMPRT mainly affects the rotational stability of knee joint, even when ACL is intact. Both of the LMPR and ACL are the stabilizers during knee motion. With the increasing of knee flexion, the LMPR will replace the ACL, becoming the primary stabilizer for preventing the over-internal rotation and over-forward shift. (Pache et al., 2018). This biomechanical kinematics cadaver study found that the LMPRT can lead to notable internal rotational instability when knee flexion ranged from 30° to 90°, when ACL was tensioned by the valgus load in the test, the LMPRT can also lead to notable internal rotational instability when knee flexion ranged from 60° to 90°. The results indicated that the knee stability contributed by the LMPR can not be totally replaced by an intact ACL. Shybut et al. reported that LMPRT can further reduce the knee rotational stability. (Levy et al., 1982). What’s more, our results also found that the LMPRT repairing can completely restore the stability in most cases, and significantly improve the internal rotation and anterior shift stability at knee flexion of 30° compared with the LMPRT group.
LMPRT affects the anterior shift stability as well. This cadaver study found that the LMPRT can lead to notable shift stability instability when knee flexion ranged from 30° to 60°, and the LMPRT repairing can successfully restore the stability. Similar to our results, Tang et al. also found that LMPRT can reduce the knee stability after ACL reconstruction, while LMPRT repairing may restore the stability on tibial axial and anterior displacement. (Tang et al., 2019). Frank et al. evaluated the biomechanical effects of LMPRT the knee without ACL, and they found that the anterior tibial motion further increase significantly when knee flexion at 30°. (Frank et al., 2017).
We consider that it is very essential to repair the LMPRT, since the knee stability contributed by LMPR can not be totally replaced by intact ACL, for example, a reconstructed ACL. In fact, the ACL rupture combined with LMPRT is common in clinical. (Ahn et al., 2009; Ahn et al., 2010; Feucht et al., 2015). The researchers reported that in ACL reconstruction, the proportion of LMPR lesions is 7–12%. (You et al., 19872014; Forkel and Petersen, 2012). In a study based on MRI, Brody et al. found that in the case of ACL injury, LMPRT was more common than the medial meniscus. (Brody et al., 2006). There is still a controversy on the necessity of LMPRT repair, some scholars believe that the conservative treatments can restore the normal function of knee joint, rather than the operation, (Lim et al., 2010), while others prefer the LMPRT repair operation because of the intact meniscus function and better prognosis. (Allaire et al., 2008). The biomechanical and kinematic studies on how the LMPRT affecting the stability are necessary to make the final decision. In this study, we had proved that in LMPRT group, the knee stability can not be totally compensated by an intact ACL, especially the internal rotational instability at knee flexion, even when ACL is tensioned, which suggests that the LMPRT should be repaired together with the ACL reconstruction. Petrigliano et al. also found that LMPRT can still reduce the stability of lateral compartment during the axial shift test after the ACL anatomical reconstruction. (Petrigliano et al., 2011). Besides, the reconstructed ACL is not strong enough to provide sufficient rotational stability. Knee instability is a risk factor for the degeneration and cartilage injury, and LMPRT can also promote the process of knee osteoarthritis. Hence, we considered that LMPRT should be repaired together with ACL reconstruction. Jin et al. performed ACL reconstructions and all-inside sutures for LMPRT in 25 patients, after 18 months follow-up, all patients exhibited favorable clinical results, (Jin Hwan et al., 2010), which supports our results and conclusion.
The present study had several limitations. First, this was a static mechanical study, and we can not analyze the dynamic kinematics effects of the LMPRT on knee stability. Further biomechanical dynamic kinematics studies are needed to evaluated the effects of LMPRT on dynamic knee stability during motion. Second, the sample size of this experiment was relatively small, which may affect the accuracy of results. Third, this was a simulated mechanical study in cadaver, lacking of the muscular control, which can also affect the joint stability. Hence the results and conclusion need to be further confirmed by clinical case-control as well as longitudinal studies.
CONCLUSION
LMPR is essential for the rotational stability and anterior shift stability at knee flexion. In simulated knee with intact ACL, LMPRT can still lead to the notable internal rotational instability when knee flexion ranged from 30° to 90°, as well as the anterior shift instability when knee flexion ranged from 30° to 60°, while LMPRT repair help to improve the internal rotation and anterior shift stability at 30° compared with the LMPRT group, and restore the internal rotation stability at 60° to 90°, as well as the anterior shift stability at 60°. Our study provided a biomechanical kinematics basis for the operation necessity of LMPRT repair.
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Treating bone defects coupled with pathogen infections poses a formidable challenge to clinical medicine. Thus, there is an urgent need to develop orthopedic implants that provide excellent antibacterial and osteogenic properties. Of the various types, copper-based biomaterials capable of both regenerating bone and fighting infections are an effective therapeutic strategy for bone tissue engineering and therefore have attracted significant research interest. This review examines the advantages of copper-based biomaterials for biological functions and introduces these materials’ antibacterial mechanisms. We summarize current knowledge about the application of copper-based biomaterials with antimicrobial and osteogenic properties in the prevention and treatment of bone infection and discuss their potential uses in the field of orthopedics. By examining both broad and in-depth research, this review functions as a practical guide to developing copper-based biomaterials and offers directions for possible future work.
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INTRODUCTION
Bone tissue is a mineralized, viscous, elastic connective tissue that plays an important role in the human body (Kasugai, 2003). As a rigid organ, bone not only supports and protects various other organs but also enables a range of activities (John et al., 2008). Bone tissue includes inorganic and organic components. The main inorganic component is hydroxyapatite, a mineral composed of calcium phosphate, and the main organic components are collagen and non-collagen fibers. The inorganic ingredients make bones strong, while collagen provides elasticity. As a living tissue, human bones continually engage in the processes of bone resorption and deposition, which are controlled by various cells: bone cells, osteoclasts, Gegenbaur cells, and lining cells. Bone cells are embedded in the bone matrix, while osteoclasts, Gegenbaur cells, and lining cells mainly exist on the bone surface and play an important role in bone turnover.
Bone defect refers to the absence of bone tissue at a specific anatomical location, which is generally the sequelae of high-intensity impact or trauma, tumor resection, infection, or revision surgery (Clarke, 2008; Barbieri et al., 2014; Wang and Yeung, 2017). Bone defects can be divided into small and large. Small bone defects without infection can achieve self-healing after debridement to remove nonviable tissues. At present, the main treatment methods for large bone defects are autologous, allogeneic, or bone graft substitutes (Van der Stok et al., 2011). Severe bone defects may lead to disability, affect the individual’s ability to live and work, and cause serious social and economic burdens. Bone defect repair is one of the most common regenerative surgeries, with more than 200,000 bone transplants performed worldwide every year (Beuriat et al., 2019).
The most important factor to be controlled in the process of bone substitute implantation is the risk of infection, because the body responds to the interstitial environment around the implanted biomaterial as a fibrous inflammatory area with incomplete immune function, which is vulnerable to bacterial invasion (Campoccia et al., 2013). For elective surgery, the infection rate ranges from 0.7 to 4.2%, and even as high as 30% in the case of third-degree open fractures (Clauss et al., 2010). Bone tissue infections are difficult to treat because they are located deep in the tissue and depend to some extent on the microorganisms involved. In addition, bone tissue necrosis may occur after infection or trauma, resulting in the body treating implants as foreign materials and leading to persistent, recurring infection (Calhoun et al., 2009). Patient healing time is prolonged, and repeat surgery may even be required.
In clinical settings, biomaterial-related infections are generally treated with systemic antibiotics, but high doses of antibiotics produce side effects and may lead to drug resistance in the host and bacteria. Hence, in recent years, research has focused on developing synthetic bone substitutes—biomaterials that are chemically modified in the synthesis process to meet specific biological needs. Because the skeleton is composed of a hydroxyapatite matrix and many trace elements, biomolecules, and cells, materials with complex chemical compositions are more suitable as bone substitutes than simple, pure materials (Ryan et al., 2019). Metal ions have attracted extensive attention because they do not cause drug resistance and can be delivered locally at the implantation site (Goudouri et al., 2014).
As a trace element in the human body, Cu not only has antibacterial properties and a variety of biological functions but also can promote angiogenesis (Gérard et al., 2010; Rath et al., 2016). Compared with growth factors, Cu has multiple advantages. First, it does not degrade in conventional processing and can remain stable under harsh conditions such as high temperature. In addition, copper has certain useful physical and chemical properties, including variable porosity, good mechanical strength, and crosslinking (Goh et al., 2014). It therefore could be used with other inorganic ions to generate new intelligent biomaterials that simulate the bone microenvironment. Because Cu has high antibacterial properties and low cytotoxicity, it has become a promising dopant that can confer the functional properties of bone and cartilage repair by guiding cell behavior and changing the physicochemical properties of biomaterials (Heidenau et al., 2005).
This review focuses on the application of copper combined with biomaterials in bone tissue and the associated antibacterial mechanisms. We also introduce the application of copper-based biomaterials with antibacterial and osteogenic properties in the prevention and treatment of bone infection.
THE IMPORTANCE OF COPPER IN BONE TISSUE
Copper is the third most abundant essential trace element in animals and humans, surpassed only by iron and zinc. It is well known that copper is involved in the growth and maturation of many tissues and proteins, especially bone collagen (Opsahl et al., 1982; Bernabucci et al., 2013). It also can promote bone development through a catalytic metabolic process that plays an important role in human bone growth and bone mass maintenance (Rodríguez et al., 2002; Tomaszewska et al., 2017). Many studies have shown that copper is very important for bone mineralization and osteoblasts (Danks, 1981; Lowe et al., 2002). As a significant cofactor of enzymes involved in the synthesis of various bone matrix components, copper can, for example, regulate the crosslinking formation by lysyl oxidase in connective tissue, promote the synthesis of collagen and keratin, and normalize the deposition of calcium and phosphorus to form bones on fibrils. (Linder and Hazegh-Azam, 1996).
Due to the important role of Cu in bone metabolism, severe Cu deficiency will lead to bone abnormalities. In this context, the World Health Organization, the American Institute of Medicine (IOM), the European Food Safety Agency, and other national and international organizations have issued dietary standards for Cu intake to maintain good health (Tuttle et al., 2019). According to the recommendations of the IOM, the copper intake for healthy adults is 0.9 mg/day (Trumbo et al., 2001). Lack of copper in the body can lead to a variety of diseases, such as occipital angle syndrome, distal motor neuropathy, cardiovascular disease, and Menkes disease, the last of which may cause neuronal degeneration, abnormal connective tissue, abnormal lightening of hair color, and fragile bones (Wazir and Ghobrial, 2017).
In the field of tissue engineering, the use of copper can stimulate the biological characteristics required for endothelial cell proliferation during wound healing and promote the differentiation of mesenchymal stem cells into osteoblasts by upregulating the gene expression of vascular endothelial growth factor (Klatte-Schulz et al., 2012). Cu has been shown to differentiate and proliferate bone marrow mesenchymal stem cells obtained from postmenopausal women, increasing their ability to differentiate into bone and adipogenic lineages. Thus, copper has attracted attention because of its importance for bone tissue.
ANTIBACTERIAL ACTION OF COPPER-BASED BIOMATERIALS
In 2008, The United States Environmental Protection Agency recognized copper as a metallic antimicrobial effective against many disease-causing bacteria (Copper Development Associ, 2008). Studies have confirmed that copper has potential antibacterial activity against clinically relevant bacteria (Liochev and Fridovich, 2002). Infection is a matter of great concern in the medical field, so growing numbers of researchers in the field of biomaterials are focusing on the development of new copper-containing biomaterials, especially for orthopedics. Copper is added to different types of biomaterials, such as calcium phosphate bioceramics, biomedical ceramics, bioactive glass, biocomposites, and coating/alloy metals (titanium-based, stainless steel, and cobalt-based alloys) for research and antibacterial experiments.
Copper’s modes of action are highly diverse, depending on the surrounding environment, and it operates through a variety of mechanisms. Antibacterial properties of copper arise from changes in the conformational structure of nucleic acids and proteins, as well as interference with oxidative phosphorylation and osmotic balance. One of the most important modes is based on the redox properties of copper. Under aerobic conditions, copper can change its oxidation state and exchange electrons with acceptor or donor groups (such as oxygen and sulfur residues). Copper can exert its antibacterial effect directly by reacting with biomolecules or indirectly by activating oxygen species. In the latter case, copper catalyzes the production of reactive oxygen species (ROS) through a Haber–Weiss reaction similar to Fenton’s reaction (Grass et al., 2011). ROS themselves are extremely reactive when formed and quickly cause damage to surrounding biomolecules, particularly proteins, membranes, and DNA (Nandakumar et al., 2011).
Nandakumar and co-authors demonstrated the interaction of copper with proteins using a quantitative proteomics approach to identify the differential proteome profiles of Escherichia coli cells after exposure to metallic copper surfaces. Their results indicated that of the 509 proteins identified, 110 were differentially expressed after sub-lethal exposure, whereas 136 had significant differences in their abundance levels after lethal exposure to copper compared to unexposed cells (Ueda et al., 1980). The bactericidal potency of copper towards several bacteria with different cell envelope structures (Streptococcus lactis, E. coli, and P. aeruginosa) was found to be similar. The physical properties of a membrane are largely determined by its lipid composition, an important factor being the degree of fatty acid unsaturation. Cu2+ can interact with the SH-group, causing membrane damage and deactivation. Cu2+ also has a specific affinity for DNA and can bind to and disorder helical structures by crosslinking within and between strands (Wilks et al., 2005). In various studies, it was difficult to conduct antibacterial tests under the same conditions (that is, using the same medium and the same substance concentration in the medium), so it is impossible to know the specific copper release mechanism that led to the observation results. Nevertheless, it appears clear that the efficacy of contact killing was increased by higher copper content in alloys (Elguindi et al., 2009), higher temperature (Michels et al., 2009), and higher relative humidity (Wilson, 2018).
Metallic biomaterials such as titanium, cobalt and tantalum are widely used in orthopedics because of their good biocompatibility, unique mechanical properties and wear resistance. However, these biomaterials are limited in their practical application in bone tissue engineering due to their poor photocatalytic antibacterial properties in vivo. Copper is a well-known candidate with excellent bacteria-killing ability. It is very important to introduce a proper amount of copper into titanium and other metal materials to achieve copper alloy with excellent antibacterial performance and good biocompatibility for inhibiting bacterial infection in bone implants. (Sehmi et al., 2015). In 2016, Liu et al. revealed the antimicrobial/antibiofilm activities of Ti–Cu alloy against orally specific bacterial species. From what is known so far, the bactericidal steps can be summarized as follows. First, Cu is released from a Cu-doped surface material. After bacteria are exposed to copper ions, the permeability of their cell membranes changes, leading to a loss of cytoplasmic content. Next, ROS are produced, causing further cell damage by interacting with proteins and lipids, and finally, DNA is degraded. Consequently, the bacteria cannot breathe, eat, digest, or produce energy, and cell death ensues (Figure 1) (Liu et al., 2016).
[image: Figure 1]FIGURE 1 | A schematic image of one hypothesis about the antibacterial mechanism of Cu2+. Reprinted with permission from ref. (Liu et al., 2016) (Copyright 2016; Nature Publishing Group).
The existing form of copper in biomaterials includes two main types: 1) copper ion and 2) copper metal, both which show excellent antibacterial properties, angiogenic and osteogenic ability. To date, numerous studies have investigated their mechanisms for the antibacterial action. For the former, when bacteria are exposed to copper ions, the permeability of cell membrane could be changed, resulting in content leakage and cell lysis. Besides, copper ions inhibit protein synthesis and DNA replication. As for latter, in addition to releasing copper ions to fight bacteria, it reacts with biological molecules on bacteria, and can also produce reactive oxygen species (ROS) to damage bacteria. Both copper metal and copper ion have been widely used in bone tissue engineering due to their excellent properties, however they suffer from high toxicity. So reducing the toxicity of copper-based biomaterials remains a great challenge (Karekar et al., 2019).
APPLICATION OF COPPER-BASED BIOMATERIALS
Copper-Based Antibacterial Scaffolds
In bone tissue engineering, scaffold biomaterials are a promising method for treating bone defects and bone infections, providing a temporary framework for the integration of new bone into the defect area. The scaffold biomaterial gradually degrades, being replaced by new bone tissue until the bone repair process is completed. In treatment practice, bone-promoting and antibacterial ingredients are added to support bone remodeling. Studies have found that Cu plays an important role in bone growth, and a lack of Cu can cause bone abnormalities and decreased bone strength. Doped copper scaffold biomaterials that can promote bone healing and resist infection thus have an important potential role in bone tissue engineering.
Wu et al. prepared a Cu-containing bioactive glass (BG) scaffold with interconnected macropores and an ordered mesoporous structure. The scaffold enhanced angiogenesis and continuously release drugs, which significantly inhibited bacterial survival (Wu et al., 2013). Subha N. Rath et al. explored the biocompatibility and biological activity of Cu2+-doped BG scaffolds for bone marrow mesenchymal stem cells (BMSCs) and human dermal microvascular endothelial cells and found the scaffold was effective for BMSCs and not toxic. They also found that Cu2+ induced BMSCs to secrete vascular endothelial growth factor and thereby enhanced angiogenesis (Rath. et al., 2014). Yi-Fan Goh et al. synthesized BG doped with Cu and Ag, finding that Cu-doped BG exhibited longer ion release, making it a potential candidate for sustained long-term antibacterial performance (Goh et al., 2014). Mohamed Abudhahir et al. prepared biocomposite scaffolds of polycaprolactone, wollastonite, and Cu ions using electrospinning technology. The synthesized PCL/Cu-Ws scaffolds had good biocompatibility with mouse mesenchymal stem cells. In the presence of osteogenic mediators, the scaffold enhanced the expression of osteoblast-specific marker genes, indicating it had osteoconductivity. It also had a strong antibacterial effect on Staphylococcus aureus and E. coli (Abudhahir et al., 2021). Cu has also been doped into BG with osteoinductivity, biocompatibility, and biodegradability, then combined with a porous 3D collagen scaffold (CuBG-CS) to prepare a biological scaffold for osteomyelitis treatment. This not only promoted bone formation and angiogenesis but also inhibited S. aureus (Ryan et al., 2019).
Borate-based BGs are attracting attention as alternatives to silicate BGs because they more easily form porous scaffolds and degrade more quickly than silicate BGs. As shown in Figure 2, wang et al. used a polymer foam replication technique to prepare Cu-doped borate glass scaffolds and found they had better bone regeneration and angiogenesis capabilities than undoped scaffolds (Wang et al., 2014). Subsequently, the effect of Cu doping on the properties of borosilicate BG was studied, and it was found that Cu ion doping made the glass network more stable, resulting in a lower ion release rate during the degradation process. At the same time, Cu ions have the potential for angiogenesis, so this copper-doped bioactive borosilicate glass scaffold material has good prospects for use in bone tissue engineering (Wang et al., 2016).
[image: Figure 2]FIGURE 2 | (A) Optical images and SEM images of the scaffolds were obtained. (B) Microct evaluation of skull defects and unfilled bone regeneration in rats implanted with BG-3Cu and BG stents 8 weeks after implantation. (C) Transmitted light images of stained sections of rat skull defects implanted with BG-3Cu and BG scaffolds and unfilled defects 8 weeks after implantation. Reprinted with permission from ref. (Wang et al., 2014). (Copyright 2014; The Royal Society of Chemistry).
Ethylene-vinyl acetate (EVA) copolymer has excellent mechanical properties, good biocompatibility, and high adhesion but no antibacterial ability and needs further modification. Teno et al. synthesized a CuNP-modified EVA nanocomposite material. The CuNP doping gave it antibacterial ability against DH5α E. coli and did not cause structural changes to or thermal degradation of the polymer (Teno et al., 2019).
As a common organic scaffold, PCL has the advantages of good biocompatibility, slow degradation rate, and low price. Mixing PCL with BG and copper metal nanoparticles can yield a nanofiber scaffold material that is nontoxic to fiber cells and has osteogenic potential (Akturk et al., 2021). Karuppannan et al. added CuO nanoparticles to PCL/gel fibers using a green synthesis method. The prepared CuONF had good mechanical properties and hydrophilicity and sustained in vitro drug release for 48 h. At the same time, it had an antibacterial effect on wound pathogenic bacteria and supported the growth of fiber cells, which are effective in wound care (Karuppannan et al., 2021).
Copper-Based Antibacterial Hydrogels
Hydrogels with high oxygen permeability, water absorption and expansion, good biocompatibility, and other distinctive properties have been widely used in the biomedical field (Kopeček and Yang, 2007; Wang et al., 2019; Gao et al., 2020). Alginate saline gel produced by ion crosslinking of alginate with other ions has been applied to soft tissue implants and wound dressings because it requires only mild preparation conditions and has other attractive properties (Queen et al., 2004; Lee and Mooney, 2012; Huang et al., 2021). However, alginate saline gel has some limitations in practical applications because it has no biological activity or antibacterial properties. Levic et al. prepared Cu-alginate hydrogels in the form of microbeads by adding copper to alginate by electrostatic extrusion. The results showed that microspheres loaded with ∼100 μmol g−1 Cu (II) had high antibacterial activity against E. coli and S. aureus. Microspheres with low Cu(II) (∼60 μmol g−1) content released Cu(II) slowly enough to induce the proliferation of calf chondrocytes and promote chondrogenesis (Figure 3A) (Madzovska-Malagurski et al., 2016).
[image: Figure 3]FIGURE 3 | (A) Synthesis and potential biomedical applications of copper alginate microspheres. (B) Development of a novel injectable hydrogel and its osteogenic application. (C) Schematic diagram of surgical construction of CTP-SA and GTR. (D) In vivo function of CTP-SA in GTR surgery. Panel (A) reprinted with permission from ref. (Madzovska-Malagurski et al., 2016) (Copyright 2016; IOP Publishing Ltd.). Panel (B) reprinted with permission from ref. (Bassett et al., 2014) (Copyright 2019; Elsevier). Panel (C) and panel (D) reprinted with permission from ref. (Xu et al., 2020) (Copyright 2020; American Chemical Society).
The use of metal ions, especially copper ions, in medical applications may present serious problems of acute local and systemic toxicity and lead to narrow therapeutic wounds. Hence, it is critical to achieve precise control and sustained release of copper ions in bone tissue applications. David et al. used alginate as a carrier for copper storage and as a copper ion diffusion barrier, doping copper materials into alginate brine gel microspheres through in situ mineralization and subsequent crosslinking with calcium. This method not only increased the amount of copper supported by alginate saline gel but also controlled the rate and duration of ion release. By altering the formulation of alginate saline gels containing both ionic and mineral copper, the total copper content was changed and the release time of Cu2+ could be adjusted from 5 to 32 days (Figure 3B) (Bassett et al., 2014).
Injectable hydrogels are also being developed to automatically match bone defects better (Wu et al., 2019). Wang et al. prepared sodium alginate hydrogel doped with cuprous oxide (Cu2O) nanoparticles and polydopamine (PDA)-coated titanium dioxide (TiO2@PDA) nanoparticles to form a composite (CTP-SA) for guided tissue regeneration to treat periodontitis. The increased release of Cu2+ and the photothermal effect of TiO2@PDA when combined with NIR irradiation endowed the composite with osteogenic properties, which were beneficial for alveolar bone repair. This kind of bone implant material, which simultaneously enables dual customization of shape and function, has the potential for multiple applications in biomedicine (Figures 3C,D) (Xu et al., 2020).
Copper-Based Antibacterial Bone Cements
Bone cement based on polymethyl methacrylate (PMMA) is a unique biological material with the advantages of easy processing and good biological stability (Vaishya et al., 2013; Wekwejt et al., 2019). Antibiotic-loaded bone cement can greatly reduce the adhesion and proliferation of bacteria, but most antibiotics are not effective for continuous treatment after surgery, and long-term use can lead to the production of drug-resistant bacteria. It is therefore very important to develop new bone cements with excellent antibacterial properties. Metal nanoparticles such as Cu and Ag have good bactericidal properties and can be combined with PMMA to improve the bactericidal activity of bone cement. This is mainly due to the release of free metal ions, which cause direct damage to cell membranes and are absorbed by the cells, then produce reactive oxygen species. These processes can lead to bacterial death (Tamayo et al., 2016; Das et al., 2017; Burdușel et al., 2018; Darder et al., 2020).
Wekwejt et al. studied the bactericidal performance of PMMA modified with gentamicin, nanosilver, and nanocopper and found that compared with PMMA modified with gentamicin, PMMA modified with nanocopper had a higher bactericidal effect and better anti-biofilm performance but at the same time reduced the vitality of pulp stem cells (Miola et al., 2018). Miola et al. designed a new type of Cu-doped bioactive glass powder composite cement, added it to PMMA-based cement with different viscosities, and characterized the prepared composite materials in terms of their biological activity, mechanical properties, and antibacterial properties. The results showed that the glass powder was evenly distributed on the surface of PMMA, and the composite cement had good biological activity and obvious antibacterial effect on Staphylococcus epidermidis strains (Uriu-Adams and Keen, 2005). PMMA itself is not degradable and has low adhesion ability, so modifications are very important for improving its biocompatibility and antibacterial properties. We summarized the application of copper-based biomaterials in bone tissue in Table 1, including antibacterial scaffolds, antibacterial hydrogels and antibacterial bone cement.
TABLE 1 | Representative examples of copper-based antibacterial biomaterials.
[image: Table 1]CONCLUSION AND OUTLOOK
This paper reviews the antibacterial properties and mechanism of copper-based biomaterials, as well as their application in bone tissue engineering, including antibacterial scaffolds, antibacterial hydrogels and antibacterial bone cement. Copper is an essential trace element involved in various physiological mechanisms of human beings. Many studies have shown that copper-based biomaterials have excellent antibacterial properties, angiogenesis and osteogenesis. So copper can be used as a promising dopant in combination with other biomaterials to effectively treat pathogenic infections in bone tissue, providing an interesting alternative to the extensive use of antibiotics and avoiding the development of antibiotic resistance. With regard to the role of copper in osteogenesis, it seems difficult to draw conclusions about effects on specific targets, since osteogenesis involves a very complex mechanism associated to multiple factors. Although beneficial therapeutic effects have been proved, the exact mechanism of action is still unclear, so it is difficult to accurately study and describe the effect of copper-based biomaterials on this physiological mechanism. The fact that more research is needed to clearly understand how copper interacts with the physiological processes of osteogenesis has important implications for orthopaedic applications.
The copper-based biomaterials show good antibacterial properties and low infection rates after bone implantation, copper deficiency and excessive accumulation however can lead to serious diseases and certain toxicity (Shim and Harris, 2003). For adults, the tolerable upper limit is 10 mg/day and impairments occur above this level (Shenkin, 2010). Therefore, the biotoxicity of copper-based biomaterials should be evaluated before it is used in bone tissue engineering. It has been demonstrated that the toxicity of copper-based biomaterials is reduced by optimizing copper doping concentration, releasing curve or reducing metal particle size (Chen et al., 2021). At the same time, biocompatibility and antibacterial ability must also be achieved. At present, most experiments evaluate the toxicity of copper-based biomaterials by testing them with bone marrow stem cells, osteoblasts, and other cells, and using in vivo experiments in small animals (Prajapati et al., 2020). However, these do not simulate the human body’s true response to toxicity, so more clinical trial results are needed.
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Intra-articular injection of mesenchymal stem cells is a potential therapeutic strategy for cartilage protection and symptom relief for osteoarthritis (OA). However, controlling chondrogenesis of the implanted cells in the articular cavity remains a challenge. In this study, hydrogels containing different concentrations of icariin were prepared by in situ crosslinking of hyaluronic acid and Poloxamer 407. This injectable and thermoresponsive hydrogel, as a 3D cell culture system, showed good biocompatibility with chondrocytes and bone marrow mesenchymal stem cells (BMSCs), as well as promoted proliferation and chondrogenesis of BMSCs through the Wnt/β-catenin signaling pathway. Intra-articular injection of this kind of BMSC-loaded composite hydrogel can significantly prevent cartilage destruction by inducing chondrogenic differentiation of BMSCs, and relieve pain through regulating the expression of inflammatory cytokines (e.g., IL-10 and MMP-13) in the OA model. Incorporating BMSCs into this novel icariin-loaded hydrogel indicates a more superior efficacy than the single BMSC injection, which suggests a great potential for its application in OA.
Keywords: icariin, hydrogel, BMSCs, osteoarthritis, cartilage repair, pain relief
INTRODUCTION
Osteoarthritis (OA) is a chronic bone and joint disease characterized by articular cartilage degeneration and destruction, as well as hyperosteogeny in weight-bearing areas. Up to now, OA affects 303.1 million people worldwide and is mainly manifested as joint pain and limited mobility, which seriously limit the limb function and quality of life (Peat and Thomas, 2021). Due to the restricted ability of articular cartilage regeneration in adults, articular cartilage degeneration is considered as an irreversible pathophysiological change. The existing conservative treatment strategies, such as taking nonsteroidal anti-inflammatory drugs, intra-articularly injecting glucocorticoid and hyaluronic acid, etc., have not achieved satisfactory outcomes in alleviating OA, and can only temporarily alleviate the disease progression. Arthroplasty is considered to be an effective method for the treatment of end-stage OA, while it often brings heavy economic burden, long recovery time, and some serious complications including infection, prosthesis loosening and displacement, periprosthetic fractures, and so on (Bai et al., 2020b; Zhao et al., 2020). Therefore, it is of great significance to develop early nonsurgical treatment to prevent the progression of OA.
With the rapid development of regenerative medicine, the application of stem cells and cytokines has gradually become a novel strategy for the remedy of OA. Among the stem cells, mesenchymal stem cells (MSCs), especially bone marrow mesenchymal stem cells (BMSCs), are regarded as important seed cells for the treatment of OA due to their advantages of easy acquisition and extensive sources, advanced proliferative ability, significant multidirectional differentiation potential, and the capacity to regulate inflammation (Barry and Murphy, 2013; Bertoni et al., 2021; Hwang et al., 2021). Various clinical studies conducted by a similar technique revealed that intra-articular injection of MSCs was helpful to ameliorate cartilage destruction and relieve pain in OA (Centeno et al., 2008; Csaki et al., 2008; Maumus et al., 2011). However, after intra-articular administration of MSCs, only a few cells adhered to the cartilage defects, and their differentiation ability was not prominent in the joint cavity (Koga et al., 2008). In addition, the chondrogenic differentiation of MSCs after intra-articular injection was not well controlled, which might limit their clinical applications (Chang et al., 2016; Ha et al., 2019). Therefore, MSCs with more chondrogenic differentiation potential will contribute to the efficient repair of articular cartilage in OA.
Hydrogel is a three-dimensional (3D) network composed of hydrophilic polymers, which sustains similar physical and chemical properties as the extracellular matrix (ECM) (Liu et al., 2018; Liu et al., 2021). As an ideal 3D cell culture system, hydrogels with specific properties are capable of inducing chondrogenic differentiation of MSCs (Yao et al., 2017; Li et al., 2020; Li et al., 2021a). For instance, adding bioactive ingredients in the hydrogels, Epimedium, a traditional Chinese medicine, has been widely studied in anti-osteoporosis and alleviation of OA (8). Icariin, whose chemical formula is C33H40O15, is the primary pharmacologically active component of the Chinese herb medicine Epimedium. Previous studies have indicated that icariin can accelerate cartilage ECM synthesis and inhibit ECM degradation, upregulate the cartilage-specific gene expression of chondrocytes, and induce directed chondrogenesis of BMSCs without hypertrophic differentiation (Sun et al., 2013; Wang et al., 2014; Wang et al., 2018). Greatly inspired by previous studies, icariin encapsulated in hyaluronic acid/collagen hydrogel can maintain biological activity and plays a good role in osteogenesis and cartilage induction (Yang et al., 2018; Liu et al., 2019). Consequently, icariin may have potential applications in cartilage tissue engineering.
In this study, an injectable and thermoresponsive hydrogel containing different concentrations of icariin were prepared by in situ crosslinking of hyaluronic acid and Poloxamer 407. Then the hydrogel containing the optimal concentration of icariin was applied to encapsulate BMSCs for intra-articular injection in OA rats. As a result, in hydrogels containing the optimal concentration of icariin, BMSCs can fully differentiate into chondrogenic, inhibit inflammation, and show a preferable outcome on cartilage destruction and pain relief in OA (Scheme 1). As far as we know, it is the first attempt to explore the synergistic action of BMSCs and icariin-loaded thermoresponsive hydrogel for intra-articular injection in OA.
[image: Scheme 1]SCHEME 1 | Schematic illustration of BMSCs incorporating icariin-Poloxamer 407 and HA (PHa) hydrogels for cartilage protection and pain relief in osteoarthritis (OA).
MATERIALS AND METHODS
Materials
Poloxamer 407 (P407, culture tested), fluorescein isothiocyanate-conjugated goat anti-mouse IgG, and etramethylrhodamine isothiocyanate-conjugated goat anti-rabbit IgG were provided by Sigma-Aldrich (Gillingham, UK). Hyaluronic acid (HA), ∼1,000 kDa, was obtained from Bioland Co., Ltd. (Cheonan, Korea). Icariin (purity: 99%) was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Low-glucose Dulbecco’s modified Eagle’s medium (LG-DMEM), streptomycin–penicillin, and fetal bovine serum (FBS) were obtained from Gibco (Grand Island, NY, United States). Chondro-inductive medium (catalog no. GUXMX-90041) was obtained from Cyagen (Guangzhou, China), and TGF-β3 was supplied by PeproTech (Cranbury, NJ, United States). Rat BMSCs (catalog no. CP-R131) and chondrocytes (catalog no. CP-R087) were provided by Procell (Wuhan, China). Cell Counting Kit-8 (CCK-8) and Calcein acetoxymethyl ester (Calcein-AM)/Propidium Iodide (PI), BCA Protein Assay Kit, and RIPA Lysis Buffer were supplied by Beyotime Biotechnology (Shanghai, China). The 4% paraformaldehyde solution, phosphate-buffered saline (PBS), and Triton X-100 were provided by Beijing Solarbio Science and Technology (Beijing, China). Eastep Super Total RNA Extraction Kit was purchased from Promega Corporation (Shanghai, China). Perfect Real Time RT reagent kit, Prime Script RT reagent kit, and SYBR Premix Ex Taq II kit were obtained from Takara Biotechnology (Dalian, China). TRIzol Reagent was supplied by Invitrogen Life Technology (Carlsbad, CA, United States). Safranin O, Alcian blue, hematoxylin eosin (H&E), safranin O-fast green stains, enhanced chemiluminescence reagent, and 4′,6-diamidino-2-phenylindole 2HCl (DAPI) were obtained from Thermo Fisher Scientific (Shanghai, China). Primary antibodies, including Sox 9, Col-2a1, Aggrecan, HIF-1α, Dvl1, Gsk3β, β-catenin, IL-10, and MMP-13 were provided by Abcam (Cambridge, United Kingdom), and secondary antibodies were provided by Jackson ImmunoResearch Laboratories (West Grove, PA, United States).
Icariin-Loaded Hydrogel Preparation and Characterization
A simple mixing process is applied to prepare the Poloxamer 407 and HA (PHa) hydrogel in aqueous solution according to previous studies (Jung et al., 2017; Hsieh et al., 2020). In brief, Poloxamer 407 (20 wt%) and HA (1 wt%) were dispersed in double distilled water for a further 24 h in a refrigerator at 4°C until a transparent solution was obtained. Then various amounts (0, .2, 1.0, and 5.0 mg) of icariin were dispersed into every 10 ml of PHa solution for dissolution with gentle stirring for 1 h, that is, the concentrations of icariin in terms of molarity were 0, 29.6, 147.8, and 738.9 μM. Finally, hydrogels containing different concentrations of icariin (abbreviated as PHa, PHa@I-L, PHa@I-M, and PHa@I-H, respectively, according to the icariin concentration) were obtained and stored at 4°C for subsequent investigations.
The PHa solution was subsequently warmed to 37°C to change the PHa from solution into gel. To detect the temperature of the PHa hydrogel to sol–gel transition, rheological measurement was carried out from 0°C to 40°C through a rheometer (Malvern, UK). In addition, the microscopic structure of the hydrogel was detected by a scanning electron microscope (SEM, JSM-6700F, JEOL, Japan) after freeze drying. For degradation detection, the PHa hydrogels were incubated in 1 ml of PBS with or without 100 μg ml−1 of hyaluronidase at 37°C. At preset time points, the hydrogels were taken out, and their wet weights (Wt) were weighed and recorded. The degradation rate was reparented by following the equation: degradation rate = (W0−Wt)/W0 × 100%, where W0 is the initial wet weight of the sample. To investigate the release profiles of icariin from the hydrogels, 1 ml of icariin-loaded hydrogels were immersed in 10 ml of PBS at 37°C. At predetermined time points, the PBS was collected and replaced by 10 ml of fresh PBS. The concentrations of icariin in the samples were determined by UV spectrophotometry. Absorbances of the standard solution and samples were measured at the icariin maximum absorption wavelength of 270 nm. The cumulative release of icariin was quantified according to the standard curve of icariin.
Cell Proliferation and Viability
To evaluate the biocompatibility of 3D network composed by PHa hydrogel with different concentrations of icariin to BMSCs and chondrocytes, the proliferation and survival of cells encapsulated in hydrogels were detected by CCK-8 and Calcein-AM/PI. Briefly, BMSCs and chondrocytes were seeded into the plates (abbreviated as NC group), PHa, PHa@I-L, PHa@I-M, and PHa@I-H hydrogels, respectively. In the NC group, cells were seeded at a density of 2 × 104/well in 24-well plates. In the hydrogel groups, cells were encapsulated in 400 μl of hydrogels as the 3D cell culture system. Specifically, 2 × 104 cells were added into different gel solutions (400 μl) by pipetting evenly at 15°C at a density of 5 × 104 cells/cm3. Then the samples were injected into the cell culture plate and transferred into the incubator at 37°C for gelation immediately. Each well was added 1 ml of medium for cell culturing in a humidified environment with 37°C and 5% CO2. The culture medium was replaced every 3 days. At the scheduled time point, the proliferation of cells was studied by a CCK-8 assay. In brief, after changing the medium, 10% CCK-8 solution was added to each well and incubated for 2 h at 37°C. Finally, 100 μl of solution of each sample was transferred into a 96-well plate and measured by a microplate reader (Varioskan LUX, Thermo Scientific) at 450 nm. In addition, Calcein-AM/PI staining was conducted after 3 days of incubation according to the directions. Briefly, 2 μM Calcein-AM and 4.5 μM PI were added into the samples, and then incubated for 15 min at 37°C in the dark. The cell viability was observed and recorded by an Olympus FV1000 confocal laser scanning microscope (CLSM), and the cell survival rate was analyzed by ImageJ software (1.50i version, National Institutes of Health) according to the proportion of green-stained living cells in the total number of cells.
Safranine O and Alcian Blue Staining
For chondrogenic differentiation induction, BMSCs in the different groups were induced by TGF-β3 containing chondrogenic induction medium for 12 days. Then the samples were stained with safranin O and Alcian blue in accordance with the instructions of the manufacturer. In brief, after being fixed with 4% paraformaldehyde for 5 min, the samples were stained with safranin O for 5 min, and another batch of samples was stained by Alcian blue for 30 min at room temperature. Then the images were observed by an optical microscope (DSX 500, Olympus, Japan).
Real-Time Quantitative PCR
To evaluate the gene expression of Sox 9, Col-2a1, Aggrecan, HIF-1α, Dvl1, Gsk3β, β-catenin, IL-10, and MMP-13 in the BMSCs and/or cartilage tissue, RT-qPCR was performed. Total RNA was extracted with TRIzol reagent, and cDNA was synthesized in reverse transcription reaction by 1 µg of total RNA using a Prime Script RT reagent kit. The expression of target genes was detected by qPCR using the SYBR Premix Ex Taq II kit in accordance with the instructions of the manufacturer. Amplification was performed in 96-well optical reaction plates on the LightCycler 480 (Roche Diagnostics). The amplification was performed using the following program: 94°C for 3 min to activate polymerase, 40 cycles at 94°C for 20 s, 56°C for 20 s, and 72°C for 20 s; melting curve analysis was conducted after every run by heating up to 95°C to monitor the presence of unspecific products. GAPDH was used as internal controls for mRNA expression. Primer sequences of genes are displayed in Table 1. The relative RNA expression was analyzed by the formula of the 2−ΔΔCT method.
TABLE 1 | Primer sequences of genes.
[image: Table 1]Western Blotting
The samples were lysed with lysis buffer, and the total protein contents of the lysates were evaluated by the BCA protein assay kit. Subsequently, proteins were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 5% stacking gels and 10% separating gels, and transferred onto a PVDF membrane. Subsequently, the membranes were blocked with 5% nonfat milk at room temperature for 1 h, and then primary antibodies against Dvl1 (1:500), Gsk3β (1:250), and β-catenin (1:500) were applied. The bands were visualized by the enhanced chemiluminescence reagent and analyzed by ImageJ software.
Double Immunofluorescent Staining
Immunofluorescent staining of cells was performed using cultured BMSCs on polylysine-coated glass coverslips under chondrogenic inductive conditions for 12 days. The cells were washed with PBS and then blocked with 2% normal goat serum and 1% BSA, allowed to react with rabbit monoclonal anti-Sox 9 (1:200) and rabbit polyclonal anti-Aggrecan antibody (1:400) overnight at 4°C, and incubated with fluorescein isothiocyanate-conjugated goat anti-mouse IgG (1:50) for 1 h at room temperature. The cells were incubated with either mouse monoclonal anti-Col-2a1 (1:200) or mouse monoclonal anti-HIF-1α antibody (1:500) for 1 h at room temperature, and then incubated with tetramethylrhodamine isothiocyanate-conjugated goat anti-rabbit IgG (1:50) for 1 h at room temperature. For counterstaining, the nuclei were stained with DAPI for 5 min at room temperature. The double immunofluorescence-stained samples were observed by a CLSM. In addition, the cartilage samples from in vivo experiments were fixed in 4% paraformaldehyde, and then decalcified with .5 M EDTA solution for 4 weeks and embedded for paraffin sectioning to acquire sections about 5 μm. The sections were incubated with primary antibodies against Sox 9, Col-2a1, Aggrecan, HIF-1α, Dvl1, Gsk3β, β-catenin, IL-10, and MMP-13 for immunofluorescence staining in the cartilage.
Rat Osteoarthritis Model Preparation and Intra-articular Injection
Sprague–Dawley rats (male, 8-week-old) were provided by the Experimental Animal Center of Shanghai Medical College, Fadan University. All animal operations were performed in accordance with the guidelines for Care and Use of Laboratory Animal Experience and approved by the Animal Care and Use Ethics Committee of Huadong Hospital Affiliated to Fudan University.
To prepare the OA rat model, the surgical destabilization of the medial meniscus (DMM) model was carried out by medial collateral ligament transaction under general anesthesia by intraperitoneal injection of 3% pentobarbital at a dose of .2 ml/100 g as described previously (Glasson et al., 2007; Shao et al., 2021). After 2 weeks of DMM procedure, the OA rats were divided into four groups (the number of animals in each group is 10) randomly and then treated with intra-articular injection of different therapeutic agents every 2 weeks three times. The groups were named as follows: 400 μl PBS (abbreviated as PBS Group), 400 μl PHa@I-M hydrogel (abbreviated as PHa@I Group), 2 × 106 BMSCs (abbreviated as BMSCs Group), and 400 μl 2 × 106 BMSC-loaded PHa@I-M hydrogel (abbreviated as PHa@I-BMSCs Group). At 12 weeks after intra-articular injection, the rats were euthanized by an overdose of pentobarbital and the articular cartilage was collected for further detection.
Histological Evaluation
After scarification, the cartilage samples from OA knee joints were collected. For histological examination, the samples were fixed by 4% paraformaldehyde, and then decalcified with .5 M EDTA solution for about 6 weeks and embedded for paraffin sectioning. Subsequently, the samples were sectioned longitudinally with a thickness of 5 μm. After dewaxing, the slices were stained with H&E and safranin O-fast green according to the standard protocols of the manufacturer. The images of weight-bearing part of the joints were then observed and imaged under a microscope. The Osteoarthritis Research Society International (OARSI) cartilage histopathology assessment system and the Mankin scoring system were applied to assess the destruction of articular cartilage (Kang et al., 2017).
Behavioral Studies of the Pain Relief
The pain-related behavior of OA rats after intra-articular injection of various therapeutic agents was evaluated by weight-bearing index (WBI) by a 3D gait analysis system (Kinama Tracer, Japan) and paw-withdrawal threshold (PWT) by the von Frey filament (Ugo Basile, Varese, Italy). Briefly, for WBI detection, rats walked along the runway equipped with mechanical sensors, which can record the ground reaction force for each foot, reacting to the weight supported by the corresponding limb. The values were represented by the following formula: WBI = ipsilateral weight/(ipsilateral weight + contralateral weight) × 100%. PWT was conducted to evaluate the efficacy on pain threshold as described previously (Micheli et al., 2019). In addition, PWT, reflecting the mechanical allodynia (hypersensitivity), was investigated according to the force exerted by the von Frey filament ranging from 0 to 40 g with a .2-g accuracy. The paw sensitivity threshold was recorded as the minimum force for leading to a strong and immediate withdrawal reflex of the paw.
Statistical Analyses
Statistical analysis was conducted by SPSS 20.0 (SPSS Inc., Chicago, IL, United States). Statistical significance comparing two groups with parametric data was evaluated by two-tailed t-test, and multiple groups with parametric data were conducted by one or two-way ANOVA analysis followed by Tukey’s post-hoc test. A value of p < .05 was regarded as statistically significant between groups. All results were presented as mean ± SD (standard deviation). All experiments in the present study were carried out at least three times independently.
RESULT AND DISCUSSION
PHa Hydrogel Preparation and Characterization
Poloxamer 407, a biocompatible polymer, was utilized widely as a thermosensitive material, owing to its performance of rapid thermo-reversible sol–gel transition and the capability to stabilize sustained releasing drugs (Bai et al., 2020a; Hsieh et al., 2020). Although the surfactant function of Poloxamer 407 is beneficial to the dispersion of drugs in the hydrogels, this capacity may result in the rapid erosion of the hydrogels in several hours under physiological conditions, thus, leading to a burst release of the loaded drugs (Tundisi et al., 2021; Yang et al., 2021). To address these limitations, HA, a biopolymer naturally presenting in the synovial fluid, was employed in this study as a carbohydrate additive for controlled release of drugs to reduce the concentration of Poloxamer 407 required for gelation. In addition, intra-articular administration of HA is regarded as a cost-effective treatment as viscosupplementation to delay cartilage destruction and relieve OA symptoms (Henrotin et al., 2015; He et al., 2017). The addition of high-molecular-weight HA could help the dense packing of Poloxamer 407 micelles at the gelation temperature (i.e., above lower critical solution temperature, Figure 1A). The driving force for this phenomenon could be a hydrophobic interaction between acetyl groups on HA and methyl groups on Poloxamer 407. As a result, the inter-micellar crosslinking induced by HA may heighten the mechanical strength and retention time of the prepared thermosensitive hydrogel (Jung et al., 2017).
[image: Figure 1]FIGURE 1 | Preparation and characterization of Poloxamer 407 and HA (PHa) hydrogels. (A) Schematic illustration of PHa hydrogel preparation. (B) The optical images of hydrogel sol–gel transition. (C) Storage modulus (G′) and loss modulus (G″) of hydrogel as a function of temperature. (D) The injectable and thermosensitive hydrogel rapidly form gel when injected into a hot plate at 37°C. (E) Morphologies of hydrogel observed by SEM. (F) Degradation rate of the PHa hydrogels in phosphate-buffered saline (PBS) at 37°C. (G) Release profile of icariin from the PHa hydrogels in PBS at 37°C (n = 3).
As shown in Figure 1B, the PHa solution underwent a sol–gel transition within 60 s by temperature rising from 4°C to 37°C. To determine the critical gelation temperature (CGT) of sol–gel transition, the rheological behavior was detected, and the results indicated that both the storage modulus (G′) and loss modulus (G″) of the hydrogel were rapidly promoted after 21°C, indicating that the CGT temperature of the PHa hydrogel was ∼21°C (Figure 1C). The most attractive feature of the PHa hydrogel is its reversible thermo-responsive property, allowing it to undergo gelation close to body temperature (>CGT) and remain at the site of implantation as a continuous drug delivery device. This reversible thermo-responsive nature also gives the hydrogel injectable property. As shown in Figure 1D, the PHa solution was extruded through a syringe onto a hot plate (37°C), and it can form into gel state rapidly. SEM observation showed that the hydrogels had an interconnected pore structure with a diameter of about 100 μm (Figure 1E). These porous structures of the hydrogels could promise nutrient and oxygen transportation, enable cellular penetration, migration, and proliferation.
The degradation behaviors of the hydrogels are shown in Figure 1F. The PHa hydrogel in the PBS can be completely degraded within 14 days. However, in the presence of hyaluronidase, the degradation of hydrogels was accelerated and almost degraded on the seventh day. This may be due to the destruction of chemical bonds by hyaluronidase, but the main framework of poloxamer self-assembled hydrogel still existed to prevent instantaneous disruption of the network structure. Hydrogels, as cross-linked polymer networks, have emerged as particularly promising materials for drug delivery. Drugs can be loaded into hydrogels through a manifold of mechanisms and strategies. Here, we speculate that icariin is retained in the hydrogel through the formation of hydrogen bonds and being physically entrapped in hydrogel (Vermonden et al., 2012; Li et al., 2021b; Wang et al., 2021). The release curves of icariin in PHa@I-L, PHa@I-M, and PHa@I-H groups were similar, as illustrated in Figure 1G. The release rate of icariin on the first day was slightly faster, and the release rate gradually decreased in the subsequent days, indicating a controlled and sustained drug-release profiles. On the 12th day, the total proportion of released icariin was up to 77.33 ± 2.39%, 77.44 ± 1.81%, and 78.13 ± 1.00% in the PHa@I-L, PHa@I-M, and PHa@I-H groups, respectively; after which, the release curves did not increase significantly. Because the residual drug concentration was low in the PBS after a certain period of release and the interference of the degradable polymer matrix of hydrogels, it is difficult to accurately measure the residual drug concentration after 10 days of release; that is why, only ∼78% of icariin was detected. In summary, these results can be regarded as the intermolecular interaction between Poloxamer 407 micelles and HA. Poloxamer 407 can form a self-assembled micelle structure in aqueous solution, and the micelles can be closely packed above the CGT (Cong Truc et al., 2011). In the PHa hydrogel, the high molecular weight with 1,000 kDa filled the space between the Poloxamer 407 micelles. Moreover, the HA molecules located between the micelles also serve as an inter-molecular crosslinker, which result in the formation of a highly dense inter-micellar structure when the temperature is higher than the CGT (Jung et al., 2017).
Icariin-Loaded Hydrogels Promote Cell Proliferation and Viability
The biocompatibility of materials is a crucial issue for their biological applications. Herein, the effect of the 3D cell culture system, composed of icariin-loaded hydrogels on proliferation and viability of BMSCs and chondrocytes, was evaluated by CCK-8 analysis and Calcein AM/PI staining. As illustrated in Figure 2A, on the 7th day, the proliferation of BMSCs in the PHa@I-L Group and PHa@I-M Group was better than that in the NC Group (p < .05). Fluorescence images of Calcein-AM/PI staining showed that, although most BMSCs in each group were green-stained live cells, the PHa@I-H Group had the most red-stained dead cells (Figure 2B). Furthermore, the cell survival rates of BMSCs in the NC Group, PHa Group, PHa@I-L Group, PHa@I-M Group, and PHa@I-H Group were 92.54 ± 2.51%, 92.82 ± 1.95%, 94.77 ± 1.92%, 92.18 ± .90%, and 90.26 ± 1.04%, respectively (Figure 2C). For chondrocytes, the PHa@I-L Group and PHa@I-M Group can induce cell proliferation and maintain viability; however, the PHa@I-H Group indicated an inhibitory effect on proliferation and viability (Figures 2D–F). The introduction of HA and Poloxamer 407 into the hydrogel makes it an ECM component with excellent biocompatibility, which can produce a tendency to increase cell proliferation. Icariin is one of the effective ingredients of traditional Chinese medicine Epimedium. Appropriate concentration of icariin has a stimulatory effect on the proliferation of MSCs and chondrocytes (Ye et al., 2017; Liu et al., 2019; Wang et al., 2020). However, this inductive proliferation effect is related to the content of icariin in the hydrogels (Jiao et al., 2018). Icariin with proper concentration can promote cell proliferation, but too high concentration will cause drug toxicity, thereby inhibiting cell proliferation and activity (Fu et al., 2016). Several studies have also indicated that the icariin concentration above 10 μM was cytotoxic in a long period culture (Liu et al., 2010; Zhang et al., 2013; Liu et al., 2019). Our results demonstrated that the PHa hydrogel containing low and medium concentrations of icariin, namely, the PHa@I-L Group and PHa@I-M Group, showed a positive role in the proliferation and viability of BMSCs and chondrocytes. However, high concentrations of icariin in the hydrogel (the PHa@I-H Group) revealed an inhibitory effect on cell proliferation and viability.
[image: Figure 2]FIGURE 2 | Biocompatibility of 3D cell culture system composed of icariin-loaded hydrogels on bone marrow mesenchymal stem cells (BMSCs) and chondrocytes. (A) BMSC proliferation at days 1, 4, and 7. (B) Calcein AM/PI staining of BMSCs at day 3. The green signal represents live cells, whereas the red signal represents dead cells. (C) Quantitative analysis of the survival rates of BMSCs according to Calcein AM/PI staining. (D) Chondrocyte proliferation at days 1, 4 and 7. (E) Calcein AM/PI staining of chondrocytes at day 3. The green signal represents live cells, whereas the red signal represents dead cells. (F) Quantitative analysis of the survival rates of chondrocytes according to Calcein AM/PI staining (*p < .05 compared with the NC group; #p < .05 compared with the PHa Group; &p < .05 and &&p < .01 compared with the PHa@I-L Group; ‡p < .05 and ‡‡p < .01 compared with the PHa@I-M Group, n = 3).
Icariin-Loaded Hydrogels Induce Bone Marrow Mesenchymal Stem Cells Chondrogenic Differentiation
In 2003, Murphy et al. (2003) reported that intra-articular injection of BMSCs alleviated the progress of OA in goat model, which aroused the interest of the people in the strategy of intra-articular injection of stem cells for the treatment of OA in the clinic. Since then, various studies have demonstrated that intra-articular injection of MSCs is helpful to ameliorate cartilage destruction and relieve pain in OA (Wang and Cao, 2014; Doyle et al., 2020; Kim et al., 2021). However, after the MSCs were injected into the OA joint cavity, only a few cells adhered to the cartilage defect, and their chondrogenic differentiation ability was not prominent and well controlled, which may limit their clinical applications (Koga et al., 2008; Chang et al., 2016; Ha et al., 2019). In addition to cell proliferation and survival, chondrogenic differentiation of stem cells is a crucial element for the treatment of OA. Therefore, we speculate that MSCs with more chondrogenic differentiation potential will contribute to the efficient repair of articular cartilage in OA. Herein, we encapsulated different amounts of icariin into the PHa hydrogels, attempting to screen an optimal hydrogel-drug formulation for inducing chondrogenic differentiation of BMSCs.
Safranine O and Alcain blue staining were performed when BMSCs were cultured with chondrogenic induction medium in the 3D cell culture system for 12 days. As shown in Figures 3A, B, the results confirmed that icariin-loaded hydrogels could significantly induce chondrogenic differentiation of BMSCs, especially in the PHa@I-L Group and PHa@I-M Group. Furthermore, the results of RT-qPCR revealed that the expression of chondrogenic genes Sox 9, Col-2a1, Aggrecan, and HIF-1α were upregulated in groups of icariin-loaded hydrogels, which were significantly higher than that of the NC Group and PHa Group (Figures 3C–F). In addition, at the protein level, chondrogenic-related proteins including Sox 9, Col-2a1, Aggrecan, and HIF-1α were stained by double immunofluorescence (Figure 3G). As indicated in Figures 3H–K, quantitative analysis of the fluorescence intensity demonstrated that the expression of chondrogenic-related proteins in the groups of icariin-loaded hydrogels were significantly improved than those of the NC Group and PHa Group. It is worth mentioning that among the various icariin-loaded hydrogel groups, the expression of chondrogenic differentiation markers in the PHa@I-M Group was the most abundant, suggesting that this formula may be the optimal choice for intra-articular injection of cell-incorporating hydrogels to treat OA.
[image: Figure 3]FIGURE 3 | Icariin-loaded hydrogels as 3D cell culture systems induce BMSCs chondrogenic differentiation. (A) Safranin O staining of BMSCs. (B) Alcain blue staining of BMSCs. (C–F) RT-qPCR analysis of chondrogenic-related genes Sox 9, Col-2a1, Aggrecan, and HIF-1α in BMSCs after chondrogenic induction. (G) Double immunofluorescent staining of cartilage-specific markers Sox 9, Col-2a1, Aggrecan, and HIF-1α in BMSCs after chondrogenic induction. (H–K) Quantitative analysis of the immunofluorescence intensity of Sox 9, Col-2a1, Aggrecan, and HIF-1α (*p < .05 and **p < .01 compared with the NC group; #p < .05 and ##p < .01 compared with the PHa Group; &p < .05 compared with the PHa@I-L Group; ‡p< .05 compared with the PHa@I-M Group, n = 3).
Previous research has demonstrated that icariin can upregulate the expression of cartilage-specific markers (e.g., Sox 9, Col-2a1, and aggrecan) and enhance the aggrecan production (Li et al., 2012). In addition, studies have revealed that icariin is an accelerator for ECM synthesis and can be regarded as a substitute for or cooperate with growth factors to directly enhance chondrogenic differentiation of BMSCs but not hypertrophy (Wang et al., 2014; Wang et al., 2018). Sox 9 is an early chondrogenic marker, which can promote the synthesis of collagen II and aggrecan. Herein, the results exhibited that icariin-loaded hydrogels notably upregulated the expression of the cartilage-specific genes, enhanced the fluorescent intensity and protein levels of Sox 9, Col-2a1, Aggrecan, and HIF-1α, and subsequently induced chondrogenesis of BMSCs. However, this chondrogenic induction effect is related to the content of icariin in the hydrogels. According to the above results, we consider that PHa@I-M hydrogel is the best candidate as a stimulator of chondrogenic differentiation of BMSC in vivo investigation.
Icariin-Loaded Hydrogels Activate Wnt/β-Catenin Signaling
Wnt signaling is involved in multifarious cellular processes, such as cell proliferation, differentiation, apoptosis, and survival. The canonical Wnt pathway is commonly referred to as the Wnt/β-catenin signaling pathway, which mainly activates the particular gene expression in the nucleus (Fu et al., 2016). When Wnt proteins (e.g., Wnt3a) bind to their receptor, a series of downstream targets and cascade reactions are activated, such as the Dvl (an important target of Wnt signaling pathway) and GBP (a GSK-3β inhibition protein). Recently, Ling et al. (2009) indicate that the Wnt signaling plays a crucial role in the proliferation and survival of BMSCs. Wnt signaling pathway promotes proliferation, and inhibits adipogenesis and osteogenic differentiation of MSCs, which are related to the cytoplasm β-catenin accumulation and GSK-3β activity inhibition (Boland et al., 2004; Kennell and MacDougald, 2005). Then the accumulation of intracellular β-catenin is translocated into the nucleus to activate RNA transcription of downstream target genes.
Icariin-induced chondrogenic differentiation of MSCs has been widely used in cartilage tissue engineering, but the specific molecular mechanism is rarely reported. As shown in Figures 4A–C, RT-qPCR analysis indicated that the expression of Dvl and β-catenin were upregulated, and GSK-3β was inhibited after icariin-loaded hydrogel treatment in this study. In addition, Western blot results also demonstrated that these critical target proteins in the Wnt/β-catenin pathway changed accordingly, suggesting that the Wnt/β-catenin pathway was activated in the PHa@I-L Group, PHa@I-M Group, and PHa@I-H Group. Therefore, we speculate that the effects of 3D cell culture system composed of icariin-loaded hydrogels on promoting proliferation and chondrogenic differentiation of BMSCs may be related to the Wnt/β-catenin signaling pathway. Intra-articular injection of BMSCs incorporating PHa@I hydrogels reduces cartilage degeneration in OA.
[image: Figure 4]FIGURE 4 | Icariin-loaded hydrogels as 3D cell culture systems activate Wnt/β-catenin signaling. (A–C) RT-qPCR analysis of Wnt/β-catenin signaling pathway-related genes Dvl, GSK-3β, and β-catenin. (D–G) Western blot analysis of Wnt/β-catenin signaling pathway-related proteins Dvl, GSK-3β, and β-catenin (*p < .05 and **p < .01 compared with the NC group; #p < .05 and ##p < .01 compared with the PHa Group; &p < .05 compared with the PHa@I-L Group, n = 3).
OA is a chronic bone and joint disease, characterized by degeneration and deficiency of cartilage, osteophyte formation, resulting in joint pain, stiffness, and dysfunction, which is one of the major causes for the physical disability of the elderly. In this study, we developed an early nonsurgical treatment of OA by preparing an icariin-PHa hydrogel to carry BMSCs for intra-articular injection (Figure 5A).
[image: Figure 5]FIGURE 5 | Intra-articular injection of BMSCs incorporating PHa@I hydrogels reduce cartilage degeneration in osteoarthritis (OA). (A) Timeline of in vivo experimental protocol. (B) Hematoxylin eosin (H&E) staining of articular cartilage at 12 weeks after intra-articular injection. (C) Safranin O-fast green staining of articular cartilage at 12 weeks after intra-articular injection. (D) Osteoarthritis Research Society International (OARSI) scores were statistically analyzed in each group. (E) Markin scores were statistically analyzed in each group (*p < .05, **p < .01, and ***p < .001 compared with the PBS group; #p < .05 and ##p < .01 compared with the PHa@I Group; &p < .05 compared with the BMSC Group, n = 6).
After 12 weeks of injection, the articular cartilages were collected for histological evaluation. As displayed in Figure 5B, H&E staining of the weight-bearing part of the joints exhibited that in the PBS Group, articular cartilage missed and subchondral bone exposed (red arrow), as well as extensive necrotic cells (black arrow) were observed on the articular surface. Although the histological morphology of articular cartilage in the PHa@I Group and BMSC Group maintained a relatively complete gross shape, the cartilage layer became thinner and slightly matte, and the deep cells were vacuolated. The chondrocytes on the cartilage surface disappeared, and the deep chondrocytes were arranged irregularly and loosely. To our satisfaction, the articular cartilage was generally intact, and cells were regularly arranged in the PHa@I-BMSCs Group. In addition, safranin O-fast green staining was performed to observe the cartilage matrix. The results indicated that the integrity of the cartilage surface was destroyed in the PBS Group, leading to uneven distribution of cartilage matrix and slight or no staining. The PHa@I Group and BMSCs Group also presented insufficient staining of safranin O-fast green, indicating the loss of extracellular matrix, but it was better than that in the PBS Group. Conversely, the articular surface in the PHa@I-BMSCs Group indicated a good histological morphology and uniform matrix distribution (Figure 5C).
The OARSI cartilage histopathology assessment system and the Mankin scoring system were applied to estimate cartilage degeneration. In the PBS Group, PHa@I Group, BMSCs Group, and PHa@I-BMSCs Group, the scores of OARSI were 18.16 ± 2.78, 11.83 ± 2.48, 10.00 ± 2.75, and 4.50 ± 1.64 (Figure 5D), and the values of Mankin scoring were 8.33 ± 1.86, 5.83 ± 1.72, 5.16 ± 1.60, and 3.16 ± 1.16, respectively (Figure 5E). The scores in the PHa@I-BMSCs Group were significantly lower than those in the PBS Group, PHa@I Group, and BMSCs Group, suggesting that intra-articular injection of BMSCs incorporating PHa@I hydrogels could significantly reduce cartilage degeneration in OA. Intra-articular injection of BMSCs incorporating PHa@I hydrogels enhances chondrogenesis in OA.
To further detect the expression of cartilage-related markers in the cartilage, RT-qPCR and immunofluorescence staining of the articular cartilage were performed to analyze the expression levels of Sox 9, Col-2a1, Aggrecan, and HIF-1α at 12 weeks post-injection. The expression of Sox 9, Col-2a1, Aggrecan, and HIF-1α at transcriptional level in PHa@I-BMSCs Group were significantly upregulated compared with the PBS Group, BMSC Group, and PHa@I Group. Moreover, the chondrogenic-related gene expression in the BMSC Group and PHa@I Group were also enhanced than that of the PBS Group (Figures 6A–D). Subsequently, we performed double immunofluorescence staining to further verify the expression of chondrogenic differentiation markers at the translation level (Figure 6E). Quantitative analysis was performed and indicated that the fluorescence intensity of Sox 9, Col-2a1, Aggrecan, and HIF-1αin each group had a similar trend with that at the gene level (Figures 6F–I). These results indicated that injection of icariin-loaded hydrogel or BMSCs alone can partially improve the expression of cartilage markers in arthritic cartilage, but the combination strategy can better promote chondrogenic differentiation of BMSCs encapsulated in the hydrogel.
[image: Figure 6]FIGURE 6 | Intra-articular injection of BMSCs incorporating PHa@I hydrogels enhance chondrogenesis. (A–D) RT-qPCR analysis of chondrogenic-related genes Sox 9, Col-2a1, Aggrecan, and HIF-1α in cartilage at 12 weeks post-injection. (E) Representative double immunofluorescence images of Sox 9, Col-2a1, Aggrecan, and HIF-1α in cartilage at 12 weeks post-injection. (F–I) Quantitative analysis of fluorescence intensity of Sox 9, Col-2a1, Aggrecan, and HIF-1α in immunofluorescence staining (*p < .05, **p < .01, and ***p < .001 compared with the PBS Group; #p< .05 and ##p < .01 compared with the PHa@I Group; &p < .05 compared with the BMSC Group, n = 6).
Studies have revealed that icariin can induce cartilage regeneration and bone repair (Zeng et al., 2014; Yang et al., 2018). The main mechanism involved may be that icariin increases cartilage ECM synthesis and suppresses degradation, enhances cartilage-specific gene expression of chondrocytes, and promotes directed chondrogenesis of BMSCs (Sun et al., 2013; Wang et al., 2014; Wang et al., 2018). However, the safe concentration threshold of icariin was very low, and the cytotoxicity began to appear at the icariin concentration above 10–100 μM but with differences in the species from which the tested cells were obtained (Liu et al., 2010; Zhang et al., 2013; Jiao et al., 2018; Liu et al., 2019). Furthermore, the solubility of icariin is ∼25 μM at room temperature and much more at physiological temperature. Moreover, the solubility of icariin in different solutes is quite different. Icariin has poor solubility in water, but encapsulation in hydrogel can significantly improve its solubility through physical inclusion and hydrogen bonding (Xu et al., 2020). To reduce the cytotoxicity and maintain a long-term bioactivity of icariin in the articular cavity, the release profiles of icariin must be well controlled. In this study, we introduced a novel icariin-PHa hydrogel, in which icariin could sustain release for up to 12 days. Histological observation demonstrated that icariin-PHa hydrogel maintained its bioactivity for inducing chondrogenesis of BMSCs and promoting cartilage regeneration, thus, improving the histological morphology of OA. In addition, the specific molecular mechanism of chondrogenic differentiation was also investigated in vivo. RT-qPCR detection (Figures 7A–C) and immunofluorescence staining analysis (Figures 7D–G) indicated that the expression of Dvl and β-catenin were upregulated, GSK-3β was inhibited significantly after BMSC-incorporating icariin-loaded hydrogel injection, suggesting that the Wnt/β-catenin signaling was obviously activated in the PHa@I-BMSCs Group.
[image: Figure 7]FIGURE 7 | The Wnt/β-catenin signaling was significantly activated in the PHa@I-BMSCs Group. (A–C) RT-qPCR analysis Wnt/β-catenin signaling pathway-related genes Dvl, GSK-3β, and β-catenin in cartilage at 12 weeks post-injection. (D) Representative double immunofluorescence images of Dvl, GSK-3β, and β-catenin in cartilage at 12 weeks post-injection. (E–G) Quantitative analysis of fluorescence intensity of Dvl, GSK-3β, and β-catenin in immunofluorescence staining (*p < .05, **p < .01, and ***p < .001 compared with the PBS Group; #p < .05, ##p < .01, and ###p < .001 compared with the PHa@I Group; &p< .05 and &&p < .01 compared with the BMSC Group, n = 6).
Intra-Articular Injection of Bone Marrow Mesenchymal Stem Cells Incorporating PHa@I Hydrogels Inhibit Inflammation and Relieve Pain Caused by Osteoarthritis
Cartilage degeneration is closely related to the main clinical symptoms of OA patients. It is widely known that inflammation response plays a critical role in OA pathogenesis due to it exacerbating pain and joint destruction. Proof from previous studies shows that interleukin-10 (IL-10) can alleviate pain symptoms and be used for pain relief therapy (Kwon et al., 2018). Proinflammatory cytokines and matrix metalloproteinases (MMP) show a critical function in the pathogenesis of OA (Kwon et al., 2018). Among them, MMP-13 shows an important role in cartilage remodeling and degradation due to its specificity in cutting Col-2. Previous studies have confirmed that excessive inflammatory reaction and high expression of MMP-13 can aggravate OA severity by inducing cartilage degradation (Lan et al., 2020; Hu and Ecker, 2021). In our study, the results indicated that the PHa@I-BMSCs obviously enhanced the expression of anti-inflammatory factor, IL-10, and inhibited the expression of proinflammatory marker, MMP-13, than the PBS Group, PHa@I Group, and BMSCs Group (Figures 8A,B). It is worth mentioning that the PHa@I Group and BMSC Group also had a certain role in regulating the local inflammatory microenvironment of OA, although it is not as obvious as the PHa@I-BMSCs Group. In addition, double immunofluorescence staining of IL-10 and MMP-13 proteins showed the same trend as RT-qPCR results (Figures 8C–E). Therefore, pure PHa@I hydrogel has certain anti-inflammatory effect due to the presence of hyaluronic acid. The immunomodulation and anti-inflammatory effects of BMSCs are amplified in OA after being encapsulated by PHa@I hydrogel (Han et al., 2015; Ye et al., 2019; Yu et al., 2021).
[image: Figure 8]FIGURE 8 | Intra-articular injection of BMSCs incorporating PHa@I hydrogels inhibit inflammation and relieve pain in OA. (A,B) RT-qPCR analysis IL-10 and MMP-13 in cartilage. (C) Representative double immunofluorescence images of IL-10 and MMP-13. (D,E) Quantitative analysis of fluorescence intensity of IL-10 and MMP-13 in immunofluorescence staining. (F) Weight-bearing capacity was calculated by weight-bearing index (WBI). (G) Paw withdrawal threshold (PWT) was measured to test mechanical allodynia (*p < .05, **p < .01, and ***p < .001 compared with the PBS Group; #p < .05, ##p < .01, and ###p < .001 compared with the PHa@I Group; &p < .05 compared with the BMSC Group, n = 3).
Peripheral pain mechanisms are related to the direct activation of nociceptors and sensitization of nociceptors caused by the inflammation reaction in the articular cavity (Meeus et al., 2012; Boyden et al., 2016). Responding to the inflammatory mediators, intracellular signaling pathways cause a phosphorylation cascade, which decreases the threshold for nociceptor neurons to activate action potentials, eventually leading to increased pain sensitivity (Pinho-Ribeiro et al., 2017). Quantitatively, the WBI values of the PBS Group, PHa@I Group, BMSCs Group, and PHa@I-BMSCs Group were 34.87 ± 1.98%, 38.76 ± 2.31%, 40.59 ± 2.24%, and 45.13 ± 3.11%, respectively (Figure 8F). The WBI below 50% means a decreased weight-bearing of the treated leg and increased contribution of the contralateral leg in bearing weight. The WBI reduces in the limb of the inflamed joint due to the weight bearing aggravating the sensation of pain, a major symptom of OA (Chen et al., 2020). In addition, the PWT of the PBS-treated rats decreased to 6.33 ± 1.96 g, which was significantly lower compared with the PHa@I Group, BMSCs Group, and PHa@I-BMSCs Group. With the combination of icariin-loaded hydrogel and BMSC injection, the PHa@I-BMSCs Group significantly reduced OA-induced hypersensitivity compared with the PHa@I Group and BMSC Group (Figure 8G). Herein, therapeutic effects of pain relief after intra-articular administration may be owing to the effective anti-inflammatory capacities of the icariin-loaded hydrogel and BMSCs in OA joint cavity.
CONCLUSION
In this study, a novel intra-articular strategy, namely, injection of the BMSCs incorporating icariin-loaded thermosensitive hydrogel, was designed for the treatment of DMM-induced OA. Stable release of bioactive icariin from hydrogel can induce BMSC proliferation and accelerate chondrogenic differentiation through Wnt/β-catenin signaling pathway. Notably, intra-articular injection of this icariin-loaded hydrogel-encapsulated BMSCs provides an efficient outcome of retarding cartilage destruction, regulating inflammatory microenvironment, and relieving pain, suggesting a great prospect in the remission of OA. However, although surgical destabilization of the medial meniscus is a classic method to prepare animal models of OA, it cannot fully simulate all the pathological characteristics of degenerative changes in the joints in the elderly. The development of gene-editing animal models may be a potential strategy to solve this problem. In addition, our hydrogel has a stable and continuous rhythm for the release of drugs and lacks the induction of the microenvironment to regulate the release rate. The preparation and development of hydrogels that are intelligently responsive to the disease microenvironment may provide an individualized release curve in response to the severity of OA, thereby providing a customized treatment strategy.
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Meniscus is a semilunar wedge-shaped structure with fibrocartilaginous tissue, which plays an essential role in preventing the deterioration and degeneration of articular cartilage. Lesions or degenerations of it can lead to the change of biomechanical properties in the joints, which ultimately accelerate the degeneration of articular cartilage. Even with the manual intervention, lesions in the avascular region are difficult to be healed. Recent development in regenerative medicine of multipotent stromal cells (MSCs) has been investigated for the significant therapeutic potential in the repair of meniscal injuries. In this review, we provide a summary of the sources of MSCs involved in repairing and regenerative techniques, as well as the discussion of the avenues to utilizing these cells in MSC therapies. Finally, current progress on biomaterial implants was reviewed.
Keywords: mesenchymal stem cell, meniscus repair, regenerative medicine, tissue engineering, biotherapy
1 INTRODUCTION
Located between the femoral condyle and tibia plateau cartilage in the knee joint, meniscus is a crescent-shaped fibrocartilaginous tissue. This semilunar disk decreases the stress of the tibiofemoral joint by increasing the congruency and the contact area of it (Englund et al., 2012). It also serves as a shock absorber and secondary stabilizer with a possible role in joint lubrication and proprioception (Makris et al., 2011). It has been reported that the meniscus is highly heterogeneous in cellular and extracellular matrix composition, as well as biomechanical properties (Morejon et al., 2020). The structural integrity and biological function would be impaired due to meniscus lesion, which ultimately lead to the deterioration of the joint and accelerate the development of osteoarthritis for the excessive concentrated forces adding on the articular cartilage (Danso et al., 2017).
Due to the differences in its blood supply and cell composition, the internal tissue composition of the healed meniscus was changed and could not be restored to the original state, especially in its relatively hypocellular and hypovascular inner edge. Currently, the prevailing theory for the treatment of meniscus-related lesions is to preserve its integrity as much as possible. Repair of the meniscal tear with a suture is a commonly used method (Chen et al., 2018; Zhang et al., 2020). However, the reported failure rates ranged from 0 to 38% for inside-out repairs and reached ∼80% for all-inside suture techniques (Barber-Westin and Noyes, 2014; Zhang et al., 2020). For patients with a large area of meniscus deficiency or widespread degeneration, meniscal allograft could be transplanted to maintain the function. It can effectively enhance objective knee stability and insignificantly narrow the joint space with a 5-year follow-up (Saltzman et al., 2017). However, this operation often requires the removal of the whole meniscus, including the remaining normal tissue. Drilling of extra bone tunnels is also needed for fixation, which is a more complex procedure with small incisions. Furthermore, the donor-matching process and the procurement of the graft before the surgery should also be taken into consideration. The transplantation of live cells in the allograft also carries the risks of disease transmission and the activation of immune response (Kurzweil et al., 2018165). In recent years, the newly developing regenerative medicine techniques have provided new hope for the treatment of damaged tissues. Regenerative medicine with MSCs has been receiving a growing attention in meniscal repair for their abilities of self-renew and multilineage differentiation (Pabbruwe et al., 2010; Embree et al., 2016).
With highly proliferative capacity, MSCs have been proven to be reliable cell sources for meniscus repair in clinical and preclinical studies. These cells differentiate into mature cells in the targeted tissue and generate an extracellular matrix so as to reconnect the damaged region or form new tissue, and display a similar morphology and function with adjacent tissue (Cossu et al., 2018). Several materials have been studied for their meniscal regenerative efficacy, whether absorbable or non-absorbable, natural, or synthetic (Zhang et al., 2015). Two kinds of techniques have been developed in meniscus regenerative medicine: cell-based and cell-free. While the former attempts to use scaffolds seeded with MSCs, the latter tends to implant scaffold into the joint without cells, repairing the meniscus by recruiting endogenous MSCs (Guo et al., 2018). In general, meniscus regeneration strategies using various MSC sources have been well documented in the literature, which can possibly provide a new strategy for meniscus repair (Twomey-Kozak and Jayasuriya, 2020; Dai et al., 2021). Nevertheless, a huge challenge still lies in mimicking its natural anisotropic structure. According to the published researches, the repair of meniscus defect is mostly regenerated with a homogeneous structure, which could not completely restore its function (Zhang et al., 2019; Li et al., 2021).
In this review, we generalized the sources of MSCs and descripted their biochemical characteristics and general situation. We also give a brief introduction to the MSCs utilizing approaches in meniscus regeneration. Both cell-based and cell-free strategies as well as one- or two-step methods will be involved in our discussion.
2 MSC SOURCES
MSCs could be obtained from various musculoskeletal tissues, such as bone marrow, synovium, adipose, cartilage, vessel, tendon, muscle, and meniscus itself. The International Society for Cellular Therapy (ISCT) put forward the criteria to define human MSCs (Dominici et al., 2006): expressing CD105, CD73, and CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79α or CD19, and HLA-DR surface molecules; besides, it must be plastic-adherent when maintained in a standard culture condition and preserve the ability of trilineage differentiation when incubated in an induced medium. In this section, we will focus on the application of various MSCs and their repair/regeneration efficacy for meniscus regeneration (Figure 1).
[image: Figure 1]FIGURE 1 | Cell sources of multipotent stromal cells (MSCs) in meniscus repair and regeneration. Bone marrow, synovium, cartilage, adipose tissue, and the meniscus itself were reported to be able to isolate stem/progenitor cells. Primary meniscus cells (MCs) also cocultured with MSCs from other tissues to induce directional differentiation.
2.1 Bone Marrow Stem Cell
BMSCs are one of the most extensively studied and the most commonly explored source for tissue regeneration. Surface markers CD271, CD146, CD90 (Thy1), CD106 (VCAM1), CD105, CD51 (integrin α5), and CD140α (PDGFRα, also known as PDGF receptor α) have been shown to express its molecular detection and identification (Isern et al., 2013; Mabuchi et al., 2013). It is worth mentioning that the latter two markers were only detected in fetal BMSCs (Pinho et al., 2013). The key mechanism for the successful repair using BMSCs is the formation of ECM and its connection with surrounding normal tissues in the defect zone. The trophic factors secreted by these cells, which possibly can recruit resident cells, also contribute to this process (Caplan and Dennis, 2006). However, several drawbacks hinder the application of BMSCs. First, with less than 0.02% of bone marrow cells being BMSCs, the quantity is relatively limited (Alvarez-Viejo et al., 2013). Second, BMSCs are prone to develop into hypertrophic cells in cellular culture or tissue regenerative studies (Bilgen et al., 2018). Third, the operation of cell harvesting increases the risk of pain-suffering, infection, and morbidity of the donor site (Ma et al., 2018). What is more, the regenerative ability of BMSCs is largely dependent on the age of the donor: cells derived from the elder usually show weaker proliferation and differentiation capabilities.
2.2 Synovium-Derived Mesenchymal Stem Cell
In the early 21st century, SMSC was first isolated from the synovial membrane surrounding the joints. Due to its outstanding chondrogenic differentiation ability, it has received growing attention in recent years (Horie et al., 2012b; Nakagawa et al., 2015; Kondo et al., 2017). Compared with BMSCs, the SMSCs show greater colony-forming ability. It is reported that in SMSCs, 1 colony could be formed in 12.5–80 nucleated cells compared with 1 in 103–104 in BMSCs (Jo et al., 2007). SMSCs express CD105, CD73, CD140b, SSEA3, CD271, CD90, CD44, and CD34 (Matsumura et al., 2017). CD271 is a marker related to the differentiation potential, and the number of CD271-positive SMSCs increased in the expansion culture in vitro (Del Rey et al., 2016). Besides, CD90 was also highly expressed in SMSCs, which might be strongly correlated with the great chondrogenic potential of SMSCs retained over four passages (Sakaguchi et al., 2005; Roche et al., 2009). Meanwhile, the production of osteocalcin and alkaline phosphatase (ALP) in the SMSC group was nearly 10-fold lower than that of the BMSC group (Roche et al., 2009), which partially explains the finding that BMSCs are more prone to osteogenesis, while SMSCs incline to chondrogenesis. Treatment with SMSC transplantation also showed a protective effect on articular cartilage in aged cynomolgus macaque models (Kondo et al., 2017). Additionally, unlike BMSCs, the proliferation rate of SMSCs could be maintained regardless of age, and this superior character provides exciting news for tissue regeneration.
2.3 Adipose-Derived Mesenchymal Stem Cell
Fibroblast-like cells originated from processed lipoaspirate were reported to be expanded cultivated easily, expanded efficiently in vitro. These cells also exhibited adipogenic, osteogenic, chondrogenic, and myogenic differentiation potential when cultured in a medium containing lineage-specific differentiative factors (Zuk et al., 2001). It was reported that the number of stem cells per milliliter of lipoaspirate is about 8-fold higher than that of the bone marrow. 2% of nucleated cells are stem cells in lipoaspirate, while only 0.001–0.004% of them are stem cells in the bone marrow (Strem et al., 2005). Debnath’s research revealed that genetic stability of the exponentially growing human ADSCs was maintained without any clonal alterations until passage 5 (Debnath and Chelluri, 2019). By flow cytometry screening, these cells were found expressed CD29, CD44, CD71, CD90, CD105/SH2, and SH3, and absent for CD31, CD34, and CD45 (Zuk et al., 2002). Migration of these cells was confirmed in rabbit models, in which ADSCs were labeled with superparamagnetic iron oxide (SPIO) and were defected in the defect of meniscus (Qi et al., 2016). Compared with the control group, both the gross and histological findings suggested that allogenic ADSC transplantation facilitated the repair of the defected area (Toratani et al., 2017a). These research works demonstrated that ADSCs could effectively migrate to the meniscal defect zone and play an important role in meniscus repair.
2.4 Cartilage-Derived Chondrogenic Progenitor Cell
Several studies (Dowthwaite et al., 2004; Hiraoka et al., 2006) reported a chondrocyte subpopulation with progenitor-like characteristics. Among these cells, Notch-1 played a vital role in the process of colony-forming and multipotential differentiation. It has been reported that molecular markers, such as CD29, CD49, CD90, CD44, CD151, and CD166, have been detected in CPCs (Grogan et al., 2007; Candela et al., 2014), and the frequency of cells with molecular marker CD105+ and CD106+ was also increased in OA cartilage, while it was decreased in normal human cartilage (Alsalameh et al., 2004). Additionally, higher chondrogenic gene expression of chondrogenic genes was found in CPCs than in BMSCs, suggesting that these cells have a natural advantage in inducing chondrogenesis (Xue et al., 2015). Currently, most studies in the application of CPCs have focused on cartilage regeneration, and few concentrate on meniscus repair. According to Jayasuriya et al. (Jayasuriya et al., 2019), different single cell lines were successfully generated by CPCs, which confirmed the function of CPCs in mediating the rebinding and remodeling of torn meniscal tissues. The well-reintegrated torn meniscus explant demonstrated their proliferative and reparative capacity. The study also shows that these cells were better than BMSCs at preventing terminal differentiation and hypertrophy (Buma et al., 2004). Although the healing potential of CPCs and their superiority have been reported, more detailed research is still needed to verify their efficacy in meniscal regeneration.
2.5 Meniscus-Derived Mesenchymal Stem Cell
Unlike the MSCs previously mentioned, this type of stem cell has only been discovered and reported in recent years. The MMSC was used for intra-articular injection to treat meniscal tears in the past few years (Shen et al., 2013; Shen et al., 2014). The meniscus tissues were collected, digested, and cultured until a colony was formed in vitro. The authors found these cells with several markers, including CD44, CD90, CD106 and CD105.whereas were negative for CD45 and CD34. (Gamer et al., 2017). What is more, these cells showed better colony-forming capacity than BMSCs and SMSCs, which could be a unique characteristic and superiority of MMSCs for meniscus regeneration. Single-cell RNA sequencing (sc-RNA seq) has been proven to be a powerful technique in investigating the characteristics and the intra-relationship of cell subtypes from certain tissue. By using sc-RNA seq, Sun et al. (Sun et al., 2020) identified seven cell clusters in the healthy human meniscus, among which endothelial cells (EC) and fibrochondrocyte progenitors (FCP) might be meniscus progenitors by the following pseudotime analysis. This was further confirmed by their expression of MSC marker MCAM (CD146) as well as colony-forming and multidifferentiation capacity in vitro. However, Ding (Ding and Huang, 2015) found that colonies formed by MMSCs were fewer in number and smaller in size than those formed by BMSCs. They also reported that stem cells isolated from rabbit meniscus share similar properties with BMSCs, for no significant differences were found in gene markers and immunostaining results. Most of MMSCs were originated from “Red Zone,” the vascular region with good healing potential (Seol et al., 2017). In addition, a larger number of cells expressing CD34 were detected in the peripheral region than inner zone by immunohistochemical staining and flow cytometry (Osawa et al., 2013). Therefore, the authors speculated that the higher multilineage differentiation potential should be attributed to CD34 expression. These findings may help to explain the better histological healing in the peripheral region. Besides, it has been pointed out that whether the repair process occurred spontaneously was uncertain, and growth factors and chemotactic agents might play an important role in MMSCs’ migration and differentiation (Seol et al., 2017). For this reason, we assume that exogenous bioactive substances might be conductive to the homing of endogenous MMSCs after injury.
2.6 MSCs and Meniscus Cell Coculture
It was reported that coculturing with differentiated cells could direct MSCs’ differentiation (Tan et al., 2010). Matthies et al. (Matthies et al., 2013) found that when human BMSCs were cocultured with MCs, the formation of ECM was significantly enhanced ex vivo. According to Kremer et al. (Kremer et al., 2017), the products of coculturing equine BMSCs and MCs were much better than those that under the monoculture condition, and similar to native meniscus with respect to phenotype and composition. It was reported that the 50:50 (BMSC:MC) generated maximal GAG retention and showed optimal mechanical performance (McCorry et al., 2016). But Cui reported that the 25%: 75% ratio leads to the highest level of chondrogenic production and lowest hypertrophic gene expression (Cui et al., 2012). In another study (Xie et al., 2018), the coculture system of SMSCs/MCs at the ratio of 3:1 showed higher proliferation and more sGAG secretion than the monoculture did. Compared to SMSCs seeded on the construct separately, coculture with MCs yielded a greater cell survival rate and higher expression of chondrogenic markers (Tan et al., 2010). The effect of ADSCs cocultured with primary human MCs was also explored in a 3D porous scaffold (Weiss et al., 2017), and the mRNA expression level of ACAN in the coculture group was much higher than that in the ADSC group or MC group.
To sum up, MSCs from various tissues showed positive results regarding the enhancement of meniscal repair under 2D or 3D culture, in vitro or in vivo. BMSCs were the most thoroughly studied cell types in meniscal regenerative researches, followed by SMSCs and ADSCs; relatively fewer studies have been counted on CPCs and MMSCs. Various studies have confirmed their effect in promoting meniscal healing. The limited quantity and tendency to hypertrophy might be the primary obstacles. Coculture could reduce hypertrophy and promote the directed differentiation into fibrochondrocytes, which might provide a valid approach to address the drawbacks of a limited number of MCs and its tendency to hypertrophy during differentiation of MSCs. However, no consensus has been reached on the optimal ratio for co-cultivation. In general, MSCs from different sources share some similarities, while they also maintain their own unique characteristics. For example, SMSCs held superiority in colony formation and anti-hypertrophy, ADSCs had the advantage in cell quantity, and CPCs in cartilage-directed differentiation. These characteristics could provide guidance for researchers to choose which seeded cells to be used in meniscal repair studies. Taking their verified regenerative capabilities into consideration, it is reasonable for us to believe that the source of MSCs would not be the most limiting factor affecting meniscus repair. We should pay more attention on how to exert their regenerative properties and maintain effective directional differentiation. The question seems to be the applicability of MSCs for meniscus regeneration, rather than their availability in researches.
3 APPROACHES TO MSC UTILIZATION
There are roughly two ways to deliver MSCs into the impaired site: one is the direct injection of a suspension into the knee (one-step), and the other is first to preculture and expansion in vitro and then implant into the defect zone (two-step) (Anderson et al., 2014). Scaffold-free strategies, such as “high-density” cell aggregation or fibrin-based solutions, promoted histological meniscus healing in animal models, which are also promising repair techniques for meniscal tears (Toratani et al., 2017b; Marom et al., 2021). However, in large meniscal defects, MSCs usually exert only limited biological response in the process of meniscal regeneration for the lack of attachment site. Therefore, carriers and scaffolds are commonly used in the damaged site to provide a platform for cell attachment, proliferation, and differentiation (Tanaka et al., 2010). The technique of partially or totally replacement of damaged menisci with artificial engineered constructs is known as meniscus tissue engineering (MTE), a novel approach different from traditional MSC treatments (Figure 2). Generally, the one-step cell-based method is usually used to treat meniscus injuries by isolating and transplanting MSCs. The two-step approach requires preculture and expansion in vitro. The expanded cells from a variety of tissues could be transplanted into the damaged meniscus areas alone or carried by biomaterials (Table 1).
[image: Figure 2]FIGURE 2 | Schematic diagram of MSC therapies used in meniscus regeneration. In conventional approaches, MSCs are transplanted into the knee joints after separation (one-step) and/or culturing (two-step) ex vivo. Cells, scaffolds, and stimuli such as biochemical factors and biomechanical loading are indispensable components in the novel meniscus tissue engineering (MTE) strategy. Scaffolds are seeded with MSCs amplificated ex vivo before being implanted into the knee joints is a “cell-based” strategy, while the “cell-free” strategy is aimed at repairing the meniscus by recruiting endogenous MSCs. These images were reproduced with permission (Horie et al., 2012b; Nakagawa et al., 2015; Toratani et al., 2017a; Tarafder et al., 2018; Zhang et al., 2019).
TABLE 1 | Classification based on approaches of MSC therapies.
[image: Table 1]In this section, we summarized the main approaches of MSCs for meniscal repair. For the sake of description, we have artificially defined them as conventional strategies and novel approaches, and the latter mainly includes MTE (based on scaffold), while the rest (cell aggregate or fibrin-based solutions) are included in the former. In particular, direct injection or delivery via various scaffold media/materials are commonly used avenues to directional implantation for cell-based techniques. The cell-free strategy is based on the recruitment of endogenous MSCs.
3.1 Conventional Strategies
3.1.1 Intra-Articular MSC Injection
The intra-articular injection was a commonly used method to treat meniscal lesions in early research works (Abdel-Hamid et al., 2005; Horie et al., 2012a; Hatsushika et al., 2014). 2 ml autologous bone marrow cells were separated by centrifugation and injected into the dog articular cavity (Abdel-Hamid et al., 2005). MSCs were also injected into knee joints by cell counting (2–6×106 or 5×106 in rat models (Horie et al., 2009; Horie et al., 2012a; Shen et al., 2014) and 5×107 in pig models (Hatsushika et al., 2014)) rather than by volume. These cells were injected into the knees immediately after the skin incision closed (one injection only) or 2 weeks later (three times injection at 2-week intervals). The angiogenesis, chondrogenesis, immune cell infiltration, and collagen deposition of repaired menisci in the injected joints were much higher than those in the non-injected object. Needles were often used to deliver the cells directly transplanted to the targeted damaged sites (Horie et al., 2012b; Nakagawa et al., 2015). The knees were kept still for a few minutes after solution injection, then the sutures were tightened, and the capsule and skin were closed. Miguel et al. (Ruiz-Ibán et al., 2011) also reported meniscal healing by using ADSCs in the same way. These cells were suspended in the gel phase after in vitro culture and then instilled into the lesion followed by tightening the knots. The results manifested that the healing of the avascular meniscus was improved, especially in the acute phase. The expanded MMSCs between P1∼P3 were injected into rat meniscectomy models. The results verified the contribution on meniscal repair for the more neo-tissue formation and ECM deposition at an early stage after injection (Shen et al., 2014). Another method of cell transplantation is the aggregation of MSCs. The hanging drop culture method was used in cultivating SMSCs, which contained 2.5×105 MSCs for each after culturing 3 days, and then several aggregates were placed in the meniscus (Kondo et al., 2017). ADSCs were cultured and aggregated into a spheroid structure and transplanted into the meniscal defect (Toratani et al., 2017a). These results showed that transplantation of aggregates could promote meniscus regeneration and delay the progression of degeneration of articular cartilage. What is more, it has been reported that transplantation of aggregates of SMSCs regenerated the meniscus more effectively than intra-articular injection with the same cell number used (Katagiri et al., 2013). In general, studies in direct injection of MSCs were still relatively limited, and there was no clear definition of the optimal number of cells to achieve the satisfying therapeutic effect. We proposed that the animal species may differ in their need of cell number; animals with larger joints generally require more cells. Although the aggregate contained more cells for its ex vivo culture, it does not seem to be a widespread method in meniscus repair studies.
One-step cell implantation was not widely used in the studies because of limited cell numbers. In fact, more research works had adopted the two-step method. The MSCs are usually implanted into the joints by cell suspension or aggregation. In order to enable MSCs to perform their biological function in a specific region, certain vehicles were usually used for transportation, such as liquid fibrin glue and specific shaped scaffold. The former helps MSCs gather and stick to the damaged area, and the latter provides a platform for cell attachment, and its shape serves as a template reference for the finally formed tissue.
3.1.2 Fibrin Glue
Fibrin glue loaded with BMSCs has been reported to treat meniscal defects in rabbits. Healing of meniscus tissues had been observed 3 weeks after the operation, which showed better short-term results than those treated with acellular fibrin glue (Ishimura et al., 2000). The results were different from those reported in 1996, which indicated that the combination of autologous bone marrow cells and exogeneous fibrin clots would not enhance the meniscal healing (Port et al., 1996). The disparate results from these studies might be on account of the advancement in extraction and utilization of MSCs, and an improved property of fibrin glue. In subsequent studies, transplanted green fluorescent protein (GFP) cells carried by fibrin glue were detected in rats until 8 weeks. This study clearly demonstrated that allogenic MSCs embedded in fibrin glue could survive and proliferate in the meniscal defect in the avascular status, and promote the meniscal healing process (Izuta et al., 2005). BMSCs could sustain abilities of survival and differentiation when integrated with fibrin glue (Dutton et al., 2010), and the combined constructs implanted subcutaneously in nude mice showed significantly increased vascularization and tissue bonding (Ferris et al., 2012). What is more, a novel approach to treat avascular meniscus tears without exogenous stem cells has been reported (Tarafder et al., 2018). Endogenous SMSCs could be recruited, and fibrous matrix could be generated with the induction of growth factors loaded in fibrin glue.
3.2 Novel Approaches
Fibrin glue enhances the reconnection level in the torn meniscus, and the MSCs strengthen the neo-tissue formation and ECM deposition. For meniscus defect, cells lose the substrate to adhere and further differentiate, leading to less effective tissue regeneration. Artificial engineered scaffolds might ideally compensate for this. As an integral part of tissue engineering, scaffolds could partially or completely replace the impaired or degenerated menisci. The goal of MTE is to finally generate constructs that mimic native gradient menisci. Scaffolds could be generally categorized into four classes based on their compositions (Zhang et al., 2015): tissue-derived materials, ECM component-derived bio scaffolds, synthetic porous polymeric scaffolds, and hydrogels (Figure 3).
[image: Figure 3]FIGURE 3 | Different kinds of meniscus scaffolds. (A) The SIS meniscal implant (Cook et al., 2006) was used in a dog model. (B) The collagen meniscal implant (Gwinner et al., 2017) was sectioned radially, creating specimens of 15 mm width to measure its biomechanical properties. (C) Multiporous silk scaffold composing of three individual layers with different pore sizes and orientations in each layer (Mandal et al., 2011). (D) Fiber-weaved meniscus scaffold from bovine dermal collagen reinforced by a network of degradable tyrosine-derived polymer fibers (Balint et al., 2012). (E) The 3D-printed polymer network infusing with collagen–hyaluronic acid (Ghodbane et al., 2019b). (F) Meniscus-shaped PGA mesh scaffold of a rabbit model (scale bar: 4 mm) (Kang et al., 2006). (G) A 3D-printed PCL meniscus scaffolds with a biomimetic fiber architecture (Szojka et al., 2017). (H) A porous scaffold composited of PCL and HYAFF® and augmented with circumferential PLA fibers (Chiari et al., 2006). (I) A meniscus scaffold fabricated by PCLPU for a dog model (Welsing et al., 2008). (J) Anatomically shaped alginate meniscus (scale bar: 5 mm) (Puetzer et al., 2013). (K) Hydrogel meniscal construct with sutures woven through the anterior and posterior horn used in a sheep model (Kelly et al., 2007). (L) Thermoplastic elastomer (TPE) hydrogel with tabs swollen into PLA cylinders (Fischenich et al., 2018).
3.2.1 Tissue-Derived Materials
Small intestinal submucosa (SIS), an early published material type, was commonly used in soft-tissue repair after the removal of all cellular and nuclear materials. Its mechanical and biological properties would be beneficial to cell infiltration, matrix formation, and neo-tissue remodeling after scaffold biodegradation (Gastel et al., 2001; Bradley et al., 2007). It was reported (Tan et al., 2010) that SIS scaffolds consisted of 80–90% collagen with oriented fibers, containing GAGs and soluble factors. SIS scaffold implantation resulted in more meniscus-like tissue production than meniscectomy, and seeding cells on SIS seemed a promising approach to meniscus repair (Cook et al., 2006). Though this material has many advantages, like high bioactivity, it has not gained enough attention at present due to several drawbacks: limited sources and insufficient mechanical strength. Silk fibroin is another material derived from tissue with outstanding biocompatibility and mechanical properties. Silk fibroin solution (Mandal et al., 2011) was prepared from Bombyx mori silkworm cocoons and then further fabricated into a scaffold. The cell-seeded silk constructs confirmed the deposition of sGAG and Col I and II by histological and immunohistochemical assessments. The histocompatibility and feasibility of structure and function, as well as controlled degradability, were also confirmed by various studies (Wang et al., 2008; Ying et al., 2018). Combined silk scaffolds (Liu et al., 2015) and composited scaffolds (Shi et al., 2017) were successfully explored and used for tissue regeneration in combination with MSCs, and they were fabricated by forming microporous silk sponges in the knitted silk or designed by integrating silk fibroin with gelatin. These findings demonstrated that the tissue-derived scaffolds have their own advantages, especially in biocompatibility. Nevertheless, few research works focused on this kind of scaffold, probably on account of their limited sources.
3.2.2 ECM Component-Derived Bio Scaffolds
ECM plays a vital role in maintaining the biological and biomechanical properties of native menisci. Similar to tissue-derived scaffolds, ECM-derived biomaterials are also non-cellular tissues that provide platforms for cell attachment and regulate cell differentiation, matrix generation, as well as tissue morphogenesis and homeostasis (FA and Cook, 2017). Theoretically, the tissue-derived ECM biomaterials can serve as a substrate that is close to the native state and contribute to cell attachment and proliferation. Collagen is the dominant protein in the ECM, and collagen meniscus implant (CMI) is the only Food and Drug Administration (FDA)-approved partial meniscus substitution that serves as a biodegradable template for cell ingrowth (Gwinner et al., 2017). Hyaluronan could play an important role in collagen remodeling after meniscus injury (Sonoda et al., 2000). Derived from natural sources, collagen-derived scaffolds might possess favorable biocompatibility and biodegradability for cell seeding (Kremer et al., 2017). Collagen and hyaluronic acid composited scaffolds replicate the key structure and load-distribution properties of the native meniscus, which could approximately restore the joints’ normal axial compression and circumferential tensile stress (Ghodbane et al., 2019a). Histological evidence, ECM deposition, and immunohistochemical staining born out that scaffolds were effectively involved in meniscus tissue reconstruction (Merriam et al., 2015). ECM-derived components are essential subsets of biomimetic scaffolds, which hold excellent properties for cell attachment and proliferation, as well as biofunction restoration. It is worth noticing that the scaffolds were reinforced by polymer fiber fabricated by the 3D technique in recent research works. The voids of the 3D-printed polymer are beneficial for the infiltrating of MSCs, and the composited biomaterials with different mechanical properties provide substrates for cellar anisotropic differentiation.
3.2.3 Synthetic Porous Polymeric Scaffolds
Multiple sources of materials were reported in the research works of synthetic bioscaffolds up to now, such as poly (L-lactide) (PLLA), poly (p-dioxanone) (PPD), polyglycolide (PGA), poly (lactide-co-glycolide) (PLGA), poly (ε-caprolactone) (PCL), and polyurea–poly (L-lactide) (PU–PLLA) (Koller et al., 2012; Esposito et al., 2013; Rongen et al., 2014; Murakami et al., 2017; Shimomura et al., 2017; Zhang et al., 2017; Koch et al., 2018). Electrospinning techniques and 3D printing technology are commonly used methods to obtain patient-specific constructs, aiming at narrowing the morphological differences between the artificial material and native tissue (López-Calzada et al., 2016; Szojka et al., 2017). The porous structure provided avenues for cell infiltration and ECM deposition, and facilitated the neo-tissue formation. Biomimetic porous polymeric scaffolds fabricated by the 3D printing technology have been receiving growing attention in MTE research in recent years (Williams et al., 2018). Different origins of materials, construct architectures, and manufacturing methods have been developed to fabricate scaffolds (Szojka et al., 2017). In general, the circumferential and internal fiber orientation was designed to mimic the skeleton of the native menisci. Mechanical stimulation and biochemical factors were selectively added to the material or the construct to enable seed cells to differentiate into the targeted mature type and construct anatomically zone-specific menisci (Zhang et al., 2015). Both cellular and acellular synthetic scaffolds were implanted into the meniscal defects. Encouragingly, both of them had finally generated anisotropic menisci, making a great progress in MTE (Lee et al., 2014). Although there are still some disadvantages like lack of bioactivity and hydrophilic properties, these materials still play an important role and hold new promising prospects in meniscal regeneration.
3.2.4 Hydrogel Scaffolds
Hydrogels, also known as hydrophilic gels or sometimes colloidal gels, are polymer networks based on cross-linked hydrophilic polymers with water as the dispersion medium (Ahmed, 2015). This material could be made from a wide range of natural and synthetic polymers, and classified into chemical and physical categories according to their cross-linking mechanism (Zhu and Marchant, 2011). The chemical cross-linked structures are formed by covalent or ionic bonds with closely aligned and permanent junctions, while the other is weakly interacted by physical twining or connected by hydrogen bonds (Slaughter et al., 2009). Natural polymer-derived hydrogels, such as fibrin, alginate, gelatin, and collagen, are liable to mimic the native menisci with outstanding biocompatibility and biodegradability, but the weak mechanical properties make this material expose to the risk of breakage, while the lack of adequate biological activities is the biggest drawback for synthetic hydrogel (Brandl et al., 2007; Kelly et al., 2007; Puetzer et al., 2013). The synthetic and natural hybrid hydrogels (i.e., the combination of these two polymers) have been employed to control the scaffolds’ matrix architecture, which could simultaneously affect the cellular response (Anjum et al., 2016).
Hydrogel scaffold implantation could partially restore contact area and pressure distribution of the knee, especially in the lateral compartment (Fischenich et al., 2018). Compared with 3D PCL scaffolds with stronger mechanics, the hydrogel scaffolds were more conducive to the production of meniscus ECM (Bahcecioglu et al., 2019b). Moreover, the sources of hydrogel might exert influences on the heterogeneous differentiation of the MSCs. Recently, a PCL/hydrogel composite biomaterial has been explored (Bahcecioglu et al., 2019a). Bahcecioglu G et al. impregnated agarose (Ag) and methacrylated gelatin hydrogels into PCL scaffolds in the inner and outer regions, respectively. The constructs generated cartilage-like tissue at the inner zone and fibrocartilage-like tissue at the outer zone, thus showing a new promising approach to engineer an anisotropic substitution. Hydrogels’ networks can also provide platforms for the incorporation of bioactive molecules or MSCs according to the need of the research (Koh et al., 2017; Yuan et al., 2017). This controlled delivery system could be designed because the physicochemical properties of the hydrogels are sensitive to pH, temperature, and chemical reaction. The adjustable release of these substances in time and space might affect the cellular differentiation and tissue remodeling. Overall, hydrogels could be used as not only carriers but also scaffolds. However, what should be borne in mind is that it is necessary to balance the relationship between mechanical strength and biological properties. To solve this problem, the combination of materials from different sources might provide a feasible approach. Several injectable hydrogels were used as a carrier to deliver MSCs, most of which are based on a natural hydrogel and reinforced with synthetic materials (Zhong et al., 2020; An et al., 2021).
4 CONCLUSION AND PROSPECT
Taken together, current research works are more focused on scaffolds seeded with MSCs. MTE is an ever-growing research field with emerging strategies that aim to restore and improve meniscal function. Various engineered scaffolds have been successfully fabricated with bionics of morphology and structure at present, which has made a great progress in meniscus regeneration. Although the cell–scaffold composite shows excellent healing potential, the cell-based two-step strategy has its drawbacks including cell contamination in the process of cell expansion in vitro. The cell-free method with one-step scaffold implantation has been getting more and more attention. This technique effectively avoids the complications in the procedure of cell culturing in vitro. This technique might provide greater expectation for the research works of meniscus regeneration in the future if enough MSCs could be collected and differentiated into fibrochondrocytes. How to get these materials more involved in the biological reaction play their regulatory role in cell-directed differentiation and ultimately form a substitute with heterogeneity in composition, and biomechanical properties need further investigation.
Meniscus lesion is a common knee injury and usually results in degenerative changes of the joints. It is hard to repair spontaneously once injured or defected, especially for the white region, which refers to the region with poor vascular supply and low cellularity. MSCs are widely used in meniscus regeneration because of their abundant sources, availability, and outstanding differentiation capability. Conventional treatments with MSCs include direct application, articular injection, and transplantation of aggregates. MTE is a burgeoning approach for meniscus regeneration, which is composed of several elements such as seeding cells and various scaffolds. MSCs are the basis for matrix formation, while scaffolds are essentially engineered replacements that provide mechanical support, promote cell adhesion and growth, and guide three-dimensional tissue formation. Despite that MTE has made significant progress in recent years, research on the engineered meniscus regeneration using MSC is still in the laboratory or animal exploration stage. How to realize the clinical transformation of regenerative medicine and bring the benefits to more patients with meniscus injury is the ultimate goal of our research. Accordingly, more valuable research works are needed to explore anisotropic meniscus substitution in line with clinical demand.
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Introduction: Neovascularization of the fracture site is of great importance for bone healing and could be influenced by local mechanical environment such as fixation stability and inter-fragmentary gap size. This study aims to reconstruct the neovascularization of the fracture site and explore the effect of inter-fragmentary gap size on the spatiotemporal structure of vascularity during bone healing.
Methods: Osteotomy was performed on 36 Sprague–Dawley (SD) rats on the right tibial diaphysis, and the fracture was given stable fixation with two different inter-fragmentary gap sizes. SD rats received stable fixation with either a small-sized inter-fragmentary gap (FSF1, 1 mm, n = 18) or a large-sized one (FSF3, 3 mm, n = 18). The left hind limbs were treated as the control group (CON). The animals were killed at different time points (2, 4, and 6 weeks postoperatively, n = 6, respectively) for vascular perfusion and micro-CT imaging.
Results: (a) At week 2 and 4, FSF1 group showed significantly higher vessel volume ratio (VV/TV) and vessel surface density (VS/TV) values than both CON and FSF3 group; there was no significant difference in either VV/TV or VS/TV values between CON and FSF3 groups. (b) At week 6, both FSF1 and FSF3 groups showed significantly higher VV/TV and VS/TV values than CON group; FSF3 group had a significantly higher VV/TV value than FSF1 group.
Conclusion: Different inter-fragmentary gap sizes greatly affect the timing of angiogenesis at the fracture site. Stable fixation with a small inter-fragmentary gap (1 mm) benefits neovascularization at the early stages during bone healing and reconstruction, while stable fixation with a large inter-fragmentary gap (3 mm) delays the occurrence of angiogenesis to a later phase.
Keywords: inter-fragmentary gap size, bone healing, neovascularization, vascular perfusion, micro-CT imaging
INTRODUCTION
Bone is capable of regenerating new osseous tissues at the impaired or defect part (Prendergast and van der Meulen, 2001). Bone fracture healing is a sophisticated physiological process, results of which mainly depend on blood supply (Glowacki, 1998; Carano and Filvaroff, 2003; Tomlinson et al., 2013) and local mechanical environment (Bailón-Plaza and van der Meulen, 2003; Gardner and Mishra, 2003; Epari et al., 2010) of the fracture site.
It has long been recognized that blood supply plays an important role in bone formation since Haller noted in in his book Experimentorum de ossium formatione in 1763: “…the origin of the bone is the artery carrying the blood and in it the mineral elements” (Haller, 1763). Bone fracture is usually accompanied with vessel injury. Bone tissue renewal involves sophisticated mechanisms which are centered on the interaction and coupling between osteogenic and angiogenic events (Hu and Olsen, 2016; Grosso et al., 2017; Peng et al., 2020). Angiogenesis and revascularization at the fracture site are prerequisites for bone healing and come along with the whole healing process, allowing angiogenesis and osteogenesis to be intimately connected and coupled for physiological bone regeneration. In fact, inhibition of angiogenesis can compromise physiological bone healing. It was demonstrated that bone healing was prevented in a murine fracture model receiving angiogenesis inhibitors (Hausman et al., 2001). In another murine osteotomy model, local inhibition of angiogenesis was shown to result in an atrophic non-union (Fassbender et al., 2011).
There are also several mechanical factors that have impacts on bone fracture healing, such as fracture type, fixation stability, and inter-fragmentary gap size (Epari et al., 2010). Mora and Forriol proved that bone repair was affected by both fracture type (transverse or oblique fracture) and fixation stability (rigid or dynamic fixation) via testing the increase in bone callus stiffness of an ovine tibial osteotomy model (Mora and Forriol, 2000). Inter-fragmentary gap, as well, has an essential influence on bone repair, as mentioned in Claes et al. (1997) and (2003) experimental and clinical work (Claes et al., 2002). In an ovine metatarsal osteotomy model, an increase in the size of the gap (from 1 to 6 mm) resulted in a significant reduction in the bending stiffness of the healed bones (Claes et al., 1997). In addition, more bone formation and less fibrocartilage tissue were found in sheep with a medium gap sized 2.1 mm than in those with a large one sized 5.7 mm (Claes et al., 2003). Clinically, healing time of fracture increased with an increasing fracture gap size when studying and analyzing 100 cases of tibial shaft fracture (Claes et al., 2002).
In fact, not only does the local mechanical environment have an influence on bone healing but it also affects neovascularization during bone repair. Claes et al. (2003) also found that there was a correlation between gap size and revascularization at the fracture site such that a small gap sized 2.1 mm resulted in more revascularization than that sized 5.7 mm. However, their quantitative analysis of revascularization was mainly limited to a statistical description of two-dimensional (2D) density of the vessels at the fracture site (Claes et al., 2003).
As is known, a major function of blood supply is to transport oxygen and nutrients to different parts of the body. To do this more efficiently, it requires an optimized spatiotemporal vascular network. In addition, it could be deduced that the repair of blood supply is dependent on the reconstruction of an efficient vascular network. Therefore, Zhao et al. (2014) hypothesized that in addition to vessel number, spatiotemporal network formation of neovascularization during bone fracture healing could also be influenced by the mechanical environment. Using vascular perfusion and micro-CT imaging methods (Sinusas, 2004; Savai et al., 2009), Zhao et al. (2014) reconstructed the three-dimensional (3D) structure of the vascular network at the fracture site, testifying that fixation stability, one of the mechanical factors, influenced the timing and 3D structure of neovascularization during bone healing in a murine tibial fracture model. Axial stress/strain (as shown in the group of fracture with stable fixation) would induce more longitudinal neovascularization formation to improve the inter-fragmentary blood fluid connectivity, while shear stress/strain (as shown in the group of fracture with no fixation) would induce more transversal vascular formation (Zhao et al., 2014).
In the current study, another mechanical factor, fracture gap size, was hypothesized to influence the timing and 3D structure of vascularity at the fracture site. Vascular perfusion and micro-CT imaging were utilized to reconstruct the 3D structure of neovascularization at the fracture site and explore the effect of inter-fragmentary gap size on angiogenesis around the fracture during bone healing process (Lu et al., 2006; Zhao et al., 2014; Zhou et al., 2015).
MATERIALS AND METHODS
External Fixator
In this study, a custom-designed circular external fixator, reported previously by Zhao et al. (2014), served as a fixator which could be applied to a fractured Sprague–Dawley (SD) rat’s tibial diaphysis with different inter-fragmentary gap sizes. The fixator mainly consisted of two rings, three connecting sleeves, three shafts, and several nuts and spacers (Zhao et al., 2014). The rings and connecting sleeves were made of aluminum alloy to keep the overall weight of the fixator suitable for SD rats (Zhao et al., 2014). The shafts were made of stainless steel to allow the fixator to maintain adequate strength (Zhao et al., 2014). The overall stiffness of this fixator was 54.11 ± 5.58 N/mm (Zhao et al., 2014).
Experimental Animals
Thirty-six healthy male SD rats aged 6 weeks with an average weight of 200 g were randomly assigned into two experimental groups. One group (FSF1, fracture with stable fixation and an inter-fragmentary gap of 1 mm) was treated with the newly custom-designed fixator after osteotomy on their right tibial diaphysis of 1 mm, and the other group (FSF3, fracture with stable fixation and an inter-fragmentary gap of 3 mm) received the identical external fixator after osteotomy on the right tibial diaphysis of 3 mm. Both groups were again randomly assigned into three subgroups according to different sacrifice times (2, 4, and 6 weeks postoperatively, n = 6, respectively).
All the animals were purchased from the Experimental Animal Center of Beijing University. Animal treatment and care were in accordance with Regulations for the Administration of Affairs Concerning Experimental Animals promulgated by Decree No. 2 of the State Science and Technology Commission of China and the Guiding Principles for the Care and Use of Animals approved by Beijing Government. All protocols were approved by the Animal Care Committee of Beihang University, Beijing, China.
Surgical Procedure
To perform transverse osteotomy of the tibial diaphysis, each SD rat was weighed before surgery for calculating the dose of 1% sodium pentobarbital (4 ml/kg) for general anesthesia. Under general anesthesia, each SD rat was placed in the supine position. The external fixator was mounted on the SD rat’s right shank via Kirschner wires (diameter = 0.8 mm) placed perpendicularly to the longitudinal axis of the tibial diaphysis after preoperative preparation of the skin. Iodophor diluent was applied to disinfect the skin. A 5-mm skin incision was made above the tibial crest, and transverse osteotomy of the tibial diaphysis was then performed. For FSF1 and FSF3, the inter-fragmentary gap was, respectively, set as 1 and 3 mm by using appropriate spacers within the fixator when performing osteotomy. The skin was sutured and covered with a bandage after the procedure.
Postoperative Care
Postoperatively, the SD rats in both experimental groups were raised individually in cages in the same room. The animals were free to move in the cages. They were given food and water daily. Sawdust was used as bedding material.
Vascular Perfusion
Each subgroup of the SD rats were killed, and vascular perfusion was performed at 2, 4, and 6 weeks after surgery. At different sacrifice times, the SD rats were anesthetized with 1% sodium pentobarbital (4 ml/kg), and bilateral femoral vessels were exposed after skin incision, which made it convenient to observe and manipulate the process of vascular perfusion. The thoracic cavity of the SD rat was then opened, helping expose the heart. Heparinized saline (100 U/mL) was then injected into the left ventricle until the femoral vessels turned transparent and the liquid flowing out of the right atrium became clear; at the same time, the right atrium was opened to substitute heparinized saline for blood in the entire circulatory system. Afterward, a freshly made barium sulfate suspension (30 g/100 ml) was injected in the same way as heparinized saline into the circulatory system until the femoral vessels turned white and barium sulfate suspension began to flow out of the right atrium.
After vascular perfusion, the hind limbs of both sides were dissected (using a string to ligate above the knee joint to reduce the leakage of barium sulfate suspension inside hind limb vessels) and kept in 4% paraformaldehyde solution at 4°C overnight for fixation. From the next day on, they were placed in 19% tetrasodium EDTA solution at 4°C for 5 days for decalcification (Lu et al., 2006).
Micro-CT Evaluation
For the quantitative 3D analysis, all the hind limb specimens were scanned in a micro-CT scanner (Skyscan 1076, Belgium). The resolution was set as 9 μm, and scanning was performed at 70 kV and 142 μA, with a 1.0-mm aluminum filter. The images obtained from scanning were then reconstructed using Nrecon software (v.1.6.4.6). The ring artifact correction was set at 8, smoothing was set at 0, and beam hardening correction was set at 30%.
After 3D reconstruction, a circular region of interest, covering the transverse section area of the samples in each image, was set along the tibial diaphysis (4 mm long, taking the osteotomy position as the midpoint) in the micro-CT analyzer software named CTAn (v.2.6) to obtain the values of vessel volume ratio (VV/TV) and vessel surface density (VS/TV).
Statistical Analyses
For FSF1, the left and right hind limb specimens were named as CON1 group and FSF1 group, respectively. For FSF3, their left and right posterior limb specimens were, respectively, named as CON3 group and FSF3 group. In addition, the left hind limb specimens in both FSF1 and FSF3 (CON1 and CON3) were named as CON group.
Statistical analyses were performed using SPSS software (IBM SPSS Statistics, v.20.0, IBM Corp., New York, United States). An independent-sample t-test was used to compare the differences of VV/TV and VS/TV values between CON1 and CON3 groups to ensure the effectiveness of combining both CON1 and CON3 groups as one control group (CON) in the following statistical analysis. Then, one-way ANOVA with LSD post hoc tests was performed to compare the differences of VV/TV and VS/TV values among CON, FSF1, and FSF3 groups. For all the statistical analyses in the study, the level of significance was set at p = 0.05.
RESULTS
3D Vascular Reconstruction
Representative 3D vascular reconstruction images within the soft tissues surrounding the fracture site from micro-CT imaging are shown in Figure 1. At all sacrifice times, the FSF1 group had more vessels, especially microvessels than the CON group. At weeks 2 and 4, FSF1 specimens had more vascular distribution than the FSF3 group, and the 3D vascular reconstruction images did not show visible difference between FSF3 and CON groups. At week 6, FSF3 specimens displayed a larger number of microvessels than the FSF1 group.
[image: Figure 1]FIGURE 1 | Representative 3D vascular reconstruction images within the soft tissues surrounding the fracture site from micro-CT imaging. At all sacrifice times, the FSF1 group had more vessels, especially microvessels, than the CON group. At week 2 and 4, FSF1 specimens had more vascular distribution than the FSF3 group, and the 3D vascular reconstruction images did not show visible differences between FSF3 and CON groups. At week 6, FSF3 specimens displayed a larger number of microvessels than the FSF1 group.
The 3D images also visually displayed the spatiotemporal structure of neovascularization. Both FSF1 and FSF3 specimens had a similar 3D structure as the CON group, having a much larger number of microvessels in the longitudinal direction along the tibia than in the transversal direction. However, there was a difference in the formation time of the large number of microvessels. In the early phases (week 2 and 4 postoperatively) of the repair process, specimens with 1-mm–sized inter-fragmentary gap had more microvessels than both the control group and the specimens with a 3-mm–sized gap. When the inter-fragmentary gap was sized 3 mm, robust angiogenesis occurred at a later time. There was no distinct difference in the microvessel number between FSF3 and CON groups in the beginning. As the repair time went by, FSF3 specimens had more microvessels in the later phase (week 6 postoperatively) of the healing process. Enlarged 3D vascular reconstruction images (Figure 2) demonstrated the spatiotemporal differences of microvessels between FSF1 and FSF3 specimens.
[image: Figure 2]FIGURE 2 | Representative enlarged 3D vascular reconstruction images of FSF1 and FSF3 groups at all sacrifice times.
Vessel Volume Ratio (VV/TV) and Vessel Surface Density (VS/VT)
VV/TV is the ratio of the vessel volume to the entire volume of the tissue of interest (vessel volume/total volume). VS/TV is the ratio of the vessel surface to the entire volume of the tissue of interest (vessel surface/total volume). The mean values and standard deviations of both VV/TV and VS/TV values for all experimental group samples obtained by micro-CT analyzer CTAn software (v.2.6) are presented in Figure 3 and Figure 4.
[image: Figure 3]FIGURE 3 | Mean values and standard deviations of vessel volume ratio (A) VV/TV and vessel surface density (B) VS/TV of both CON1 and CON3 groups at different sacrifice times. There were no significant differences between CON1 and CON3 groups in either VV/TV or VS/TV values at all sacrifice times.
[image: Figure 4]FIGURE 4 | Mean values and standard deviations of vessel volume ratio (A) VV/TV and vessel surface density (B) VS/TV of CON, FSF1, and FSF3 groups at different sacrifice times. (A) VV/TV value of the FSF1 groups was significantly higher than that of the CON group at all sacrifice times; the FSF3 group only displayed a significantly higher VV/TV value than the CON group at week 6, but not at week 2 or 4; the FSF1 group had a significantly higher VV/TV value than the FSF3 group at week 2 and 4, while the FSF3 group had a significantly higher VV/TV value than the FSF1 group at week 6; (B) the FSF1 group showed a significantly higher VS/TV value than both CON and FSF3 groups at week 2 and 4; VS/TV value of both FSF1 and FSF3 groups were significantly higher than that of the CON group at week 6. (* indicates p < 0.05, ** indicates p < 0.01).
Figure 3 showed the mean values and standard deviations of VV/TV and VS/TV values of both CON1 and CON3 groups at different sacrifice times. There was no significant difference between CON1 and CON3 specimens in either VV/TV or VS/TV value (p > 0.05) at all sacrifice times. Thus, CON1 and CON3 groups could be combined as one group, CON, for the following one-way ANOVA.
Figure 4 showed the mean values and standard deviations of VV/TV and VS/TV values of CON, FSF1, and FSF3 specimens at different sacrifice times. At week 2, the FSF1 group had a significantly higher VV/TV value than both FSF3 (p < 0.05) and CON groups (p < 0.05); and there was no significant difference in VV/TV value between FSF3 and CON groups (p > 0.05). At week 4, VV/TV value of the FSF1 group was significantly higher than that of both FSF3 (p < 0.01) and CON groups (p < 0.01); and there was no significant difference in VV/TV value between FSF3 and CON groups (p > 0.05). At week 6, the FSF3 group had a significantly higher VV/TV value than both FSF1 (p < 0.01) and CON groups (p < 0.01); and the FSF1 group had a significantly higher VV/TV value than the CON group (p < 0.01).
At week 2, VS/TV value of the FSF1 group was significantly higher than that of both FSF3 (p < 0.05) and CON groups (p < 0.01); and there was no significant difference in VS/TV value between FSF3 and CON groups (p > 0.05). At week 4, the FSF1 group had a significantly higher VS/TV value than both FSF3 (p < 0.05) and CON groups (p < 0.01); and there was no significant difference in VS/TV value between FSF3 and CON groups (p > 0.05). At week 6, both FSF1 and FSF3 groups had a significantly higher VS/TV value than the CON group (p < 0.01); and there was no significant difference in VS/TV value between FSF3 and FSF1 groups (p > 0.05).
DISCUSSION
The 3D reconstructed micro-CT images and the numerical values obtained from the images gave us insights into the number, structure, and timing of neovascularization at the fracture site during the bone healing process. The effect of inter-fragmentary gap size on neovascularization could be investigated via comparing the vascular network at the fracture site between FSF1 and FSF3 specimens in this study.
From the numerical values such as vessel volume ratio (VV/TV) and vessel surface density (VS/TV) calculated from the micro-CT images, we found that the FSF1 group had more vessels visually and significantly higher VV/TV and VS/TV values than the CON group at all sacrifice times; and at weeks 2 and 4, the FSF1 group had more vessels visually and a significantly higher VV/TV value than the FSF3 group (Week 2: VV/TVFSF1 = 1.59 ± 0.53% > VV/TVFSF3 = 1.18 ± 0.24%, p < 0.05; Week 4: VV/TVFSF1 = 1.68 ± 0.24% > VV/TVFSF3 = 1.18 ± 0.16%, p < 0.01). Both findings indicated that during the early phases (week 2 and 4) of bone repair, a small-sized inter-fragmentary gap (1 mm) could elicit more neovascularization than a large gap (3 mm). At the same time, the FSF1 group had a significantly higher VS/TV value than the FSF3 group at 2 and 4 weeks postoperatively (Week 2: VS/TVFSF1 = 0.46 ± 0.13 mm−1 > VV/TVFSF3 = 0.35 ± 0.08 mm−1, p < 0.05; Week 4: VS/TVFSF1 = 0.43 ± 0.09 mm−1 > VV/TVFSF3 = 0.33 ± 0.06 mm−1, p < 0.05), also suggesting that a small inter-fragmentary gap (I mm) was more beneficial to angiogenesis than a large gap (3 mm) since newly grown microvessels would contribute to a larger vessel surface. All of the above mentioned results agreed with what Claes and his coworkers held that a small gap (2.1 mm) resulted in more revascularization at the fracture site than a large one (5.7 mm) (Claes et al., 2003). At week 6 postoperatively, the FSF3 group showed more vessels visually and had a significantly higher VV/TV than the FSF1 group (VV/TVFSF3 = 1.33 ± 0.19% > VV/TVFSF1 = 1.00 ± 0.13%, p < 0.01), inferring that angiogenesis started being robust with a large gap of 3 mm only in a later phase (week 6) of bone healing.
From the 3D reconstructed micro-CT images, we found that both FSF1 and FSF3 groups shared a similar vascular structure with the CON group, with a larger number of newly grown microvessels (at early or late stages of bone repair, respectively) in the longitudinal direction of tibia rather than in the transversal direction, suggesting that stable fixation could avoid shear movement between the fracture ends. This was consistent with our and others’ previous findings when investigating the effect of fixation on angiogenesis at the fracture site during bone healing (McKibbin, 1978; Wu et al., 1984; Zhao et al., 2014; Zhou et al., 2015). Furthermore, it could be deduced that fixation type/stability affects the 3D structure of the vascular network at the fracture site, and changing inter-fragmentary gap sizes tends to have little influence on the 3D structure of the vessels.
Although different inter-fragmentary gap sizes under stable fixation might only have limited effect on the 3D structure of neovascularization at the fracture site, the results of this study showed that the inter-fragmentary gap size would play an essential role in the timing of neovascularization. The FSF1 group had more vessels, especially microvessels, than the CON group at all sacrifice times. At week 2 and 4, the FSF1 group had more vascular distribution than the FSF3 group, and the 3D vascular reconstruction images did not show visible differences between FSF3 and CON groups, whereas at week 6, the FSF3 group showed an even larger number of microvessels than the FSF1 group. This visual difference in timing of angiogenesis between the FSF1 and FSF3 groups could be the results of the different time periods needed to reconstruct the inter-fragmentary blood fluid connectivity due to different gap sizes. Compared to a 3-mm inter-fragmentary gap size, it took less time for the remaining vessels at the fracture ends with a 1-mm gap size to “get together” and elicit angiogenesis at an earlier phase (week 2 and 4) during bone healing. It could be deduced that it might take longer for the existing vessels from the fracture ends with a 3-mm–sized gap to reconnect, thus delaying the angiogenesis and resulting in neovascularization of the FSF3 group only being relatively more robust at a later phase of bone healing.
The choice of the two inter-fragmentary gap sizes (1 and 3 mm) in this study was based on the size of SD rats’ tibia and a previous work in our laboratory (Zhao et al., 2014), from which we have shown that stable fixation with an inter-fragmentary gap of 1 mm could promote longitudinal vascular formation. Adding a 3-mm–sized inter-fragmentary gap in this study provided us with information that a larger gap would delay neovascularization during bone healing. It would also be interesting in future studies to see if a gap that is smaller than 1 mm or even no inter-fragmentary gap size would benefit the vasculature at the fracture site since smaller gap size could result in fewer micromovements between the fracture ends, which might promote the inter-fragmentary blood fluid reconnection, especially during early phases of recovery.
This study mainly focused on how different biomechanical environments created by an external fixator with different inter-fragmentary gap sizes affect neovascularization during bone healing. Quantitative analysis of the effect of different structures from different gap sizes on local mechanical distribution will be needed in the future. Our laboratory is currently working on the finite element simulation of fractured bone with the external fixator along with different inter-fragmentary gap sizes. Ultimately, it is challenging to differentiate and separate structural and mechanical contributions of the fixation to the neovascularization since they are closely interconnected. Fixation with different inter-fragmentary gap sizes would influence the local dynamics at the fracture site, which would then have an impact on the reconstruction of the blood flow network.
Vascular perfusion and micro-CT imaging made it possible for researchers to observe the vascular distribution and obtain key parameters (VV/TV and VS/TV) of the vascular network (Sinusas, 2004; Jeswani and Padhani, 2005; Savai et al., 2009). The high resolution solved the problems of both visualization and complicated calculation of the entire circulatory system, especially the microvessels. Although large animal models (e.g., canine or ovine) resemble humans more in lower extremity loading patterns especially during standing and walking, it would be less feasible to perform whole body vascular perfusion on a large animal. In addition, standard CT or MRI used for imaging large animal models usually does not have the high resolution to allow imaging of microvessels at the fracture site. In order to have better image quality of the vasculature, the hind limb specimens were decalcified in tetrasodium EDTA solution at 4°C for a total of 5 days, which made it challenging to reconstruct bone images and evaluate bone formation at the fracture site. Another limitation with the techniques used in this study could be that it is hard to distinguish newly grown vessels from the existing ones in micro-CT images. Because of this, immunohistochemical methods (Lu et al., 2011), which would help identify the neovascularization area within the region of interest, could be used together with micro-CT imaging in future studies.
CONCLUSION
3D reconstructed micro-CT images and quantitative evaluation of the vascular parameters demonstrated that neovascularization at the fracture site and its spatiotemporal structure are apparently influenced by different inter-fragmentary gap sizes of bone fracture. Under stable fixation, different gap sizes would have great impact on the timing of angiogenesis, while spatial structure of vascularity at the fracture site would be less affected. Stable fixation with a small gap sized 1 mm benefited neovascularization at early phases (week 2 and 4) during bone repair, while stable fixation with a large gap sized 3 mm delayed the occurrence of angiogenesis to a later phase (week 6) of bone healing.
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Background: Hemiarthroplasty is widely used for proximal femoral reconstruction after tumor resection. However, complications of hemiarthroplasty include infection, hip dislocation, and acetabular wear. This study aimed to: (1) evaluate the reliability and validity of a customized cementless intercalary endoprosthesis (CCIE) with an intra-neck curved stem (INCS) to reconstruct femoral diaphyseal defects with an ultrashort proximal femur (UPF); (2) assess the lower extremity function after reconstruction with this endoprosthesis; and (3) identify the postoperative complications associated with the use of this endoprosthesis.
Methods: Between October 2015 and May 2019, 13 patients underwent reconstruction with a CCIE with an INCS. The distance from the center of the femoral head to the midline of the body and the apex of the acetabulum was measured preoperatively. Additionally, the distance from the tip of the INCS to the midline of the body and the apex of the acetabulum was measured postoperatively. The femoral neck–shaft angle was also measured pre- and postoperatively. After an average follow-up duration of 46 months, the radiological outcomes of the CCIE with an INCS were analyzed. Function was evaluated with the Musculoskeletal Tumor Society (MSTS) score. Pain was measured using a paper visual analog scale (VAS) pre- and postoperatively, and complications were recorded.
Results: Compared with our preoperative design, we found no significant difference in the postoperative distance from the tip of the INCS to the body midline (p = 0.187) and the apex of the acetabulum (p = 0.159), or in the postoperative femoral neck–shaft angle (p = 0.793). Thus, the INCS positions were deemed accurate. The average MSTS score was 26 (range: 24–28), and the VAS score was significantly decreased postoperatively compared with preoperatively (p < 0.0001). No patients developed aseptic loosening, infection, periprosthetic fracture, or prosthetic fracture as of the last follow-up.
Conclusion: The CCIE with an INCS was a valid and reliable method for reconstructing femoral diaphyseal defects with a UPF following malignant tumor resection. Postoperative lower extremity function was acceptable, with an appropriate individualized rehabilitation program, and the incidence of complications was low.
Keywords: hip preservation, customized cementless intercalary endoprosthesis, intraneck curved stem, ultrashort proximal femur, tumor
INTRODUCTION
Resection of femoral diaphyseal tumors with proximal femoral extension often results in an intercalary skeletal defect with an ultrashort proximal femur (UPF) and presents a reconstructive challenge for orthopedic surgeons. If intercalary resection of a malignant bone tumor can be performed with preservation of the adjacent joints, the expected function is superior as the patient’s native joints above and below the reconstruction are left undisturbed (Fuchs et al., 2008; Panagopoulos et al., 2017; Zekry et al., 2019). Because of accurate preoperative imaging techniques, early diagnosis, and effective chemotherapy, femoral diaphyseal tumors with a long proximal femoral extension can be segmentally resected with joint preservation (Zekry et al., 2017). Alternative surgical reconstruction options include the induced membrane technique (Masquelet and Begue 2010; Accadbled et al., 2013), distraction osteogenesis (Subasi and Kapukaya 2003), autografts (Qu et al., 2015a; Houdek et al., 2017), allografts (Aponte-Tinao et al., 2018; Houdek et al., 2018), combined autografts and allografts (Capanna et al., 2007), and customized intercalary endoprostheses (Hanna et al., 2010; Stevenson et al., 2017). The induced membrane technique is an alternative method for lesions of the upper limb, and this method can prevent graft resorption and induce the secretion of growth factors. However, the induced membrane technique is a two-stage procedure and is difficult in lower limb reconstructions owing to higher stress loads (Masquelet and Begue 2010; Qu et al., 2015b). Distraction osteogenesis can achieve good biological reconstruction after successful operation; however, long external fixation time, limb bearing limitations, infection, and skin and soft tissue cutting injuries are disadvantages of this technique (Demiralp et al., 2014). Autografts with free vascularized fibular grafts (FVFG) have good bone tissue compatibility, do not undergo resorption by creeping substitution, and can incorporate into the adjacent host bone directly via bone union (Bae et al., 2005). However, FVFGs have small cross-sectional areas and are weaker than the femur. Furthermore, sufficient fibular thickness to allow full weight-bearing requires a long time to achieve hypertrophy through pressure transport, microfractures, and callus formation (Chen et al., 2007; Demiralp et al., 2014). Allografts can result in biological reconstruction of bone defects and preserve host bone stock without donor site morbidity (Bus et al., 2014). However, allografts are associated with high rates of infection, fracture, and delayed union or nonunion (Ortiz-Cruz et al., 1997). Combined autografts and allografts combine the biological activity of FVFGs with the initial mechanical strength of allografts. Moreover, FVFGs facilitate host–allograft union and minimize allograft failures (Capanna et al., 2007). However, this approach is associated with complications, such as infection, fracture, nonunion, or donor site complications. Moreover, the risk of anastomosis failure by thrombosis is a concern (Rabitsch et al., 2013).
Compared with other reconstruction methods, the available literature on femoral intercalary endoprostheses is scarce. Reconstruction with a customized femoral intercalary endoprosthesis avoids prolonged immobilization compared with autograft and allograft reconstructions and provides immediate stability, early weight-bearing, rapid rehabilitation, short hospital stay, and the ability to tolerate chemotherapy and radiotherapy after incisional healing. However, several complications related to customized endoprosthetic replacement are frequently encountered, namely aseptic loosening, mechanical failure, infection, and periprosthetic fracture (Dieckmann et al., 2014; Qu et al., 2015a). Especially in the reconstruction of femoral diaphyseal defects with a UPF, the contact area between the endoprosthetic stem and cancellous bone is insufficient. Additionally, the trochanteric region contains inadequate cancellous bone, which effects cement interdigitation for cemented femoral intercalary endoprostheses.
In our institution, we defined a UPF as the length of the residual proximal femur of ≤80 mm (the length from the pyriform fossa to the osteotomy level). For femoral diaphyseal defects with a UPF, there is currently no standard treatment choice. To make the endoprosthetic stem better match the curvature of the residual proximal femur, we use a customized cementless intercalary endoprosthesis (CCIE) with an intra-neck curved stem (INCS) to reconstruct femoral diaphyseal defects with a UPF. To our knowledge, the clinical results of using a CCIE with an INCS for reconstructing femoral diaphyseal defects with a UPF have not been evaluated previously. Therefore, the aims of this study were 1) evaluate the reliability and validity of a CCIE with an INCS to reconstruct femoral diaphyseal defects with an UPF; 2) assess the lower extremity function after reconstruction with this endoprosthesis, and 3) identify the postoperative complications associated with the use of this endoprosthesis.
MATERIALS AND METHODS
Ethical Considerations
The retrospective study was conducted and approved by the ethics committee of the author’s institution. Each participant provided written informed consent to participate in this study.
Patients
Between October 2015 and May 2019, 13 patients underwent reconstruction with a CCIE with an INCS. After an average follow-up duration of 46 months (range: 24–67 months), one patient died of lung metastases, and the remaining 12 patients were still alive. The surgical stage was determined according to the Enneking bone and soft tissue sarcoma staging system (Enneking 1986) (Table 1). Biopsy was performed for each patient before undergoing definitive surgery. The length of the required bone resection was measured by preoperative X-ray, computed tomography (CT), single-photon emission CT, and magnetic resonance imaging (Figure 1). The patients’ clinical characteristics, namely age, sex, tumor size, defect length, and the length of the residual proximal femur were collected.
TABLE 1 | Surgical indications and stage of disease.
[image: Table 1][image: Figure 1]FIGURE 1 | All patients underwent en bloc tumor resection followed by reconstruction with the customized cementless intercalary endoprosthesis with an intra-neck curved stem. (A) Anteroposterior radiograph of the left femur of a patient with a femoral diaphyseal osteosarcoma. (B) Computed tomography (CT) image of the left femur. (C) Single-photon emission whole-body CT image. (D) Magnetic resonance image of the patient’s left upper leg. (E) Postoperative radiograph of the femur. (F) Postoperative tomosynthesis with Shimadzu Metal Artefact Reduction Technology (T-smart) of the femur 7 days after surgery showing stable femoral diaphyseal reconstruction.
Stem Design and Fabrication
The stem was designed to be arc-shaped. The center of the stem was a solid structure, the medial porosity of the stem was 50%, and the lateral porosity was 70% (Supplementary Figure S1). Two fins and a lock hole were designed in the curved stem. The diameter of the base of the stem was equal to the diameter of the inner surfaces of the femoral cortices. To maintain strength, the diameter of the curved stem was gradually reduced between the intertrochanteric region and femoral head-neck junction, where the diameter of the stem was about 2/3 the diameter of the medullary cavity. The curvature of the curved stem was mainly based on the medial cortex of the femoral neck and made approximately change. The diameter of the end of the curved stem was greater than 10 mm. The tip of the curved stem was designed in a “beak shape” (Supplementary Figure S2).
All INCSs were designed by our clinical team and fabricated by Chunlizhengda Medical Instruments (Tongzhou, Beijing, China). Three-dimensional CT image files were imported to Mimics V20.0 software (Materialise Corp., Leuven, Belgium) to build three-dimensional tumor and femoral models. The tumor margin was determined by CT, magnetic resonance imaging, and single-photon emission CT based on a three-dimensional model, then the osteotomy plane was obtained. According to the anatomical shape of the proximal femur, the preliminary shape of the INCS was designed using SOLIDWORKS software (Dassault Systèmes SOLIDWORKS Corp., Waltham, MA, United States). Next, the shape and appearance of the INCS was optimized using Geomagic Studio software (Geomagic Inc., Morrisville, NC, United States). Finally, the INCS was separated and generated in Magic V20 software (Materialise Corp.). The INCS models were saved as stereolithography files and imported to Mimics to simulate implantation. Endoprostheses were fabricated by electron beam melting technology (Arcam Q10plus; Arcam, Mölndal, Sweden), and the plastic trial models were fabricated with the stereolithography appearance technique (UnionTech Lite 450HD; UnionTech, Shanghai, China).
Surgical Technique
All operations were performed by the same senior surgeon (Chongqi Tu). The patients were placed in lateral recumbency, and a lateral approach was used in all cases. Tumors were resected en bloc, and soft tissue was removed in accordance with the results of the preoperative simulation. The degree of the osteotomy plane was controlled exactly to minimize the potential for a misfit between the customized curved stem and the residual proximal femur. After en bloc resection of the tumor, cancellous bone was removed from the osteotomy surface with a bone curette. The tip of the customized guide needle was pressed into the center of the femoral head with a mobile C-arm. We then used a flexible reamer with different diameters (Figure 2) with the customized guide needle in the center to gradually enlarge the medullary cavity of the residual proximal femur. To minimize bone loss and maximize primary stability of the prosthesis, the residual proximal femur was under-reamed by 0.5 mm. Thereafter, to achieve a stable press-fit, additional reaming at 0.5-mm increments was performed if needed. The direction of the femoral head was marked before the osteotomy; thus, rotation was controlled using the position of the femoral head marks as a guide when the endoprosthesis was implanted. We fit a plastic trial model smaller than the endoprosthesis first to verify that the residual proximal femur and the INCS matched. The correctly-sized endoprosthesis was then implanted, and the previously harvested cancellous bone was grafted.
[image: Figure 2]FIGURE 2 | The flexible reamers of different diameters that we used in this study.
Postoperative Management
After surgery, the patients were routinely given prophylactic intravenous antibiotics for 48 h. The rehabilitation program was designed according to the surgeon’s intraoperative assessment. Generally, patients underwent bed rest for 2–3 weeks. The lower extremity was maintained in a neutral position, and knee and ankle flexion and extension exercises were performed in bed during this period. Partial weight-bearing was initiated using two crutches after week 3, and hip flexion and abduction exercises were initiated after week 4. Partial walking weight-bearing, using one crutch, was allowed after week 8. Progression to full weight-bearing was initiated after week 12.
As per our protocol, follow-up assessments were performed monthly during the first 3 months, then every 3 months for 2 years, and then yearly. Patients received a physical examination of their affected extremity at each follow-up visit. Pain was measured using a paper visual analog score (VAS). Radiographic assessment was performed monthly during the first 3 months, then every 3 months for the first year, every 6 months for the second year, and then annually. The Musculoskeletal Tumor Society (MSTS) scoring system was used to assess lower limb function (Enneking et al., 1993). The distance from the tip of the INCS to the body midline and the top of the acetabulum was measured postoperatively with X-rays. The femoral neck–shaft angle was also measured pre- and postoperatively. The condition of the bone–prosthesis interface was evaluated by X-ray, CT, and T-smart. Bone ingrowth into the prosthesis was evaluated by radiographic variables, namely, bone bridging, spot welding, and neocortex formation. Complications related to INCS implantation were assessed, namely aseptic loosening, prosthetic fracture, infection, and periprosthetic fracture.
Statistical Analysis
We used the paired t test to assess the differences between the pre- and postoperative measurements. A p-value of ≤0.05 was considered statistically significant, and SPSS software (version 19.0; IBM Corp., Armonk, NY, United States) was used for the data analysis.
RESULTS
Radiographic Analysis
The condition of the bone–prosthesis interface was evaluated by X-ray and T-smart. No fretting wear around the endoprosthetic stem was found in the enrolled patients. We also found no obvious radiolucent line, and radiographic signs of bone ingrowth on the bone–stem interface were found in all stems. A typical case of postoperative neocortex formation is shown in Figure 3. In one patient, the CCIE with an INCS was used in the femoral diaphyseal defect reconstruction after resecting >70% of the femoral length owing to massive tumor resection, and a stable bone–prothesis interface was achieved at the last follow-up (Figure 4). Compared with the distance from the center of the femoral head to the midline of the body and the apex of the acetabulum preoperatively, the distance from the tip of the INCS to the midline of the body (p = 0.187) and the apex of the acetabulum (p = 0.159) was not statistically significant postoperatively. Furthermore, the femoral neck–shaft angle did not differ significantly between pre- and postoperative values (p = 0.793) (Table 2). Thus, the INCS positions were deemed accurate.
[image: Figure 3]FIGURE 3 | Radiographs showing the 57-months postoperative views of the customized cementless intercalary endoprosthesis with an intra-neck curved stem placed during treatment for an osteosarcoma. (A) Posteroanterior radiograph of the entire femur. (B) Posteroanterior tomosynthesis with Shimadzu Metal Artefact Reduction Technology (T-smart) views of the stem insertion region in the proximal femur. (C) Posteroanterior T-smart views of the stem insertion region in the distal femur.
[image: Figure 4]FIGURE 4 | A case of reconstruction of the femoral diaphysis following femoral diaphyseal resection of 73% of the length of the femur. (A) Posteroanterior radiograph of the entire femur. (B) Posteroanterior T-smart view of the stem insertion region of the femur. (C) Gross appearance of the curved stem.
TABLE 2 | Details of the surgical technique and INCS location evaluation.
[image: Table 2]Function
Regarding lower extremity function, the average MSTS score was 26 (range: 24–28) at the last follow-up. None of the surviving patients with femoral diaphyseal reconstruction required crutches or other walking aids at the last follow-up. One patient complained of pain in the lower extremity when walking unsupported for distances longer than 5,000 m; this patient had a VAS score of two at final follow-up, but had no imaging complications associated with the use of this endoprosthesis. Compared with the preoperative VAS score, the postoperative score decreased significantly (p < 0.0001) (Table 3). No pain or Trendelenburg gait was found in the other patients at the last follow-up.
TABLE 3 | Results for patients undergoing femoral reconstruction with an intra-neck curved stem endoprosthesis.
[image: Table 3]Complications
No patients developed periprosthetic infection, implant fracture, periprosthetic fracture, nerve palsy, or vascular incidents. All of the endoprostheses were well-osseointegrated, no aseptic loosening was observed in this series.
DISCUSSION
The optimal treatment method for femoral diaphyseal tumors with proximal metaphyseal extension is controversial. Total femoral replacement is an alternative surgical option; however, this approach is associated with dislocation, structural failures, and soft tissue failures (Sevelda et al., 2015). In addition, proximal femoral resection often results in an additional compartment being opened. Once local recurrence or infection occurs, the hip joint may be contaminated. For contaminated hip joints, eventual hemipelvectomy may be necessary to achieve extensive margins to prevent local recurrence (Kalra et al., 2010). Therefore, preserving the hip joint is important for improving functional lower limb outcomes, and preserving bone stock is necessary for possible future revision.
Benevenia et al. (2016) reported the mid-term results of cemented endoprosthetic replacement in femoral intercalary resection; 12 of 21 patients (57%) with femoral reconstructions developed complications of spacer failure, infection, or aseptic loosening. For cemented straight femoral endoprostheses, it is difficult to provide lasting fixation between the bone and the endoprosthesis because of the insufficient residual proximal femoral length. In addition, with a UPF, the proximal endpoint of the straight intramedullary stem is often located in the trochanteric region; however, the trochanteric region not only has a large offset but also contains inadequate cancellous bone (Unwin et al., 1996). Lack of cancellous bone would affect the interdigitation of bone cement (Ebramzadeh et al., 1994). Currently, the promising cementless short-stem solutions are the Compress® implant (Calvert et al., 2014) and the Buxtehude stem (Dieckmann et al., 2014). The advantage of the Compress® implant is that the associated compressive osteointegration avoids stress shielding and saves bone stock; however, the early aseptic loosening rate ranges from 3.8 to 14% (Pedtke et al., 2012; Calvert et al., 2014). The Buxtehude stem was used in a study of patients with a UPF, in which the early aseptic loosening rate was 12.5%, and fixation screw breakage occurred during follow-up (Dieckmann et al., 2014).
In our study, no obvious radiolucent lines between the implant and the bone were found on the proximal femur on mediolateral or anteroposterior X-ray views. Moreover, bone ingrowth on the bone–stem interface was found for all stems. In addition, compared with previous studies (Calvert et al., 2014; Dieckmann et al., 2014) of reconstructing femoral diaphyseal defects with a UPF, the rate of aseptic loosening in our study was low. We believe the reasons are as follows: (1) The endoprosthesis we used to reconstruct femoral diaphyseal defects with a UPF was a good fit with the anatomy of the proximal femur, and the INCS positions were deemed accurate postoperatively. (2) The INCS reduces the offset distance between the long axis of the femur and a line passing through the center of the femoral head and condyles, which is considered a measure of the bending moment about a dorsoventral axis at any level (Unwin et al., 1996). Compared with a straight stem, the offset distance of an INCS is smaller; therefore, the bending moment is also smaller, which may be an important factor in decreasing the rate of aseptic loosening of the endoprosthesis (Wyatt et al., 2019). (3) The INCS is coated with hydroxyapatite or 3D-printed porous titanium, which can facilitate biological bone ingrowth at the bone–prosthesis interface (Van der Stok et al., 2013; Lu et al., 2018; Zhao et al., 2020). (4) The curved stem we used has two fins, symmetrically arranged in the medial and lateral planes at the base of the stem, providing guidance for implantation and an additional derotational force (Figure 4C).
Bone resorption at the lateral junction part of implant-bone be found in two patients at the last follow-up. In our opinion, the lateral junction part of the implant-bone was the side of tensile stress. Good osseointegration was achieved between the curved stem and host bone and the tensile stress of the lateral junction part of the implant-bone was possibly reduced. Thus, stress shielding occurred at the lateral junction part, so the bone resorption appeared there. At present, bone resorption is less in the lateral junction part and the remaining cortical bone can still meet the tensile stress requirement. Furthermore, the medial cortical bone can provide partial support when the stability of the curved stem is good. It remains to be explored whether bone resorption will increase in the future.
The average postoperative lower extremity function (MSTS) score in the surviving patients in this study was 26 points, which is superior to that reported in other studies (Calvert et al., 2014; Dieckmann et al., 2014; Zheng et al., 2019). Although rehabilitation of lower extremity function was incomplete, patients experienced adequate pain relief and self-care limb function. In particular, the patients’ focus often shifted from considering themselves “sarcoma survivors” to “functionally recovered” after surgery. The short postoperative recovery time and early full weight-bearing are particularly valuable. In addition, our patients experienced no limitations on lower limb function in daily life, postoperatively. The reasons are as follows: 1) preserving the hip joint helps reduce surgical disruption and minimizes muscle damage; therefore, maximal restoration of lower extremity function is possible; 2) endoprosthesis stability, natural bodyweight transmission, and good bone–endoprosthesis interface integration benefitted the restoration of limb function; and 3) the rehabilitation program allowed early functional training, resulting in better lower extremity function.
Periprosthetic infection and periprosthetic fracture are common complications after reconstruction of the distal femur or diaphysis (Grimer et al., 2002; Gosheger et al., 2006; Choi et al., 2016; Bus et al., 2017). At the last follow-up, in our study, we observed no periprosthetic infection or periprosthetic fracture. In our opinion, periprosthetic infection for oncologic patients may be related to soft tissue coverage, immune-compromising treatments, duration of the procedure, and extensive surgical dissection. No infections occurred in our study, and we believe the reasons are as follows: First, soft tissue was lavaged with abundant normal saline intraoperatively. Second, we paid attention to each patient’s condition, the use of antibiotics, and postoperative drainage. No patients developed periprosthetic fracture intraoperatively. To avoid periprosthetic fracture, all operations were performed by the same senior surgeon, and the osteotomy plane was precisely controlled to minimize the risk of a misfit between the curved stem and the residual proximal femur. Additionally, when enlarging the medullary cavity of the residual proximal femur, the residual proximal femur was under-reamed by 0.5 mm followed by additional 0.5-mm reaming, as needed, to achieve a stable press-fit. No aseptic loosening was found in this series at the last follow-up. To reduce aseptic loosening, the biocompatibility of the endoprosthesis was enhanced by improving the matching degree at the contact area and modifying the configuration of the endoprosthesis (Palmquist et al., 2013; Hara et al., 2016; Ghouse et al., 2019).
We acknowledge some limitations in this study. First, our follow-up time was insufficient to verify the long-term efficacy of the curved stem. Unknown shortcomings might occur in long-term follow-up. Second, the retrospective, non-comparative design and small sample size limited the power of this study because prosthetic reconstructions for femoral diaphyseal defects following malignant tumor resection are rare.
CONCLUSION
This study presented the preliminary results of using a CCIE with an INCS, which showed proof of principle for the application of an INCS. In conclusion, an INCS represents a feasible treatment option for femoral diaphyseal defects with a UPF. The main advantages of this treatment are early weight-bearing, low complication rate, and good lower limb functional outcomes.
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Tissue engineering is a promising treatment strategy for meniscal regeneration after meniscal injury. However, existing scaffold materials and seed cells still have many disadvantages. The objective of the present study is to explore the feasibility of peripheral blood-derived mesenchymal stem cells (PBMSCs) augmented with demineralized cortical bone matrix (DCBM) pretreated with TGF-β3 as a tissue-engineered meniscus graft and the repair effect. PBMSCs were collected from rabbit peripheral blood and subjected to three-lineage differentiation and flow cytometry identification. DCBM was prepared by decalcification, decellularization, and cross-linking rabbit cortical bone. Various characteristics such as biomechanical properties, histological characteristics, microstructure and DNA content were characterized. The cytotoxicity and the effects of DCBM on the adhesion and migration of PBMSCs were evaluated separately. The meniscus-forming ability of PBMSCs/DCBM complex in vitro induced by TGF-β3 was also evaluated at the molecular and genetic levels, respectively. Eventually, the present study evaluated the repair effect and cartilage protection effect of PBMSCs/DCBM as a meniscal graft in a rabbit model of medial meniscal reconstruction in 3 and 6 months. The results showed PBMSCs positively express CD29 and CD44, negatively express CD34 and CD45, and have three-lineage differentiation ability, thus can be used as tissue engineering meniscus seed cells. After the sample procedure, the cell and DNA contents of DCBM decreased, the tensile modulus did not decrease significantly, and the DCBM had a pore structure and no obvious cytotoxicity. PBMSCs could adhere and grow on the scaffold. Under induction of TGF-β3, PBMSCs/DCBM composites expressed glycosaminoglycan (GAG), and the related gene expression also increased. The results of the in vivo experiments that the PBMSCs/DCBM group had a better repair effect than the DCBM group and the control group at both 12 and 24 weeks, and the protective effect on cartilage was also better. Therefore, the application of DCBM augmented with PBMSCs for meniscus injury treatment is a preferred option for tissue-engineered meniscus.
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1 INTRODUCTION
The meniscus is wedge-shaped fibrocartilage between the femoral condyle and tibial plateau. The superior load transmission and shock absorption capability avoid excessive stress on the articular cartilage, thus enhancing joint stability (Walker and Erkman, 1975; Walker et al., 2015). However, the meniscus is easily damaged for sports-associated activities, trauma or age-related complications (Gee et al., 2020; Rhim et al., 2021). The current well-established treatment, partial or total meniscectomy, could not achieve the biological healing of the meniscus and might be related to knee osteoarthritis (OA) (Cross et al., 2014; Kwon et al., 2019). Therefore, it is necessary to explore the biological treatment of meniscus injuries. Cell-based tissue engineering and regenerative medicine strategies have been advocated as a potential approach to address this issue (Rhim et al., 2021).
Mesenchymal stem cells (MSCs) are immature, unspecialized cells that can be isolated from adult bone marrow, adipose tissue, blood, umbilical cord, skeletal, muscle, dental pulp, deciduous teeth, and periodontal ligaments. MSCs have been widely used as seed cells in meniscus tissue engineering. The repair effect of bone marrow-derived MSCs (BM-MSCs), synovium-derived MSCs (S-MSCs), and adipose-derived MSCs (A-MSCs) have been proved by plenty of studies (Zellner et al., 2017; Onoi et al., 2019; Ozeki et al., 2021). However, problems such as difficulty obtaining and pain in the donor site may affect their clinical application. Peripheral blood-derived MSCs (PBMSCs) can be harvested from peripheral blood, and this unique advantage in the collection gives it potential in a clinical application (Calle et al., 2021). However, there has been limited information about PBMSCs used in meniscal reconstruction.
Demineralized bone matrix (DBM) is prepared from bone matrix and consists of a collagen scaffold containing several growth factors, such as bone morphogenetic proteins (BMPs), insulin growth factor, transforming growth factor, and fibroblast growth factor (Urist, 1965). It has been widely used in bone tissue engineering as a natural tissue-derived scaffold material. In recent years, studies have also been using DBM for soft tissue repair (Yamada, 2004), including meniscus (Zhang et al., 2015; Yuan et al., 2016). However, the osteoinductive characteristics limited its further application on meniscus repair (Zhou et al., 2012). In addition, the previous studies all used demineralized cancellous bone, which was worse than the demineralized cortical bone matrix (DCBM) in terms of mechanical properties. DCBM has been widely used in the cartilage repair and tendon-bone healing field (Gao et al., 2004; Thangarajah et al., 2017; Thangarajah et al., 2018). While there has been limited researches using it in meniscal reconstruction to our best knowledge.
Transforming growth factor-β3 (TGF-β3) is one of the main members of the TGF family of cytokines, promoting the proliferation and differentiation of chondrocytes, promoting the formation of extracellular matrix, and inhibiting various inflammatory processes cytokines such as IL-1, MMPs, and TNF-α. It plays an important role in wound repair, especially in the growth and reconstruction of cartilage (Bian et al., 2011).
Based on the current limitation of tissue engineering in meniscus regeneration, the objective of the present study is to explore the treatment effect of demineralized cortical bone matrix scaffold augmented with PBMSCs pretreated with TGF-β3 in meniscus injury.
2 MATERIALS AND METHODS
2.1 Cell Isolation and Culture
2.1.1 Isolation of Peripheral Blood-Derived Mesenchymal Stem Cells
PBMSCs were isolated from 3-month-old New Zealand white rabbits. As previously reported, this procedure was performed (Fu et al., 2015). Briefly, rabbits were pretreated with granulocyte colony-stimulating factor (G-CSF) once daily for 5 days (50 μg/kg i.h.) and AMD3100 was administered on the sixth day (5 mg/kg i.h.) 1 h before blood sampling. The blood samples were harvested using a sterile syringe from the central ear artery and transformed into a centrifugal tube. The nucleated cells were isolated by density gradient centrifugation, seeded in a 10 cm dish at a density of 106 cells/mL, and cultured with a complete medium consisting of low-glucose Dulbecco’s modified Eagle’s medium (DMEM) and 16% fetal bovine serum (FBS). After 10–14 days, colonies were formed. In this study, we use polyclonal PBMSCs mixed from multiple clones. PBMSCs at the third passage were utilized for further experiments. Crystal violet staining was used to assess colony formation.
2.1.2 Multipotent Differentiation of Peripheral Blood-Derived Mesenchymal Stem Cells
The multipotent differentiation potential of PBMSCs was evaluated through adipogenic, osteogenic, and chondrogenic induction in vitro, as previous reported (Fu et al., 2014). Adipogenesis, osteogenesis, and chondrogenesis differentiation were validated by Oil red O staining, alizarin red staining, and alcian blue staining, respectively.
2.1.3 Immunophenotypic Identiﬁcation of Mesenchymal Stem Cells by Flow Cytometry
The surface markers of PBMSCs at passage 3 were analyzed using flow cytometry (FCM). Accordingly, MSCs were harvested with trypsin/EDTA and then incubated with CD29, CD34, CD44, and CD45 primary antibodies, respectively, for 30 min, followed by secondary fluorescein antibody for 30 min. Finally, cells were fixed in flow buffer, washed, and suspended in 0.2 ml of PBS for FCM analysis using Cell Quest software (BD Biosciences, San Jose, California). Parallel blank tubes were used as controls.
2.2 Preparation of Demineralized Cortical Bone Matrix Scaffolds
The DCBM scaffolds were prepared according to the protocols of previous studies (Fu et al., 2014). Cortical bone was obtained from the midshafts of the femur and tibia of adult New Zealand white rabbits and DCBM was subjected to the following procedures: 1) demineralization in 0.6 mol/L hydrochloric acid at 4°C for 7 days, 2) defatting under 1:1 (vol/vol) methanol/chloroform solution for 24 h, and 3) deproteinization with 3% hydrogen peroxide for 12 h 4) shake in 1% Triton X-100 and 0.5% NaDC solution for 24 h, and wash with PBS 3 times. Then incubate with nuclease solution (150 IU/ml DNase and 100 μg/ml RNase) at 37°C for 24 h with shaking. 5) Crosslink using ethyl dimethylaminopropyl carbodiimide (0.6 mol/L EDAC; Sigma-Aldrich) in a crescent-shaped mold to form the DCBM scaffold.
2.3 Characterization of Scaffold
2.3.1 Histological Evaluation
After being fixed with 4% paraformaldehyde for 24 h, the DCBM was dehydrated with gradient alcohol. Then it underwent wax dipping and embedding. The wax block with samples encapsuled was then cut into 4 μm sections. After dewaxing, the section was stained with hematoxylin for 5 min and eosin for 3 min, as HE staining. And another section was soaked in hematoxylin for 5 min, ponceau for 5 min, 2% glacial acetic acid for a while, 2.5% phosphomolybdic acid aqueous for 5 min and aniline blue for 5 min, as Masson staining.
2.3.2 Microstructure of Scaffold
The surface and section microstructure of DCBM was characterized by SEM. Before SEM imaging, dried samples were cut with a razor blade in liquid nitrogen and sputter-coated with platinum. SEM was used to observe the microstructure of the surfaces and sections of the samples at an accelerating voltage of 15 kV.
2.3.3 DNA Content Assay
Ten mg of sample was cut into pieces, digested with 1 ml of metalloproteinase K (0.2 mg/ml) at 60°C for 24 h, and centrifuged at 15 kg for 30 min. The DNA content assay was performed according to the instructions of the kit (Quant-iTTM PicoGreen® ds DNA Assay Kit), and a cortical bone that was not undecellularized was set as a control group.
2.3.4 Biomechanical Testing
An Instron (Norwood, MA) 5,543 testing frame was utilized to analyze the tensile properties of the hydrated constructs. Testing samples (n = 7) were hydrated for at least 30 min prior to testing. The specimen was fixed with a specific fixture, loaded on a biomechanical testing instrument, preloaded with 0.1 N, loaded at a rate of 0.5 mm/s and recorded the stress-strain curve to calculate the tensile elasticity modulus. The normal meniscus of rabbits was used as the control group.
2.4 In Vitro Studies
2.4.1 Cytotoxicity of the Scaffold
To evaluate the cytotoxicity of the scaffold to PBMSCs, CCK-8 was used. A certain quality of DCBM scaffold was weighed and cut into pieces. After sterilization with ethylene oxide, the scaffold was added into a 6-well plate, as well as 10 times the quality of serum-free medium was added. The supernatant was collected as an extract medium 3 days later. The extract medium of the scaffold was used to culture the PBMSCs in a 96-well plate, as well as the normal medium was used to culture the same batch of cells as control. At the end of culture, 110 μl of CCK-8 working solution (volume ratio CCK-8: DMEM = 1:10) was added to each well after 2-h incubating at 37°C, the OD value of 450 nm was detected in a microplate reader.
2.4.2 Live/Dead Staining
Before seeding with cells, scaffolds were sterilized, washed in sterile PBS, and treated with DMEM overnight. Each scaffold was seeded with 10 μl of 1.2*104/μl PBMSCs every 10 min for 4 times. Cells were allowed to adhere for 4 h and then the scaffolds were transferred to the incubator and the medium was changed every day.
To evaluate the viability of PBMSCs seeded in the material, a Live/Dead Assay kit (Invitrogen) was used. The cell/scaffold constructs were washed with sterile PBS and incubated in PBS solution with 2 mM calcein AM and 4 mM ethidium homodimer-1 for 1 h at room temperature, according to the instructions of the kit. After another wash with sterile PBS, constructs were observed using a confocal microscope (Leica).
2.4.3 Cell Adhesion
We utilize the SEM to observe the microstructure of the cell-scaffold composites and the adhesion of PBMSCs cultured in vitro on the scaffolds. Cell-scaffold composites were acquired in 1, 2 and 3 days after seeding the cells. Samples were fixed in 2.5% (v/v) glutaraldehyde for 24 h, washed with PBS, dehydrated in graded alcohol and dried with CO2 critical point drying. After coating with gold, cell-scaffold composites were observed using the SEM.
2.4.4 Cell Migration
PBMSCs of passage 3 were seeded in a 6-well plate. Moreover, when the cells were more than 90% confluent, they were replaced with serum-free starvation for 12 h. A 200 μL gun tip was used to scratch along the straight line drawn in advance; then, the scratched cells were washed by PBS. A DCBM extract medium was used to culture the PBMSCs, while the normal medium was used in the control group. In addition, to see the effect of TGF-β3 on cell behaviors, a DCBM extract + TGF-β3 (concentration) group was set, in which 10 ng/ml TGF-β3 was added into the extract medium. All scratches were observed using a microscope at 0, 8, and 24 h after the intervention.
2.4.5 Biochemical Assays for Glycosaminoglycan
In order to evaluate the effect of DCBM on the differentiation of PBMSCs and the induction ability of TGF-β3 at the molecule level, we detected the deference of GAG content. After seeding, the cell-scaffold composites in two experimental groups were cultured in DMEM or DMEM with TGF-β3 (10 ng/ml), while an equal quantity of PBMSCs was seeding in a 12-well plate in the control group and DMEM was used to culture it. The mediums were changed every 2 days. After 3, 7 and 14 days of culture, the GAG in the scaffolds of the 3 groups were evaluated according to the GENMED quantitative detection kit. A previous study described the method and principle in detail (Barbosa et al., 2003).
2.4.6 Cartilage-Related Gene Expression Analysis
To evaluate the effect of DCBM on the differentiation of PBMSCs and the induction ability of TGF-β3 at the gene level, we decided to detect the expression level of a cartilage-related gene using polymerase chain reaction (PCR). The experimental grouping and culture are the same as in biochemical assays for GAG. After 3, 7 and 14 days of culture, the cells were harvested, washed with PBS and blew with 1 ml Trizol for 5 min. After adding 200 μl of chloroform, shaking for 15 s, the liquid was centrifuged in 14 kg for 15 min. After centrifugation, 400 μl liquid in the upper aqueous layer was carefully aspirated and mixed with 400 μl isopropanol. After centrifuging the sample at 14 kg for 10 min 75% alcohol was used to dissolve the white feather-like RNA precipitation adhered to the bottom wall of the EP tube. After another centrifugation at 15 kg for 5 min, DEPC water was used to dissolve the RNA.
Reverse transcription was performed using Promega’s GoScript Reverse Transcription system and Bio-Rad’s DNA Engine PCR machine. Moreover, amplification was performed using a Roche LightCycler96 PCR instrument.
The detected gene and primer sequence are listed in Table 1.
TABLE 1 | Gene and primer sequence.
[image: Table 1]2.5 In Vivo Animal Studies
2.5.1 Graft Preparation
The preparation procedure is described in 2.2. After sterilization, the scaffold was washed in sterile PBS, and immersed in DMEM overnight. Then 10 μl of 2.5×104/μl PBMSCs suspension was added to the DCBM scaffold every 10 min for 4 times. Cells were allowed to adhere for 4 h, and then, medium with 16% FBS and 10 ng/ml TGF-β3 was added to the plate. The plate was transferred to an incubator and cultured for 1 week, and the medium was changed every 2 days.
2.5.2 Surgical Procedure
Thirty-two adult New Zealand white rabbits weighing about 2.5 kg were selected. After the medial meniscus was removed, the DCBM + PBMSCs complex and DCBM scaffolds were implanted in situ in right and left knee, respectively, in 16 rabbits. The rest 16 rabbits were treated with incision of the skin and joint capsule, but not the meniscus, in the right knee, as the sham-operated group, and the left knee with the meniscus removed as the control group. The cell inoculation method was the same as mentioned above. The amount of PBMSCs seeded on a single material is 106. After cell seeding, the complex was cultured in DMEM with 16% FBS and 10 ng/ml TGF-β3 for 1 week and then implanted.
After anesthesia and routine preparation, the knee was approached through a medial parapatellar incision. A total meniscectomy was performed by resecting the medial meniscus sharply along the periphery and detaching it from its anterior and posterior junction. The medial collateral ligament, which is important for the postoperative stability of the knee joint, was reserved. Both the anterior and posterior horns and periphery of the scaffolds were reattached to the respective root attachments and appropriate adjacent synovium with absorbable No. 4-0 sutures. For the posterior root, attachment of the medial meniscus is adjacent to the posterior cruciate ligament. A self-made threading apparatus and extracapsular knot-ting technique were used to fix the posterior horn of the scaffold with the ligamentous structures. The joint capsule, periarticular tissue, and skin were closed with No. 3-0 Vicryl sutures. Figure 1A showed the picture of rabbits’ knee after meniscus removal, Figure 1B showed the pictures of rabbits’ knee after the meniscus graft implanted and Figure 1C showed the meniscus graft.
[image: Figure 1]FIGURE 1 | Intraoperative pictures of meniscus graft implanted into knee joint and surgery grouping. (A) removal of meniscus; (B) graft implanted; (C) meniscus graft.
2.5.3 Evaluation of Implants
The animals were sacrificed at 12 and 24 weeks after the operation. The femur and tibia of the knee joint were dissected out, and the newly formed meniscus tissue was freed and photographed.
Nine aspects of meniscus fusion, position, anterior and posterior angle position, size, tear, surface, shape, tissue, and synovium were evaluated and scored (Chiari et al., 2006). A higher score indicated a worse prognosis.
In addition, the newly formed meniscus was prepared as a pathological section according to conventional procedures. HE staining, toluidine blue staining, safranin O staining, Sirius red staining, MASSON staining, and immunohistochemical staining of collagen types I and II were performed on the meniscus, and the semi-quantitative histological evaluation of the meniscus-like tissue was performed using the Ishida score (Ishida et al., 2007).
2.5.4 Evaluation of Cartilage
Similar to the meniscus, the cartilage was also evaluated in gross evaluation through International Cartilage Repair Society (ICRS) cartilage lesion classification (Mainil-Varlet et al., 2003) and in histology through the Mankin grading system (Baklaushev et al., 2019).
2.6 Statistical Analysis
The data are expressed as mean ± standard deviation. SPSS 16.0 (IBM, Armonk, New York) was used to conduct the analysis. The independent samples t test was used for comparison between two groups, and the one-way ANOVA test was used for comparison between multiple groups and LSD was used for post hoc test. Differences were considered significant at p < 0.05.
3 RESULTS
3.1 Cell Culture and Identiﬁcation
3.1.1 Cell Culture
Adherent cells were observed after 5–7 days of primary cell culture. Among them, the spindle-shaped cells proliferated relatively quickly. After culturing for about 2 weeks, almost all cells were spindle-shaped, and they moved after 10–15 days. The colonies were formed and the cell morphology was uniformly spindle-shaped with time going by (Figures 2A,B).
[image: Figure 2]FIGURE 2 | Preparation and identification of PBMSCs. (A) primary cells of PBMSCs; (B) apparent colonies stained with crystal violet; (C) PBMSCs stained with alizarin red after osteogenic induction; (D) PBMSCs stained with oil red O after adipogenic induction; (E) PBMSCs stained with alician blue after chondrogenic induction and (F) immunophenotypic characterization of PBMSCs.
3.1.2 Multipotent Differentiation of Peripheral Blood-Derived Mesenchymal Stem Cells
Many calcium nodules were observed in osteogenic induced cells after alizarin red staining (Figure 2C). Oil red O staining showed that lipid-rich vesicles are formed in the cells after adipogenic differentiation (Figure 2D). Alcian blue staining showed a blue cell sphere after chondrogenic induction (Figure 2E). The results showed that PBMSCs could perform osteogenic, adipogenic, and chondrogenic differentiation under induction.
3.1.3 Immunophenotypic Identiﬁcation of Mesenchymal Stem Cells by Flow Cytometry
Flow cytometry analysis showed that the PBMSCs had a positive expression of CD29 and CD44 and a negative expression of CD34 and CD45 (Figure 2F).
3.2 Characterization of the Demineralized Cortical Bone Matrix Scaffold
3.2.1 Histological Evaluation of the Demineralized Cortical Bone Matrix Scaffold
HE staining showed no cell residues in the DCBM scaffold, and a large number of round or oval pore-like structures were retained in the material, mainly composed of hollows after decalcification and decellularization (Figure 3A). Masson staining showed similar collagen structure, void structure and distribution. The blue reaction mainly localized to the osteoid tissue and collagen fibers, and the red for lamellar bone formation (Figure 3B).
[image: Figure 3]FIGURE 3 | Characterization of DCBM. (A) HE staining showed no cells residual; (B) MASSON staining showed the fiber distribution of DCBM; (C) surface ultrastructure and (D) enlarge view of DCBM; (E) cross-section ultrastructure and (F) enlarge view of DCBM; (G) change of DNA content in DCBM after decellularization; (H) comparison of tensile modulus of DCBM scaffold and native meniscus. *p < 0.05.
3.2.2 Microstructure of the Demineralized Cortical Bone Matrix Scaffold
SEM scanning results showed that the surface of the DCBM scaffold is smooth (Figure 3C) with a few pores (Figure 3D), while the section of it is rough (Figure 3E) and full of pores (Figure 3F).
3.2.3 Change of DNA Content After Decellularization
After decellularization, the DNA content of DCBM scaffold was 34.48 ± 12.14 ng/mg, which was significantly lower than before (200.75 ± 34.47 ng/mg) (p < 0.05) (Figure 3G).
3.2.4 Biomechanical Property of the Demineralized Cortical Bone Matrix Scaffold
The tensile test results showed that the tensile modulus of DCBM was 259.41 ± 90.88 MPa, while the tensile modulus of rabbit meniscus was 321.62 ± 89.09 MPa. The tensile modulus of DCBM scaffold was slightly lower than that of the rabbit meniscus; however, the difference is not statistically significant (p > 0.05) (Figure 3H).
3.3 The Interaction of Peripheral Blood-Derived Mesenchymal Stem Cells and Demineralized Cortical Bone Matrix
3.3.1 Cytotoxicity of the Demineralized Cortical Bone Matrix Scaffold
The cell viability of the two groups evaluated by CCK-8 increased with time on the first 5 days. On the 6th to 7th days, cell proliferation entered a plateau phase. Compared with the normal medium group, the DCBM extract group showed similar cell viability at every assessing timepoint (Figure 4A).
[image: Figure 4]FIGURE 4 | Interaction of PBMSCs and DCBM. (A) comparison of cell proliferation ability in DCBM extract group and control group; (B) Live/Dead staining analysis of PBMSCs seeded on DCBM. Green represented live cells while red represented dead cells. White arrow pointed the dead cells. Scale bar: 500 μm; the surface ultrastructure of DCBM scaffolds seeded with PBMSCs in (C) 1st, (D) 2nd and (E) 3rd day; (F) remaining area at different time points after scratching; (G) quantitative analysis of remaining area from different groups. *p < 0.05.
3.3.2 Cytocompatibility of the Demineralized Cortical Bone Matrix Scaffold
The live/dead staining showed PBMSCs could adhere to the surface of the scaffold well, indicating good cell viability. Over time, the number of living cells has increased significantly. From 1st day to 3rd day, only a few dead cells were seen on the scaffold (Figure 4B).
3.3.3 Adhesion of Peripheral Blood-Derived Mesenchymal Stem Cells
The SEM results confirmed the live/dead staining results. On 1st day, a few cells can spread and adhere to the surface of the scaffold (Figure 4C). On 2nd day, the cells on the surface of the scaffold increase significantly (Figure 4D). On 3rd day, layers of PBMSCs were on the surface of the scaffold (Figure 4E).
3.3.4 Migration of Peripheral Blood-Derived Mesenchymal Stem Cells
Migration occurred in all three groups and the remaining scratch area was marked and calculated (Figure 4F). The migration speed of PBMSCs in the extract + TGF-β3 group was significantly faster than in the extract and control groups. At 24 h after the scratch, the area difference was statistically significant (p < 0.05). The left 2 groups showed no significant difference at each time point (p > 0.05) (Figure 4G). The results showed that the extract did not influence the migration of PBMSCs while the TGF-β3 promoted it.
3.3.5 Chondrogenic Differentiation of Peripheral Blood-Derived Mesenchymal Stem Cells on Scaffold
3.3.5.1 Evaluation of Glycosaminoglycan Content on Scaffold
The content of GAG secreted by PBMSCs in the DCBM + TGF-β3 group was higher than that in the control group at every time point (all p < 0.05), while the GAG secreted by PBMSCs on the scaffold of the DCBM group was higher than that of the control group only on 14th day (p < 0.05) (Figure 5A).
[image: Figure 5]FIGURE 5 | Evaluation of differentiation capacity of PBMSCs on DCBM. (A) comparison of GAG production of different groups; real-time PCR analysis of genes expression of (B) SOX 9, (C) Aggrecan, (D) collagen Ⅰ, (E) collagen Ⅱ and (F) collagen Ⅲ of the PBMSCs seeded on DCBM. *p < 0.05, **p < 0.01.
3.3.5.2 Evaluation of Cartilage-Related Gene Expression
As for SOX 9, the expression level in the DCBM + PBMSCs + TGF-β3 group was significantly higher than that in the control group on the 7th day (p < 0.05). On the 14th day, the expression of SOX 9 was higher than that in the DCBM + PBMSCs group (p < 0.05) and control group (p < 0.05) (Figure 5B).
The expression level of aggrecan showed that the DCBM + PBMSCs + TGF-β3 group had a higher expression level than DCBM + PBMSCs group (p < 0.05) and control group (p < 0.05), on 3rd, 7th, and 14th day. DCBM + PBMSCs group had a higher expression level than control group on 3rd, 7th, and 14th day (p < 0.05) (Figure 5C).
On 7th day, the expression of COL Ⅰ in the DCBM + PBMSCs + TGF-β3 group was higher than that in the control group (p < 0.05), and the expression of COL Ⅰ in the DCBM + PBMSCs group was higher than that in the control group (p < 0.05), too. On 14th day, the expression of COL Ⅰ in the DCBM + PBMSCs + TGF-β3 group was higher than that in the DCBM + PBMSCs group (p < 0.05) and the control group (p < 0.05), while the expression of COL Ⅰ in the DCBM + PBMSCs group was higher than that in the control group (p < 0.05) (Figure 5D).
As for COL Ⅱ, the expression level in the DCBM + PBMSCs + TGF-β3 group was higher than that in the DCBM + PBMSCs group (p < 0.05) and the control group (p < 0.05), on 7th and 14th day (Figure 5E).
Ad for COL Ⅲ, the DCBM + PBMSCs + TGF-β3 group showed a higher expression than the DCBM + PBMSCs group (p < 0.05) and the control group (p < 0.05) only on the 7th day (Figure 5F).
3.4 In Vivo Experiment
3.4.1 Macroscopic Observations of Meniscus and Cartilage
At 12 weeks after the operation, the synovial limbus of the meniscus in the DCBM + PBMSCs group was closely connected with the joint capsule and the articular cartilage surface of the femoral condyle and the tibial plateau was smooth. So were the meniscus in the DCBM and sham operation groups. There was no obvious new tissue formation of the meniscus in the control group, and the cartilage surface of the femoral condyle and the tibial plateau was not smooth, with visible abrasion.
At 24 weeks after the operation, the new meniscus tissue in the DCBM + PBMSCs group was mature and similar to the normal meniscus. The synovial limbus was tightly connected with the joint capsule, the articular cartilage of the femoral condyle and tibial plateau was slightly torn, and no obvious osteophytes were found. In the DCBM group, the meniscus was closely connected with the joint capsule, the cartilage surface of the femoral condyle and the tibial plateau was not smooth, and a small amount of osteophyte was formed on edge. The meniscus in the sham operation group was normal meniscus shape, and the articular surfaces of the femur and tibia were normal. No new meniscus tissue was observed in the control group, and the cartilage surface of the femoral condyle and the tibial plateau was rough, with severe wear and obvious osteophytes (Figure 6A).
[image: Figure 6]FIGURE 6 | (A) Macroscopic observations and quantitative evaluation of (B) meniscus and (C) cartilage at 12 and 24 weeks postoperatively. Black arrow showed the DCBM + PBMSCs group gained mature meniscus which was similar to normal meniscus after 24 weeks. Red arrow showed smooth articular surface. Scale bar = 200 μm, *p < 0.05, **p < 0.01.
Quantitative evaluation of meniscus showed that at 12 weeks, the general meniscus score of the DCBM + PBMSCs group was 21.50 ± 1.66, while the score of the DCBM group was 22.13 ± 1.69. There was no statistically significant difference between the two groups (p > 0.05). However, scores of DCBM + PBMSCs and DCBM group were higher than those of the sham operation group (p < 0.05), indicating that at 12 weeks, the difference between the newly formed meniscus and the normal meniscus still existed. At 24 weeks, the scores in the DCBM + PBMSCs group and the DCBM group were 15.50 ± 1.66 and 18.13 ± 1.69, respectively. The scores of the DCBM + PBMSCs group were significantly lower than those of the DCBM group (p < 0.05), indicating that the newly formed meniscus in the DCBM + PBMSCs group had a better condition than that in the DCBM group (Figure 6B).
The overall ICRS scores showed that at 12 and 24 weeks after the operation, the scores in the DCBM + PBMSCs group and the DCBM group were lower than that of the control group (p < 0.05), but higher than that of the sham operation group (p < 0.05). At each time point, the DCBM + PBMSCs group had a lower score than the DCBM group (p < 0.05) (Figure 6C).
These results indicated that DCBM augmented with PBMSCs had a better meniscus repair and cartilage protection effect.
3.4.2 Histological Evaluation of Meniscus
The HE staining of meniscus showed a small amount of chondroid-like cells in the DCBM + PBMSCs group and the DCBM group at 12 weeks after the operation, but the new collagen fibers were in a mess distribution. At 24 weeks after the operation, the meniscus fibrocartilage-like structure was formed in the DCBM + PBMSCs group, and its morphology was more similar to the native meniscus than the DCBM group.
Toluidine blue staining showed that at 12 weeks after the operation, the newly formed tissue in the DCBM + PBMSCs group was lightly colored, with no obvious difference between the medial and lateral parts. So was the DCBM group. At 24 weeks after the operation, the medial part of the tissue was stained deeply, as well as many cartilage lacuna structures were seen in the DCBM + PBMSCs group. The regional metachromaticity of the staining indicated that more cartilage-specific matrix GAGs were secreted medially. However, similar results did not appear in the DCBM group.
Immunohistochemistry of collagen I and II showed that at 12 weeks after the operation, collagen I in the DCBM + PBMSCs group and DCBM were strongly positive, and the expression of collagen II was only positive in the medial part. At 24 weeks after the operation, collagen I staining in the DCBM + PBMSCs group showed that the lateral side of the meniscus was strongly positive and the medial side was weakly positive. A similar result was not obvious in the DCBM group. The expression of collagen II in the medial part of the meniscus was stronger in the DCBM + PBMSCs group than in the DCBM group, and the expression of collagen II in the lateral part was negative in both groups.
The results of Sirius red staining showed that at 12 weeks after the operation, strong red or yellow refraction (collagen I fibers) and a small amount of green refraction (collagen III fibers) were seen in the newly formed meniscus in the DCBM + PBMSCs group. The DCBM group showed strong red refraction (collagen I fibers). At 24 weeks after the operation, the DCBM + PBMSCs group showed stronger refraction and the distribution of collagen fibers was similar to that of the normal meniscus. The DCBM group showed moderate-strength collagen I fibers refraction, while the distribution of collagen fibers was different from the fibrous arrangement of the normal meniscus (Figure 7A).
[image: Figure 7]FIGURE 7 | (A) Histological staining and (B) quantitative analysis of regenerated meniscus. Scale bars = 100 μm, *p < 0.05, **p < 0.01, #vs. results in 12 weeks p < 0.01.
The Ishida score showed that the repair of meniscus in the DCBM + PBMSCs group was better than that in the DCBM group in both 12 (p < 0.05) and 24 weeks (p < 0.05). In addition, in both groups, the repair effect was better in 24 weeks than 12 weeks (p < 0.05). Ishida score in DCBM + PBMSCs group had no statistic difference with sham-opperated group in 24 weeks (Figure 7B).
3.4.3 Histological Evaluation of Cartilage
HE staining of cartilage showed that there was no obvious cartilage degeneration at 12 weeks after the operation in the sham-operated group, the DCBM + PBMSCs group, and the DCBM group. In the DCBM group, a small number of chondrocytes were enlarged in morphology. In the meniscectomy group, the cartilage degenerated slightly, and the cartilage surface was uneven and cracked. At 24 weeks after the operation, the cartilage structure and cartilage thickness in the DCBM + PBMSCs group were nearly the same as those in the sham-operated group. The cartilage in the DCBM group and the meniscectomy group had different degrees of degeneration.
The results of toluidine blue staining showed that the DCBM + PBMSCs group and DCBM group were similar to the sham operation group at 12 weeks after the operation. The staining of the cartilage surface in the meniscectomy group became lighter, indicating that the cartilage matrix was damaged. At 24 weeks after the operation, the surface of the cartilage in the DCBM + PBMSCs group was slightly lighter, and the coloration of the cartilage in the DCBM group was significantly lighter.
The results of collagen Ⅱ staining showed that at 12 weeks after the operation, only the positive staining in the control group was unevenly distributed, and the surface layer was weakly positive. At 24 weeks after surgery, the results of the DCBM + PBMSCs group were similar to the sham-operated group, and both were uniformly positive. Cartilage in the DCBM group showed weak positivity with uneven distribution. The meniscectomy group had a negative result, and the articular cartilage thickness was significantly reduced (Figure 8A).
[image: Figure 8]FIGURE 8 | (A) Histological staining and (B) mankin score of articular cartilage. Scale bars = 100 μm, *p < 0.05, **p < 0.01.
The Mankin score of cartilage histology results also showed that on 12 and 24 weeks after the operation, the femoral and tibia cartilage degeneration in the DCBM + PBMSCs group was more serious than that in the sham operation group (p < 0.05). However, it was significantly better than that in control group (p < 0.05) and DCBM group (p < 0.05).
4 DISCUSSION
Given the limited treatment method of the meniscus, the difficulty in collecting seed cells and unsatisfied characteristics of DBM, the present study aimed to use DCBM augmented with PBMSCs to repair the injured meniscus.
The present study extracted and identified rabbit PBMSCs. Similar to our previous study in which PBMSCs were used to repair bone and cartilage, according to the positive results of histological staining, PBMSCs were proved to possess the tri-lineage differentiation ability (Fu et al., 2014; Fu et al., 2015). Combined with the results of culture and flow cytometry, according to the identify criteria of the International Society for Cellular Therapy, the cells were proved to be PBMSCs(Dominici et al., 2006).
Seed cells play an important role in tissue engineering the meniscus. In some previous studies, engineering meniscus, embryonic stem cells, BMSCs, SMSCs, and MFCs have been used and achieved some treatment effects (Baker et al., 2009; Shen et al., 2013; Ozeki et al., 2015; Yuan et al., 2017; Zhang et al., 2017). As the functional cells of the meniscus, MFCs can produce specific ECM without induction, thus are considered the optimal choice in tissue engineering meniscus (Fox et al., 2015). However, poor sources limit its application. Stem cells have a wide range of sources, which overcomes the shortcomings of MFCs to some degree. The strong proliferation and multi-directional differentiation ability also contribute to MSCs becoming the most suitable seed cells, of which BMSCs, ADSCs and SMSCs were mostly used. However, the above-mentioned MSCs faced the shortcomings of traumatic extraction methods, the need for anesthesia, and the difficulty of repeated access (De Bari et al., 2001; Shirasawa et al., 2006; Nerurkar et al., 2011). Compared to them, PBMSCs were easy to collect. As a type of MSC, PBMSCs were able to differentiate and afford the function of seed cells. Therefore, it was selected as the seed cells to repair the meniscus in the present study.
Natural materials or ECM components have good biological activity, high biomimetic properties, and good biocompatibility and are widely used in tissues or organs in tissue engineering (Chen et al., 2017; Ruprecht et al., 2019; Stein et al., 2019). Demineralized bone matrix (DBM), as a natural tissue-derived scaffold material, is widely used in bone tissue engineering (Zhang et al., 2019; Cho et al., 2020). In recent years, studies have also been using DBM for soft tissue repair (Yamada, 2004). There have been studies using the allogeneic decalcified cancellous bone matrix as a scaffold material to repair the meniscus, but the cancellous bone has the disadvantages of weak biomechanical strength and difficult fixation (Arnoczky et al., 2010). Compared to decalcified cancellous, DCBM possess superior biomechanics. Therefore, the present study used DCBM as the scaffold material for tissue engineering meniscus. Moreover, the compression modulus, which was not inferior to the native meniscus supported DCBM as a scaffold for meniscal repair.
The histological staining and DNA content test showed that we effectively removed the cellular components, as well as reduced the DNA content of the cortical bone. The cells or cell fragments in the scaffold may induce an immune response, aggravate the inflammatory response, cause severe pain, and slow down the process of repair (Zheng et al., 2005; Dong et al., 2015). In addition, excessive DNA content in the material can also cause an immune response in the body; thus, the degradation rate of the stent material is accelerated, which increases the failure rate of the stent material. Studies have found that when the DNA content in the material is less than 50 ng/mg, or the DNA fragment is less than 200 bp, it can greatly reduce the immune response and promote the tissue remodeling of the scaffold at the appropriate site. In other words, a decellularization procedure is necessary and can effectively reduce or remove the immunogenicity of natural tissue scaffold materials (Branch, 2011). In this experiment, the HE staining confirmed almost no residual cells in the decellularized DCBM. Moreover, after DNase and RNase treatment, the DNA content measurement results of the material showed that the DNA content in the DCBM scaffold material is less than 50 ng/mg, which met the requirements.
After demonstrating the absence of cytotoxicity of DCBM by CCK8, live-dead staining and scanning electron microscopy, we further evaluated the chondrogenic capacity of PBMSCs on the material. As one of the most famous chondrogenesis-promoting cytokines, TGF-β3 was chosen to induce the chondrogenesis of PBMSCs(Janssen et al., 2019; Hashemibeni et al., 2021). GAG assay results on the 14th day showed that PBMSCs in the PBMSCs + DCBM + TGF-β3 group secreted most GAGs among 3 groups, and PBMSCs + DCBM had a better result than control. The results confirmed the effect of TGF-β3 and indicated that DCBM might have the chondrogenesis-inducing ability. However, whether the chondrogenesis-inducing ability of DCBM is effective or not in vivo is to be confirmed.
In order to verify the effect of DCBM scaffold materials on chondrocytes differentiation in gene level, the present study evaluated the expression of SOX9, ACAN, COL I, COL II, and COL III. The results showed that the DCBM + PBMSCs + TGF-β3 group promoted the expression of fibrocartilage-related genes SOX 9, ACAN, COL Ⅰ, and COL Ⅱ to varying degrees. Among these genes, the expression of SOX 9 is the strongest indicator of cartilage formation. SOX 9 is a key transcription factor that plays a role in differentiating PBMSCs into fibrochondrocytes (Liang et al., 2018). Therefore, we chose SOX 9 as a marker for stem cell chondrogenic differentiation in this experiment. The expression of SOX 9 in the DCBM + PBMSCs + TGF-β3 group was 2.1 and 3.9 times higher than that of the control group at 7 and 14 days, respectively. Moreover, there was no significant difference in SOX 9 expression between the DCBM + PBMSCs group and the control group, which indicated that the scaffold was difficult to induce the differentiation of PBMSCs into chondrocytes. However, the addition of TGF-β3 promotes the differentiation of PBMSCs into cartilage. It is well known that TGF-β stimulates MSCs cartilage formation promotes mesenchymal coagulation and enhances the production of cartilage ECM (Wang et al., 2014). Among them, TGF-β3 is one of the main signal cascades for chondrogenic differentiation, which can enhance chondrocytes as well as meniscus cartilage formation (van der Kraan, 2017). The expression of gene ACAN showed that the expression of ACAN was higher than the other two groups on 3, 7 and 14 days (p < 0.05), and the DCBM + PBMSCs group was also higher than the control group (p < 0.05), but the expression did not increase with time. Consistent with previous reports, the presence of TGF-β3 significantly promotes stem cell ACAN expression. As the main component of the extracellular matrix of chondrocytes, the expression of ACAN is related to the accumulation of cartilage-like substances (Ozeki et al., 2021). As for the gene COL Ⅰ, the expression of COL Ⅰ in the DCBM + PBMSCs + TGF-β3 group was higher than the other two groups on the 7th and 14th day (p < 0.05), and the DCBM + PBMSCs group was also higher than the control group (p < 0.05). Since DCBM itself is mainly type I collagen, it promotes the expression of COL I to a certain extent, and the microenvironment of the scaffold is suitable for meniscus regeneration. The expression level of gene COL Ⅱ at 7 and 14 days was higher than that of the other two groups (p < 0.05), but there was no statistical significance between the DCBM group and the control group (p > 0.05). Compared with the control group, the DCBM scaffold group promoted the expression of genes ACAN and COL I, but did not significantly promote the expression of COL II and COL Ⅲ, indicating that the DCBM scaffold material alone has limited fibrocartilage induction. Moreover, the expression of COL Ⅲ in DCBM + PBMSCs + TGF-β3 was higher than the other two groups only on the 7th day (p < 0.05), as time went by, it also rose first then fell. The study of Wang et al. (2020) showed that type III collagen has a potential regulatory role in the early stages of type II collagen fiber formation and chondrocyte mechanical transduction (Wang et al., 2020). This experiment shows that under the stimulation of TGF-β3, the early expression of the gene COL Ⅲ is promoted to a certain extent.
The in vivo study confirmed the in vitro study that PBMSCs/DCBM scaffold pretreated with TGF-β3 could repair the meniscus injury. In addition, the repaired group possessed a better outcome in the cartilage of the femur and tibia than a control group, which indicated PBMSCs/DCBM could protect the cartilage and relieve osteoarthritis. Some previous studies have also come up with results on this topic. A recent study indicated that the PCL/SF/Gel/AA composite scaffolds seeded with allogeneic ASCs could successfully improve meniscus healing in damaged rabbits (Abpeikar et al., 2021). However, synthetic materials risk degradation-related toxicity, stress shielding, changes in cellular phenotype, and tissue remodeling (Lee et al., 2017). Moreover, the limited follow-up time and lack of histological studies were less persuasive. Another study used PBMSCs with a polyurethane scaffold to repair a meniscus tear and found PBMSCs did not show any advantage in protecting articular cartilage over acellular scaffolds (Olivos-Meza et al., 2021). However, the clinical study only used MRI as the primary assessment, and the small number of patients, lack of randomization and deficiency of histologic examination also made them less persuasive. In addition, though there are clinical studies in treating meniscus injury with PBMSCs, few basic studies use PBMSCs.
5 CONCLUSION
The DCBM scaffold has excellent biomechanical properties and cell compatibility and is a reliable tissue engineering meniscus material. In the meniscus reconstruction, PBMSCs can differentiate and assume the function of seed cells. The DCBM/PBMSCs complex pretreated with TGF-β3 can better promote the repair and regeneration of the rabbit meniscus, protect the cartilage of the knee joint, and slow down the process of joint degeneration.
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Tremendous advances in tissue engineering and regenerative medicine have revealed the potential of fabricating biomaterials to solve the dilemma of bone and articular defects by promoting osteochondral and cartilage regeneration. Three-dimensional (3D) bioprinting is an innovative fabrication technology to precisely distribute the cell-laden bioink for the construction of artificial tissues, demonstrating great prospect in bone and joint construction areas. With well controllable printability, biocompatibility, biodegradability, and mechanical properties, hydrogels have been emerging as an attractive 3D bioprinting material, which provides a favorable biomimetic microenvironment for cell adhesion, orientation, migration, proliferation, and differentiation. Stem cell-based therapy has been known as a promising approach in regenerative medicine; however, limitations arise from the uncontrollable proliferation, migration, and differentiation of the stem cells and fortunately could be improved after stem cells were encapsulated in the hydrogel. In this review, our focus was centered on the characterization and application of stem cell-laden hydrogel-based 3D bioprinting for bone and cartilage tissue engineering. We not only highlighted the effect of various kinds of hydrogels, stem cells, inorganic particles, and growth factors on chondrogenesis and osteogenesis but also outlined the relationship between biophysical properties like biocompatibility, biodegradability, osteoinductivity, and the regeneration of bone and cartilage. This study was invented to discuss the challenge we have been encountering, the recent progress we have achieved, and the future perspective we have proposed for in this field.
Keywords: stem cell, hydrogel, 3D bioprinting, bone, cartilage
1 INTRODUCTION
Bone and cartilage defects, a worldwide health problem leaving heavy social and family burdens, originate from diverse causes like trauma, degenerative diseases, congenital defects, tumor, and infection (osteomyelitis) (Qasim et al., 2019). More than 900 million reconstructive surgery operations are performed annually in response to all these leading causes of bone defects, far more than originally thought (Grasman et al., 2015). Bone and cartilage are two essential components of the body’s skeletal system, with the self-repair property under internal and external stimulation. But the self-remodeling process could only meet the demand of adapting to the body burden and repairing old micro-damaged tissues. Moreover, the solutions to repair bone defects including orthopedic procedures (bone grafts or substitute surgery) and medication (Gage et al., 20132018) could not implement successfully for bone and cartilage reconstruction. Therefore, the need of bone and cartilage reconstruction has assigned an extremely great market value to bone grafts and related materials (Zhang et al., 2018), while the liberalization for these orthopedic procedures must be achieved. In this case, the engineering of soft and hard tissues for the repair of bone and cartilage tissues has emerged as a trend that occupied a key factor to boost the market value (Pereira et al., 2018).
Three-dimensional (3D) printing was first introduced by Hull and Warfel (1986). As he described, thin layers of a material could be cured with ultraviolet light and then be printed in layers to form a solid 3D structure. Nowadays, it has been considered as a scientific hot button in the tissue engineering and biomedical field (Jain et al., 2019). Three-dimensional bioprinting is an evolutionary form of tissue engineering, which allows many cells and biomaterials to be dispensed with micrometer precision (Murphy and Atala, 2014; Moroni et al., 2018). Various 3D bioprinting technologies have been reported for the fabrication of different kinds of biological structures such as blood vessels, liver, bone, and heart (Zhu et al., 2016). Especially, scientists have produced promising prototypes of the clinically and mechanically robust bone with a functional bone marrow (Zhang et al., 2019a). Therefore, 3D bioprinting technology for bone and cartilage tissue engineering has evolved into the most promising therapeutic strategy the reconstruction (Qasim et al., 2019; Ashammakhi et al., 2019; Daly et al., 2017; Huang et al., 2019) (Figure 1). Three-dimensional bioprinting refers to using hydrogels to create complex constructs in a rapid and customizable manner, which has the capability of controlling cell distribution, high-resolution cell deposition, scalability, and cost-effectiveness. More importantly, the elements for 3D bioprinting should be characterized with low viscosity, porous, nontoxic, biodegradable, biocompatible, and promoting cell differentiation and tissue regeneration (Polo-Corrales et al., 2014; Tao et al., 2020). Hydrogels play the most essential role in 3D bioprinting because they could not only be elaborately functionalized or modified to replicate the physicochemical properties of multiple tissues (Gaharwar et al., 2014) but also provide a 3D environment similar to that of the native extracellular matrix (ECM) and deliver biological molecules like growth factors, drugs, and cells (Hayashi et al., 2009; Askari et al., 2021). Hydrogels can be composed of natural polymers and synthetic polymers. Alginate, agarose, hyaluronic acid (HA), collagen, and fibroin are representative examples for the former group, and poly(ethylene glycol) (PEG), polymer oligo(poly(ethylene glycol) fumarate) (OPF), and polyvinyl alcohol (PVA) are some salient materials for the latter group (Park et al., 2004; Mauck et al., 2006; Yamaoka et al., 2006; Markstedt et al., 2015; Hong et al., 2020; Wu et al., 2020; Zhao et al., 2020; Lamparelli et al., 2021; Liu et al., 2021). An ideal hydrogel network for bone and cartilage engineering should support cell growth/proliferation, maintain phenotypes of chondrocytes/osteoblasts, and promote chondrogenic/osteogenic differentiation of stem cells for recapitulation of the osteochondral interface or cartilage tissues (Yang et al., 2017). Bioprinted cells are crucial for correct functioning of the fabricated construct. More importantly, the cell type and the number are key important factors in bioprinting. Stem cells are a promising cell type because of their ability to proliferate in an undifferentiated but a multipotent state (self-renewal) and their capability to generate multiple functional tissue-specific cell phenotypes (Rastogi and Kandasubramanian, 2019). Modified hydrogels could mimic the microenvironment to guide the differentiation and maturation of stem cells into functional tissue constructs, which have great potential to challenge the regeneration of bone and cartilage defects by promoting osteogenesis and chondrogenesis (Xu et al., 2019a). The most commonly studied stem cells include mesenchymal stem cells (MSCs), induced pluripotent stem cells, embryonic stem cells (ESCs), and peripheral blood mononuclear cells (PBMCs) (Xu et al., 2019a; Antich et al., 2020; Guo et al., 2020; Fryhofer et al., 2021). Levato R et al. obtained MSC-laden polylactic acid microcarriers via static culture or spinner flask expansion and encapsulating MSCs in gelatin methacrylamide–gellan gum bioinks. This bioprinting approach could not only enhance the stiffness of the hydrogel constructs but also promote cell adhesion, osteogenic differentiation, and bone matrix deposition by MSCs (Levato et al., 2014). Thus, stem cell-laden hydrogel-based 3D bioprinting is a remarkable system to provide promising therapeutic strategies for bone and cartilage reconstruction.
[image: Figure 1]FIGURE 1 | Schematic illustration of 3D bioprinting of hydrogels scaffold for repair of bone and cartilage defect. Pre-processing: prepare a mixture using hydrogel, stem cells, and growth factors; bioprinting: successful 3D bioprinting of biomaterials with physiological cell density in a designed way; post-processing: crosslinking of bioprinted constructs by UV-ray.
Unlike conventional 3D printing techniques that have been used to print temporary cell-free scaffolds for use in surgery, 3D bioprinting is a relatively new technology compatible with depositing living cells. Three-dimensional bioprinting is being developed not only for transplantation but also for use in drug discovery, analysis of chemical, biological and toxicological agents, and basic research. Nowadays, this platform has been applied to bone and cartilage tissue engineering and is expected to solve the problematic issues and help to meet the future demands of cartilage and bone tissue repair. This review focused on the characterization and application of stem cell-laden hydrogel-based 3D bioprinting for bone and cartilage tissue engineering. We first introduce the current prevailing 3D bioprinting materials, techniques, and main process. Then, emphasis is put on the process and application of different subtypes of hydrogel scaffolds with various stem cells or growth factors in repairing bone and cartilage defects. Then we specifically summarize the cellular and molecular mechanisms of osteogenesis/chondrogenesis in bone and cartilage repairing. Finally, we discussed the challenges we are encountering and proposed some advice and prospects on improving the stem cell-laden hydrogel system for the field of bone and cartilage tissue bioprinting.
2 Strategy of Fabrication of Stem Cell-Laden Hydrogel-Based 3D Bioprinting
2.1 Materials for 3D Bioprinting
The “raw materials” of bioprinting are formulations of printable biomaterials known as “bioinks” (Barrs et al., 2020). Hydrogels present immense superiority in tissue engineering and have emerged as the most common biomaterials used for 3D bioprinting. In 1954, Wichterle and Lim synthesized the first hydrogel (Ruiz et al., 2008). Nowadays, the most widely used definition for hydrogel is “hydrogel is a water-swollen and cross-linked polymeric network, produced by the simple reaction of one or more monomer/polymer/cross-linker units.” They possess a highly hydrated polymeric structure, which can be easily modified in response to various physical and biological stimuli such as temperature, light, pH, ions, and other biochemical signals (Xu et al., 2008; Gaharwar et al., 2014). As aforementioned, hydrogels can be further categorized as natural or synthetic, depending on their source. Naturally derived hydrogels originate from a biological source, with the advantage of inherent bioactivity. Generally, researchers show a preference for natural hydrogels in bone and cartilage tissue engineering because of their incomparable properties of biocompatibility, the biodegradability of hydrogel that is similar to the native bone or cartilage. Synthetic hydrogels are based on hydrated networks of polymers synthesized using chemical methods (Qin et al., 2018). Synthetic hydrogels are favored for their user-defined functionalities because they can be tailored with specific chemical and physical properties to meet the specific application requirement. Cross-linking is a key procedure in controlling these properties of the printed constructs, and various cross-linking methods have been applied for 3D bioprinting of hydrogels, such as covalent bonding, photopolymerization, thermo-gelation, cryo-gelation, and other noncovalent bonding (Huang et al., 2017). However, challenges in the use of synthetic hydrogels include poor biocompatibility, toxic degradation products, and loss of mechanical properties during degradation. Synthetic hydrogels are attractive for 3D bioprinting due to the ease of controlling their physicochemical properties during synthesis.
A wide range of hydrogels possess relevant properties and superiorities in different tissue engineering applications. Moreover, an ideal hydrogel should have proper biocompatibility, mechanical, rheological, biological, and chemical characteristics (Lee et al., 2015) because they act as a structural scaffold and provide a microenvironment for encapsulated cells (Khetan et al., 2013; Gjorevski et al., 2016). First, biocompatibility refers to the coexistence of the transplant and endogenous tissues, which is a basic design parameter for bioprinted tissues (Yilmaz et al., 2019). In addition, the hydrogel scaffold should be mechanically strong to create an environment that is compatible with cellular activities, such as cell viability, migration, and proliferation. Specially, it is important for bone and cartilage tissue engineering because these tissues mainly rely on the mechanical properties to provide solid physical support. These mechanical properties include strain, shear stress, compressive modulus, and mass swelling ratio. Moreover, scientists have made great effort to strengthen the mechanical properties of the hydrogel scaffold. For example, hydroxyapatite and graphene oxide were used to provide adequate mechanical properties for bone regeneration (Sivashankari and Prabaharan, 2020). Rheological character is the flow properties of materials under external forces, which is essential for fidelity and cell viability (Knowlton et al., 2018). Biological and chemical characteristics refer the tissue-specific modification of the printed scaffolds, which are crucial because they are related to cell growth, differentiation, and organization by direct contact. Moreover, osteoconduction for scaffold and osteoinduction for bioinks are important in bone and cartilages tissue engineering.
The choice of cells is crucial for the correct functioning of bioprinted construct. Current options for 3D bioprinting cells involve either the deposition of multiple primary cell types into patterns that represent the native tissue or printing stem cells that can proliferate and differentiate into required cell types. Stem cells are widely used because they may enhance the imitation ability of materials secondary to their unique features such as their paracrine activity and the immune-privileged status. Isolated cells can be stabilized by cross-linking during or immediately after the bioprinting process to form the final structure of the intended construct. More importantly, it is well established that the features of materials have a large influence on bioprinted cells, for example, cell attachment, size, shape, proliferation, and differentiation. Maintaining cell viability and bioactivity should be kept in sight to obtain a good biocompatibility for bioprinted constructs. In this regard, scientists have made great effort to decrease the force damages during the printing process and design an ideal scaffold to preserve cell viability. In addition, a variety of growth factors/peptides have been incorporated into bioinks to obtain superior properties for the bioprinted construct.
2.2 Strategies for 3D Bioprinting
Currently, 3D bioprinting techniques could be divided into four main categories: extrusion-based bioprinting, inkjet-based bioprinting, laser-assisted bioprinting, and stereolithography-based bioprinting (Figure 2). Extrusion-based bioprinting (EBB) is the most popular technique to build hydrogel scaffolds, this method uses pneumatic-, piston-, or screw-driven actuators to extrude bioinks through a nozzle onto a printing substrate. Almost all types of hydrogel pre-polymer solutions of varying viscosity as well as aggregates with high cell density can be printed with extrusion bioprinters. One of the advantages of this technique is the high structural integrity because of continuous deposition and a wide range of speed (Skardal and Atala, 2015). In addition, it has a high flexibility and enables the production of 3D bioprinted constructs with high cell density and viability (Ostrovidov et al., 2019). While beneficial, this method is limited by printing resolution, which is about 100 um (Derakhshanfar et al., 2018). Inkjet-based bioprinting consists of the thermal, piezoelectric, electrostatic, acoustic, hydrodynamic, and microvalves mechanisms, using either electrical heating to produce air-piezoelectric-pressure pulses to propel droplets from the nozzle. The drop-by-drop bioink deposition through the nozzle is synchronized with a motorized stage, allowing the fabrication of 3D constructs (Gudapati et al., 2016). The advantages of inkjet-based bioprinting include low cost, high printing speed, and high cell viability. However, it usually requires low viscosity (<10 mPa s) for bioinks (Matai et al., 2020). Laser-assisted printing is a platform that forces bioinks onto a collector substrate with pressures generated by lasers focused on an absorbing substrate (Murphy and Atala, 2014). It is a costly and fast printing technique, and it can achieve high cell viability. It allows high precision in bioink deposition; however, it has more requirements, such as rapid gelation kinetics and relatively low flow rates. Stereolithography-based bioprinting is based on light to selectively solidify bioinks in a layer-by-layer process that additively builds up objects (Moroni et al., 2018). This technology offers superior speed, resolution, scalability, and flexibility for printing a 3D structure with micrometer resolution (Ligon et al., 2017). Importantly, EBB is the most commonly used bioprinting technique in bone and cartilages tissue engineering. For example, biphasic calcium phosphate (BCP) and matrigel/alginate hydrogel composites were synthesized by EBB to induce osteogenesis of incorporated MSCs as an osteoinductive bone filler at the area of bone defects (Fedorovich et al., 2011). In addition, volumetric 3D bioprinting is a light-mediated technique, which enables excellent cell viability, structural fidelity, and tissue maturation potential (Rizzo et al., 2021). It has been reported that volumetric tomographic bioprinting of a bone model could promote osteocytic differentiation, which would be a powerful tool for biofabrication of 3D bone-like tissues (Gehlen et al., 2021).
[image: Figure 2]FIGURE 2 | Schematic images of (A) extrusion-based, (B) inkjet-based, (C) laser-assisted, and (D) stereolithography 3D bioprinting system. (A) Extrusion-based 3D bioprinting: extrusion bioprinters use pneumatics, piston, or screw force to continuously extrude a liquid cell-hydrogel solution. (B) Inkjet-based 3D bioprinting: the printer heads are deformed by a thermal or piezoelectric actuator and squeezed to generate droplets of a controllable size. (C) Laser-assisted 3D bioprinting: laser bioprinters use a laser to vaporize a region in the donor layer (top) forming a bubble that propels a suspended bioink to fall onto the substrate. (D) Stereolithography 3D bioprinting: stereolithographic printers use a digital UV or visible light projector to selectively cross-link bioinks plane-by-plane.
2.3 3D Bioprinting Process
Bioprinters cannot print without instruction. As aforementioned, appropriate bioinks are important for creating bioprinted tissues successfully. In addition, a correct design and planning of printing paths, control the bioprinter and post-printing operations are necessary. The bioprinting process is complex and error-prone; therefore, many researchers have utilized computer-aided design/computer-aided manufacturing technologies to obtain anatomically correct tissues (Jung et al., 2016). Computer-aided design can accelerate the speed of the whole bioprinting process, and computer-aided manufacturing can guarantee the quality of what is printed (Mandrycky et al., 2016).
A fundamental step for the transition to clinical application is the good integration of various bioinks, which mimic the specific geometry of tissues of interest. The general bioprinting process is as follows (Qasim et al., 2019): designers draw the specific design taking into account the function that this structure should have in vivo, different operating temperatures, and appropriate printing times, in which to insert the cells by computer-aided design (Grasman et al., 2015); designers prepare and load appropriate bioinks (Gage et al., 20132018); and the bioprinter builds structures and follows the predesigned path by computer automation systems. Furthermore, post-printing modification is often used to increase or trim the scaffold performance. Such modifications not only improve differentiation and growth of stem cells in vitro but also enhance histocompatibility after transplantation. Therefore, post-printing is important to maintain the bioprinted structures viable. Moreover, some special approaches to fabricate tensegrity structures acting as an external stabilizations system without further process after printing, which can pave the way toward more algorithmic designs of 3D bioprinting (O’Bryan et al., 2017; Lee et al., 2020a; Chiesa et al., 2020).
Three-dimensional bioprinting could combine functions and properties of various hydrogels to generate high-resolution, multi-component living constructs, which developed exciting perspectives in the area of stem cell therapy for tissue engineering (Negro et al., 2018). Three-dimensional bioprinting represents a formidable technology in tissue engineering (Matai et al., 2020). However, a lot of problems and challenges remain to be solved. For instance, the limited materials and printing systems could not meet the stringent demand of hydrogel composite systems. We need to do further research to find an ideal material with high cross-linking efficiency. Moreover, substandard technology would bring out agglomeration of reinforcements inside the hydrogel matrix, resulting in poor performance of the hydrogel composite. Moreover, it becomes more complex to find out the most optimal bioink design in case of 3D bioprinting of bone, as it is a tough task to strike the correct balance between biocompatibility and mechanical strength. Thus, we need to take a greater effort to improve 3D printing techniques of hydrogel composites in the aspects of the material design and printing systems.
3 Hydrogel for 3D Bioprinting
As aforementioned, 3D bioprinting of hydrogel has been increasingly applied in tissue engineering and regenerative medicine over the past years (Yue et al., 2015; Naahidi et al., 2017). Moreover, it is a very attractive carrier for encapsulating cells because of the hydrophilic nature with the high water content, heightening the application of stem cell-laden hydrogel in the tissue engineering area (Li and Mooney, 2016). Accordingly, the ideal stem cell-laden hydrogel that is used for 3D bioprinting should possess the following capacity: 1) well printability—the ability to produce the 3D structure scaffold with high shape integrity and fidelity; 2) proper degradability—the scaffold printed and implemented in the bone or cartilage should be degraded in a speed similar to the native extracellular environment; 3) sufficient mechanical property—enough mechanical property can not only support the structure but also enhance cell viability and stimulate the differentiation of stem cells; 4) bioactivation—both in vivo and in vitro bioprinting materials should be nontoxic and no immunogenic effect to boost the cytocompatibility; and 5) differentiation of the encapsulated stem cells—the stem cells that are loaded in hydrogel should undergo osteogenic or chondrogenic differentiation with the stimuli of the mimetic environment, such as the growth factor (Schuurman et al., 2013; Li et al., 2017a; Wang et al., 2018).
However, another two intrinsic features restrict the usage of hydrogel, one is the weak mechanical property, which hampers the shape fidelity of hydrogel and the 3D printing process, the other is the performance of being prone to degradation as a bioink (Jang et al., 2018). To address these issues, the strategies have emerged to reinforce the mechanical property and bioactive feature of the biomaterial. This part overviews the recent progress of the 3D printing scaffold with stem cell-laden as the representative of the polysaccharide-based natural hydrogels (alginate, agarose, and HA) and protein-based natural hydrogels (gelatin, collagen, and silk) (Table 1).
TABLE 1 | Hydrogel, stem cell, growth factor, cross-linking method, and 3D bioprinting method used for CTE and BTE.
[image: Table 1]3.1 Alginate-Based Hydrogel and Their Derivatives
Alginate, a kind of polysaccharide, consists of two different uronic acids that occur naturally in the cell wall of algae and capsule of Azotobacter and Pseudomonas, and therefore can be obtained from brown seaweed and the bacterial ones (Trica et al., 2019; Ahmad Raus et al., 2020). Owing to its promising physiological properties such as biocompatibility, biodegradability, and the capability of forming gel, alginate has been widely applied in various biomedical areas, like wound dressing, drug delivery, and tissue engineering (Reakasame and Boccaccini, 2018; Rastogi and Kandasubramanian, 2019) Supplement with divalent cations such as Ca2+ turns the alginate into an ideal bioink for 3D printing (Song et al., 2011).
Stem cell-laden alginate-based 3D bioprinting structures have been used in different tissues including bones, cartilage, cardiac, and blood vessels (Choe et al., 2019; Chu et al., 2021; De Santis et al., 2021). However, two main disadvantages challenge the development: one is the loss of the shape fidelity and integrity after being printed due to the weak mechanical property and the other is the impairment to the adhesion and proliferation of the stem cell. To address the issues, distinct biomaterials were blended with alginate forming alginate composite to improve the property and meet the requirement of tissue engineering (Venkatesan et al., 2015; Apelgren et al., 2017; Hernández-González et al., 2020).
Compared to the pure alginate hydrogel, mixing type I collagen (COL I) and agarose into alginate could enhance the mechanical strength, while the COL I could also facilitate cell adhesion, proliferation, and expression of cartilage-specific genes (Yang et al., 2018). To improve printability and structural stability, Goeun Choe et al. added the graphene oxide into the alginate as a composite for bioink, revealing that the addition of graphene oxide could enhance printing and structure, viability and proliferation of MSCs, and osteogenic differentiation. As a result, the best balance of alginate and graphene oxide were identified as 3% and 0.5 mg ml−1, respectively (Choe et al., 2019) (Table 2). Similarly, adding graphene oxide into a tailor-made alginate-based hydrogel not only highlighted the shape fidelity and resolution of 3D scaffolds but also induced chondrogenic differentiation of human adipose-derived mesenchymal stem cells (hAD-MSCs) (Olate-Moya et al., 2020). Another attempt was to combine alginate and the decellularized extracellular matrix (dECM) derived from bone tissue of porcine, with an appropriate concentration of dECM; consequently, the printability and viability of hAD-MSCs encapsulated in the scaffold as well as the osteogenic differentiation was greatly improved (Lee et al., 2020b).
TABLE 2 | Characteristics of various hydrogels and applications in CTE and BTE.
[image: Table 2]In addition, supplementation with other material, especially modified alginate might be another selection. The stem cell-laden dual cross-linkable alginate microgels consist of oxidized and methacrylated alginate (OMA) directly assembled into the 3D structure and cryopreserved for long-term storage, while the stem cells could maintain equivalent after recovery compared with the freshly processed stem cells, which has provided a new paradigm for 3D printing (Jeon et al., 2019).
Although the physiology of a weak mechanical property and inferior capability for cell attachment and proliferation has affected the tissue engineering application (Ahmad Raus et al., 2020), several strategies have been explored to improve the embarrassing situation, including 1) supplementing with other materials such as graphene oxide (Li et al., 2020a) and polycaprolactone (PCL) (Critchley et al., 2020); 2) modifying the alginate-based bioink (Ojansivu et al., 2019); and 3) optimizing the fabrication method of stem cell-laden 3D-printed hydrogel (Xu et al., 2019b).
3.2 Agarose-Based Hydrogel and Their Derivatives
Agarose, a sort of natural polysaccharide, is extracted from red algae and composed of alternating β-d-galactopyranosyl and 3,6-anhydro-α-l-galactopyranosyl units (Krömmelbein et al., 2021). Agarose, along with its blend-based hydrogel, has been extensively used in cartilage formation and bone regeneration because of its good biocompatibility and biodegradability (Tabata et al., 2003; Zarrintaj et al., 2018). Moreover, the porous structure, tunable mechanical strength as well as the stiffness of agarose-based hydrogel facilitate the tuning of 3D scaffolds for cell culture, allowing agarose to be a promising cell-laden 3D printing hydrogel (Ulrich et al., 2010; López-Marcial et al., 2018; Salati et al., 2020).
The agarose and alginate hydrogel composites demonstrated similar effects in mechanical and rheological properties compared to pluronic hydrogel, a kind of hydrogel with well-printed capability, but exhibited better cell viability and matrix production during a 28-day culture period (López-Marcial et al., 2018). To address the problem of the dissatisfactory bioink and the limited size of the printed construct, Daniela et al. encapsulated the hMSC and MG-63 cells into agarose hydrogel and submerged in high-density fluorocarbon when printing, manufacturing the stem cell-laden scaffold with variable shapes and sizes, and maintaining viable cells after 21 days culture (Duarte Campos et al., 2013). To balance the contradiction between 3D printability and optimal cytocompatibility, Marius et al. developed a novel blend hydrogel of agarose and Col I with the encapsulation of human umbilical artery smooth muscle cells (HUASMCs), finding the blend hydrogel with a concentration of 0.5% agarose, and 0.2% Col I exhibited better stiffness, printing accuracy, and cell spreading and attachment (Köpf et al., 2016).
By contrast with native agarose, the carboxylated agarose-derived hydrogel has been regarded as a more appropriate stem cell-laden scaffold because of the significant higher human MSC survival rate (95:62%) (Forget et al., 2017). Neha Arya et al. explored that a human articular chondrocyte-laden extrudable carboxylated agarose-derived hydrogel, and discovered that the stiffness of carboxylated agarose-derived hydrogel and integrin-binding peptide sequence (GGGGRGDSP) could affect chondrocyte differentiation, indicating carboxylated agarose served as high suitable bioink in the cartilage area (Arya et al., 2019). To fabricate materials like the osteochondral interface that could imitate anisotropic tissues, Merve Kuzucu et al. worked out an extrusion-based 3D bioprinting platform based on carboxylated agarose hydrogel, and cell centration gradient and the stiffness gradient scaffold could be printed with this bioink (Kuzucu et al., 2021), laying the foundation for the manufacture of tissue with gradients, such as cartilage.
Though agarose-based hydrogel is an ideal cell-laden 3D printing hydrogel, the immigration and differentiation of stem cells encapsulated in agarose-based hydrogel alone is difficult. To address this problem, Daniela et al. added Col I into the agarose hydrogel, and discovered that the addition of collagen I promoted the cell spreading and osteogenic differentiation, and the effect was more obvious with the increase of collagen I in a range (Duarte Campos et al., 2016). Beyond that, mechanical compression might be another selection to induce osteogenesis. Dynamic mechanical compression could induce osteogenic differentiation of human synovium-derived mesenchymal stem cells (SMSCs) encapsulated in agarose and maintain the cartilage phenotype, providing an approach for stem cell-laden hydrogel-based cartilage therapy was found by Ge et al. (2021). Specifically, it is easier for the MSCs seeded in 3D-printed agarose hydrogel to differentiate into hyaline-like cartilage after 28-day culturing, with the presence of the transforming growth factor-beta 3 (TGF-β3), similar to alginate, while the differentiation fate of MSCs in GelMA tended to be fibrocartilage (Daly et al., 2016), providing a reference of bioink selection when printing different cartilaginous tissues.
3.3 Hyaluronic Acid-Based Hydrogel and Their Derivatives
Hyaluronic acid (HA), a high molecular hydrophilic natural glycosaminoglycan, is abundant in the ECM of many tissues, as well as the most abundant component in cartilage (Fraser et al., 1997; Yang et al., 2017). HA exerts its biological functions via antioxidant properties, biocompatibility, the presence of cell receptors, and so on (Nedunchezian et al., 2021). HA can also facilitate cell attachment, migration, and regulate differentiation of MSCs, making HA-based hydrogel a very promising stem cell-laden material for bone tissue engineering (BTE) and cartilage tissue engineering (CTE) (Zhu et al., 2006).
However, the limited viscoelastic properties of natural HA during the bioprinting process precludes its application in the 3D-printed area, while chemical modification such as methacrylate or glycidyl methacrylate makes it suitable for cross-linking, which could meet the requirement of 3D printing. For example, the mechanical stiffness and shape stability of a modified methacrylated HA-based 3D-printed scaffold could be strengthened by photo-cross-linking, evaluated by the assessment of rheology and mechanical tests, and the cell viability of human bone marrow-derived mesenchymal stromal cells incorporated into the modified hydrogel maintained 64.4% after 21-day culturing, while the osteogenesis of human bone marrow-derived mesenchymal stromal cells could be further enhanced (Poldervaart et al., 2017). Given this, researchers applied two approaches to enlarge the usage of HA-based hydrogel and their derivatives, and were applying the cross-linking strategy to increase the mechanical property; the other was integrating biological functions into physical structures by mixture with other modifications or materials.
Swathi Nedunchezian et al. developed a kind of adipose-derived mesenchymal stem cell (AD-MSC)-laden HA hydrogel-based 3D bioprinting applied for chondrogenic engineering by the double cross-linked strategy (Nedunchezian et al., 2021). Specifically, AD-MSC-laden HA was partially cross-linked into HA–biotin–streptavidin (HBS) hydrogel through noncovalent bonding via biotin and streptavidin to enhance the viscoelastic property and shape fidelity, and then the partially cross-linked hydrogel was printed to a 3D scaffold after mixed with sodium alginate and immersed in CaCl2 solution subsequently to heighten the final stability through the second step ion transfer cross-linking. As a result, the AD-MSC-laden HA-based 3D scaffold exhibited improved printability, shape integrity, cell viability, and chondrogenic formation compared to the HA hydrogel. Similarly, allyl-functionalized poly(glycidol)s (P(AGE-co-G)) was added into thiol-functionalized HA as a cytocompatible cross-linker, and the chemical cross-linking could be induced by UV via thiol-ene coupling generated by thiol and allyl groups of the two materials. The hybrid hydrogel loaded with the 3D-printed equine or human bone marrow-derived mesenchymal stem cell (BM-MSC) scaffold demonstrated higher cell viability and promising chondrogenesis after 21 days of observation, tested by live/dead cell staining, safranin-O staining for glycosaminoglycans (GAG) and immunohistochemistry (IHC) for aggrecan, Col I, and type collagen II (Col II) (Stichler et al., 2017). However, Jin-Hyung Shim et al. exploited a novel 3D bioprinting multilayered mechanical stable scaffold via the host–guest chemistry-based strategy according to the two preprocessed hydrogel supramolecular HA and atelocollagen with human turbinate-derived mesenchymal stromal cells (hTMSCs) encapsulated, avoiding the affection to the cell viability of the chemical agent and physical stimulation during cross-linking or the post-printing cross-linking process, and the in vivo study of this hTMSC-laden hydrogel-based 3D-printed multilayered structures for knee articular cartilage injury of rabbits proved it to be an appropriate and promoted approach according to the gross morphology, Hematoxylin and eosin staining (H&E staining), safranin-O staining, and immunohistochemistry for Col II and type collagen X (Col X) (Shim et al., 2016).
Another disadvantage of HA-based hydrogel is the long-term gelation process. In terms of this issue, Jaeyeon Lee et al. produced a hybrid bioink with tyramine-conjugated for improved printability, mechanical integrity, and fast gelation while BMP-7-derived peptides (BMP-7D) and osteopontin immobilized for osteogenesis, with shorter gelation time (<200 s), higher hMSC viability encapsulated in the 3D-printed scaffold (>90%), and favorable osteogenic differentiation (Lee et al., 2018).
3.4 Collagen-Based Hydrogel and Their Derivatives
As the most abundant protein family of the ECM, collagen accounts for two-thirds of the dry mass of adult articular cartilage (Eyre, 2004). Specifically, Col II makes up the most proportion of the articular cartilage and is accompanied by the other minor collagens to provide the tensile strength and physical property of the matrix of the cartilage (Luo et al., 2017), while bone is made of an organic matrix that consists of about 90% of Col I, which contributes to the prominent mechanical properties (Depalle et al., 2021). Both the bone marrow-derived mesenchymal stem cell (BM-MSC)-embedded Col I hydrogel and the blend collagen (Col I/II = 3:1) hydrogel exhibited chondrogenic differentiation; however, the GAG production is higher in the blend collagen hydrogel group, suggesting the enhancement of Col II in the production of GAG in vitro, while histochemical staining demonstrated that the blend collagen hydrogel group manifested a favorable effect of cartilage repair of the defects in the rabbit’s femur after 13 weeks treatment (Kilmer et al., 2020). Compared to MSCs in 2D culture in a collagen hydrogel, the 3D culture exhibited a stronger capability of differentiation of MSCs into osteoblasts both in vitro and in vivo of rat (Naito et al., 2013).
Though stem cells encapsulated in collagen hydrogel are widely used in BTE and CTE, 3D printing of stem cells and collagen remains challenged, whose obstacles rely on stabilizing the soft and dynamic biomaterial, and achieving the shape fidelity of the complex scaffold required the 3D printing process (Lee et al., 2019). Researchers have developed different approaches including additive manufacturing techniques and complex structure design to improve it. To reinforce the support of the scaffold, tricalcium phosphate (TCP)-based bioceramic was added by the additive layer manufacturing technique, both the compressive strength and the compressive modulus increased, forming an ideal scaffold construct (Fahimipour et al., 2019). The water solubility and photochemical cross-linking ability of collagen derivatives were greatly improved after modified with glycidyl methacrylate, demonstrating the advantage of enhancing cell adhesion, proliferation, and promoting osteogenic differentiation of BM-MSCs, and providing another approach to fabricate stem cell-laden collagen 3D bioprinting (Zhang et al., 2019b). The mechanical stiffness and printed constructs could be improved by adding thermo-responsive agarose into Col I while the 3D-printed agarose and collagen blend hydrogels with a high collagen ratio favor the osteogenic differentiation of human bone marrow-derived mesenchymal stem cells (hBM-MSCs) in it, demonstrated by two-photon microscopy, alizarin red staining (ARS), and real-time polymerase chain reaction (RT-PCR) (Duarte Campos et al., 2016). In addition to the mechanical properties, inducing chondrogenesis and osteogenesis has been another challenge in this area. Various studies reported the impact of physical–chemical cues to hydrogel materials on differentiation (Yang et al., 2021), while the effect of 3D scaffold microstructure on stem cell differentiation remains to be seen. Yang et al. designed two BM-MSC-laden collagen hydrogels and named them fibrous network and porous network, respectively, according to the microstructure of collagen, and the fibrous network induced more chondrogenic differentiation of the encapsulated BM-MSCs, revealing that the microstructure of the hydrogel may be a pivotal feature for BM-MSC chondrogenic differentiation (Yang et al., 2019).
Furthermore, collagen can cover the shortage of another kind of materials according to its advantage. For example, as a promising material for bone regeneration, the application of bioactive hydroxyapatite (HAP) was limited by inefficient mineralization, mechanical instability, and incomplete osteointegration, but was greatly improved by the HAP and collagen hybrid fiber hydrogel, promoting the adhesion, proliferation, and osteogenic differentiation of rabbit BM-MSCs in vitro and osteoinductivity and mineralization (Li et al., 2020b).
Collagen hydrogel exhibits unique superiority based on its similarity to the ECM of the native bone and cartilage. Though some disadvantages still exist, different approaches have been developed to address the shortcoming: 1) design and process of the appropriate bioink can be mechanically modified, 2) creation and production of focus on the microstructure of the scaffold, and 3) optimized fabrication method and techniques (Kim and Kim, 2019; Marques et al., 2019).
3.5 Gelatin-Based Hydrogel and Their Derivatives
Gelatin is a hydrolysate of collagen, as well as a major component in most tissues including bone and cartilage (Yue et al., 2015). As a derivative of collagen, gelatin inherits its superior advantages of good biocompatibility, degradability, and bioactivity of collagen as a biomedical scaffold. In addition, the lower immunogenicity and more feasible compatibility by comparison with collagen amplify the application of gelatin-based hydrogel as a cell-laden scaffold (Lien et al., 2009; Yue et al., 2015; Gao et al., 2019). Above all, the sequence arginine–glycine–aspartic among the gelatin could interact with stem cells, hence facilitating cell proliferation, adhesion, and migration (Echave et al., 2017; Bello et al., 2020).
The instability of the physically cross-linked gelatin-based hydrogel precluded its application, while the chemical cross-linking gelatin-based hydrogel demonstrated greater potential despite the inevitable disadvantage of weakness and degradability (Sakai et al., 2009). To make up for the weak strength and rapid degradability of gelatin, silk fibroin was blended in, and the appropriate mechanical and degradable properties could be adjusted by the concentration and ratios of gelatin and silk fibroin to fit in the native cartilage environment (Rodriguez et al., 2017). By comparison, the gelatin–silk fibroin bioink with a ratio of 2:1 was proven to be favorable (Huang et al., 2014). Furthermore, to optimize the function of 3D-printed BM-MSC-laden gelatin–silk fibroin, conjugating the BM-MSC affinity peptide F7 onto the 3D-printed scaffold enhanced the BM-MSC homing in vitro and in vivo, as shown of the predominant chondrogenic differentiation of the encapsulated BM-MSCs of the scaffold (Shi et al., 2017). Here is a study that applied both of the strategies mentioned earlier. Transglutaminase cross-links gelatin to stabilize the structure to sustain the 3D scaffold, while HAP was blended to strengthen the hydrogel, then the human umbilical cord blood-derived mesenchymal stem cells (hUCB-MSC) encapsulated HAP doped, enzyme cross-linked gelatin hydrogel-based 3D-printed scaffold exhibited an effect of the scaffold enhancing proliferation and chondrogenic differentiation of hUCB-MSC in vitro and cartilage regeneration in vivo, revealing the potential application of 3D-printed gelatin hydrogels in tissue engineering (Huang et al., 2021). In addition to silk fibroin and HAP, poly(lactic-co-glycolic acid), alginate, and nanosilicate can also be addictive to improve the property of gelatin (Liu et al., 2020; Han et al., 2021).
Apart from adding other materials, modulating the modification method could be another strategy. Yu et al. applied melt electro-writing technology to print BMSC laden high porosity and high precision scaffolds to enhance cartilage repair (Han et al., 2021). While Helgeland et al. (2021) compared three different cross-linking methods including dehydrothermal (DHT), ribose glycation, and dual cross-linking (DHT and ribose treatments), and revealed that dual cross-linking exhibited the great advantage of promoting cell proliferation and rBMSC differentiation of 3D-printed gelatin scaffolds with promising application in cartilage tissue engineering. Mentioning modification of gelatin, GelMA, a chemical cross-linking method of grafting methacryloyl by photopolymerization, is bound to cover. The modulation can be disposed under mild conditions contributing to the fabrication of stem cell-laden GelMA hydrogel and the improved formability and downregulated immunogenicity broaden the application of GelMA (Jiang et al., 2021). A composite hydrogel composed of 15% (w/v) GelMA and 8% (w/v) laponite that demonstrated favorable printability and biocompatibility was developed, promoting BMSC proliferation and osteogenic differentiation, offering a candidate of bioink in bone tissue engineering (Dong et al., 2021).
The good biocompatibility and insufficient mechanical property of gelatin hydrogel is not absolute. A study about the effect on the physical performance of different concentration of gelatin in cell-laden 3D-printed scaffold showed that the scaffold with low-gelatin concentration (0.8% alginate) displayed good cell viability and cell morphology, same as described before, while high-concentration scaffold (2.3% alginate) preserved the scaffold shape fidelity and mechanical property but significantly impaired cell viability (Zhang et al., 2019c). In consideration of the improved physical property tunable technique, we usually focus on the low-gelatin concentration scaffold.
3.6 Silk Fibroin-Based Hydrogel and Their Derivatives
Silk fibroin is a fibrous protein mainly produced by silkworms and spiders, in the form of aqueous protein solution (Melke et al., 2016). Due to the remarkable mechanical property, impressive biocompatibility, and slow and tunable degradability, silk fibroin has been widely applied in tissue engineering as a biomedical material (Rockwood et al., 2011). Based on the diverse structure of the silk fibroin fabrication, the silk fibroin scaffold can be divided into films, mats, artificial fibers, sponges, and hydrogels (Yan et al., 2012; Jacobsen et al., 2017; Zhang et al., 2017; Yin and Xiong, 2018). Among them, with a 3D polymer network, hydrogel could be cross-linked physically and chemically processing for cell seeding and encapsulation, demonstrating great potential in the development of the cell-laden biomaterial area (Ahmed, 2015).
For instance, with induction of high temperature, low PH, vortexing, sonication, high ionic strength, freeze gelation, or electrogelation, silk fibroin can transform into a hydrogel form (Kim et al., 2004; Wang et al., 2008; Yucel et al., 2009; Bhardwaj et al., 2011). Though the silk fibroin hydrogel scaffold with an ideal mechanical property was processed according to the methods aforementioned, the cells encapsulated in them cannot fit in the environment of the structure produced by these techniques, as the biocompatibility was an imperative factor for processing of the cell-laden scaffold (Piluso et al., 2020). Under the circumstances, chemically cross-linking silk fibroin hydrogel maybe a better selection. For example, the degradable and biocompatible silk fibroin hydrogel have been acquired by riboflavin (Piluso et al., 2020) and HRP (Ribeiro et al., 2018). However, the physiologically fabricated silk fibroin hydrogel would lose the mechanical property and impaired the biomedical application (Jonker et al., 2012). In terms of this issue, some strategies have successfully increased the mechanical performance, such as adding functionally complementary bioink and optimizing the printing process (Kapoor and Kundu, 2016; Trucco et al., 2021).
Li et al. (2021)fabricated a silk fibroin-based 3D-printed macroporous hydrogel scaffold though HRP-medicated cross-linking of silk fibroin and gelatin under physiochemical condition, with marvelous structure fidelity, remarkable mechanical property, tunnel degradability, and a cell aggregate seeding method applied to improve the MSC inoculation efficiency in it, promoting osteogenic differentiation and articular cartilage repair in the rabbit model. Ni et al. (2020) developed a BM-MSC-laden silk fibroin hydrogel-based 3D printing with a double-network scaffold, and mechanical property including fracture strength, breaking elongation, and compressive reproducibility greatly increased with satisfied cell viability, proliferation, and chondrogenic differentiation, revealing the promise of silk fibroin for cartilage tissue engineering.
Another shortcoming of silk fibroin is the deficiency of the cell adhesion sequence resulting in poor interaction between stem cells and biomaterial (Hasturk et al., 2020). Based on this problem, combination with the collagen, poor mechanical properties and cell-mediated shrinkage could be a solution. Buitrago et al. (2018) designed a hybrid silk fibroin/collagen hydrogel, whose scaffold structure, mechanical property, and cellular behavior were greatly enhanced compared to the pure silk fibroin or collagen hydrogel.
4 Various Stem Cells Encapsulated in Hydrogel for 3D Bioprinting
Three-dimensional bioprinting has been a very promising approach in regeneration medicine due to the superiority of this technique with precisely control of construction of the complexed structures of tissues and organs (Murphy and Atala, 2014). However, selection of the appropriate bioink to print an ideal tissue such as bone or cartilage is still a problem that is confusing us. Hydrogel is emerging as a versatile biomaterial among the variety of biomaterials because of its good cytocompatibility, bioactivity, and degradability (Stephanopoulos et al., 2013), and various in vitro and in vivo studies have proven that the cell-laden hydrogels have opened the new possibility for reconstruction of osteochondral and cartilage tissues (Yang et al., 2017). Specifically, the cells embedded in the hydrogel can be human or animal chondrocytes, mesenchymal stem/stromal cells (MSCs), and so on, and the stem/stromal cells loaded in the hydrogel exhibited incomparable advantage due to the abundant cell sources, the multidirectional differentiated ability as well as the paracrine activities and the immune-privileged status that can imitate the heterogeneity of the tissues (Roseti et al., 2018). This part will center on the various stem cells encapsulated in hydrogel for 3D bioprinting.
4.1 BM-MSCs
Bone marrow-derived mesenchymal stem/stromal cells (BM-MSCs) are heterogeneous population cells with the potential of multilineage differentiation and are mainly isolated from bone marrow tissue. The BM-MSCs were first discovered and the most prevalent MSCs in clinical practice (Strioga et al., 2012). For example, Costantini et al. (2016)bioprinted a hybrid hydrogel composed of GelMA, chondroitin sulfate amino ethyl methacrylate, and hyaluronic acid methacrylate (HAMA) with high density hBM-MSCs (107/ml), while the cell viability was higher than 85% demonstrated by a live/dead assay 3 h after printing, and UV cross-linking and the chondrogenic and osteogenic differentiation was ideally validated by immunocytochemistry (ICC) and RT-qPCR of aggrecan, collagen I, II, and X (Table 3). Alternatively, De Moor et al. (2020) combined spheroids of BM-MSCs with GelMA as the boink, and the viability and cartilage phenotype of the BM-MSC spheroids were maintained after bioprinting and 42 days culture, which is demonstrated by the increase in GAG, COL II, and decrease in Col I (Table 3). To enhance the osteogenesis, Wenhai Zhang et al. fabricated a 3D-printed BM-MSC-laden HA (Me-HA)/PCL with dual small molecule (RVS, SrRn) loaded, and both of the molecules upregulated the expression of ALP, runt-related transcription factor 2 (RUNX2), osteocalcin (OCN), and collagen 1A1 (Col 1A1) of BM-MSCs, while the osteogenic differentiation of the combination of the two molecules was more significant. Consistently, more newly formed bone can be observed in the rat bone defect model after 8 weeks implantation of the dual small molecule-loaded 3D scaffold (Zhang et al., 2020a). Challenges still remained in the clinical translation of the implantation of the stem cell-laden 3D scaffold because of the avascular structure, especially in the large osteochondral defect. To address this problem, Daly et al. (2018) developed a 3D-printed BM-MSC-laden GelMA hydrogel that guided vascularization during endochondral bone repair, revealing that this BM-MSC-laden 3D scaffold could not only facilitate vascular network formation but also promote bone formation.
TABLE 3 | Stem cell-laden in the hydrogel and the biochemical characteristic.
[image: Table 3]4.2 AD-MSCs
Adipose derived mesenchymal stem cells (AD-MSCs) are isolated from adipose tissue, consequently the abundant source and the large amount of the stem cells as well as the suitable biological characteristics greatly broaden the clinical application (Strioga et al., 2012; Wang and Liu, 2018). And it is known that AD-MSCs have been widely used in bioprinting organs and tissues as a bioink by virtue of the multilineage differentiation (Wang and Liu, 2018). Swathi et al. developed a bioink of modified HA-based hydrogel with AD-MSCs encapsulated, and printed a 3D scaffold with this bioink. MTT assay was used to assess the cell viability for 1-, 4-, and 7-day culturing, observing an increase of the AD-MSC viability laden on the scaffold compared to the non-3D-printed group. However, the expression of the chondrogenic marker gene (SOX-9, aggrecan, Col I, Col II) significantly increased at day 5 and sGAG enlarged from days 7–14 in the AD-MSCs of the scaffold, revealing the potential chondrogenic differentiation of AD-MSCs (Nedunchezian et al., 2021).
As we all know, hydrogel is usually physically or chemically cross-linked to achieve a stable structure to sustain the proliferation and differentiation of the stem cells. It must be admitted that the impair of the improper cross-linking is really lethal to the cell viability. Lee et al. proposed an alginate-based hydrogel encapsulated with AD-MSCs, and cross-linked via UV exposure with the dose (0–6.0 J/cm2); however, the higher dose (2.4 J/cm2) greatly suppressed the cell viability with a dose-dependent effect, while the dose of UV less than 2.4 J/cm2 exhibited high cell viability (90%) (Lee et al., 2020b). In vivo, the AD-MSC-laden gelatin–alginate-based 3D-printed scaffold was implanted into the dorsal area of the BALB/c nude mice subcutaneously for 8 weeks, and the results of RT-PCR, immunofluorescent staining and western blotting showed the significant increase in the osteogenic gene (OSX, RUNX 2, and OCN), demonstrating obvious bone formation (Wang et al., 2016). Though proliferation and differentiation of the AD-MSCs laden in 3D-printed hydrogel were demonstrated, they cannot last long, with a peak at day 7 and then decreased gradually during a 16-day observation (Narayanan et al., 2016).
4.3 Dental Pulp Stem Cells
Human dental pulp stem cells (hDPSCs) are generally isolated from the teeth that are extracted by the dentist, and demonstrate great promise in BTE because of the low-cost and easy accessibility (Fernandes et al., 2020). Buyuksungur et al. (2021) bioprinted a 3D scaffold via PCL and GelMA that carries hDPSCs, and then the stable composite 3D structure exhibited excellent cell viability during a 21-day dynamic test of live/dead cell assay and ideal osteogenic differentiation as well as mineralization validated by immunofluorescent staining of OPN, OCN, and alizarin red staining, respectively. To induce the osteogenic differentiation of hDPSCs in vivo, amorphous magnesium phosphates (AMPs) was doped in the ECM-based hydrogel, observing high cell viability, mineralization, and osteogenic markers in the absence of growth factors in vitro and significant increase in bone formation and bone density at bone defect of the rats skull at 4 and 8 weeks, tested by micro-CT, H&E staining, Masson’s trichrome staining (MTS), paving the way for clinical translation of the hDPSCs-laden hydrogel-based 3D scaffold (Dubey et al., 2020). Furthermore, the additive growth factor such as BMP-2 may be another strategy to induce the differentiation of hDPSCs-laden in the scaffold. Park et al. tethered a novel BMP peptide to GelMA-based hydrogel, and printed a scaffold with this bioink. Though nearly half of the conjugated BMP peptide missed after 3 weeks culture, the BMP peptide-tethering scaffold exhibited much more calcification than the non-BMP peptide scaffold group, suggesting a promising approach to induce differentiation of stem cells laden on the 3D structure (Park et al., 2020).
4.4 Umbilical Vein Endothelial Cells
Human umbilical vein endothelial cells (hUVECs) are a kind of endothelial cells isolated from human umbilical cord veins after the child’s birth (Lei et al., 2016). It is reported that HUVECs expressed many endothelial biomarkers related to the vascular homeostasis, thereby HUVECs were applied into angiogenesis as well as vascularization of tissue engineering, such as bone tissue (Kocherova et al., 2019). HUVECs are the most common endothelial cells explored as a biomaterial and have been successfully differentiated into 3D structure alone or cocultured with other cells (Bersini et al., 2016; Kocherova et al., 2019). Chen et al. (2018) fabricated a hybrid scaffold via HUVECs-laden alginate–gelatin hydrogel and polydopamine-modified calcium silicate (PDACS)/PCL, finding a high viability, increased proliferation as well as angiogenesis and osteogenesis of HUVECs encapsulated on the scaffold. In fact, it is the angiogenesis of hUVECs that could couple with the osteogenesis of other kind of stem cells rather than the direct osteogenic differentiation of hUVECs made it applied in bone tissue engineering. For example, to fabricate a complex bone construct with vasculature that mimic the large-scale bone tissue, Byambaa et al. (2017) cocultured hUVEC and hBM-MSCs with a ratio of 2:1 in the GelMA-based hydrogel before bioprinting, then formed a capillary-like network inside the printed construct rely on the synergistic interactions of the cocultured hUVEC and hBM-MSCs in the system, leading to a hopeful approach for the treatment of vascularized bone tissue regeneration.
5 GROWTH FACTORS/PEPTIDES PROMOTE OSTEOGENESIS AND CHONDROGENESIS OF STEM CELLS THAT LADEN ON THE 3D-PRINTED HYDROGEL
5.1 Mechanisms of Growth Factors on Osteogenesis and Chondrogenesis
In bone remodeling sites, MSCs renew and proliferate, and then are committed to adipogenesis, chondrogenesis, and/or osteogenesis. Osteogenesis occurs in the intramembranous and endochondral ossification pathway (Berendsen and Olsen, 2015), and chondrogenesis precedes endochondral ossification (Figure 3). MSCs aggregate and form mesenchymal condensations through the interaction with surrounding epithelial cells and ECM components like syndecan, tenascin, fibronectin, and versican (Choocheep et al., 2010). Neural cell adhesion molecule (N-CAM) and neural cadherin (N-cadherin) are required for mesenchymal condensations and chondrogenesis (Delise and Tuan, 2002). Growth factors also stimulate condensation and overt chondrogenic differentiation, including the tumor growth factor-beta (TGF-β) subfamily (Jin et al., 2010), fibroblast growth factor 2 (FGF-2) (Zhang et al., 2020b), and bone morphogenetic proteins (BMPs) (Jin et al., 2006). Chondrocytes proliferate and form a perichondrium surrounding condensations, secret type 2a1 collagen, and the aggrecan-rich matrix to enlarge the cartilage before hypertrophy and terminal differentiation, and express specific genetic program controlled by the transcription factors SRY box transcription factor 9 (SOX9) and runt-related transcription factor 2 (RUNX2). SOX9 is required in chondrocyte differentiation, and the deficiency of SOX9 exhibits severe chondrodysplasia (Akiyama et al., 2002). RUNX2 expressed in pre-hypertrophic chondrocytes promotes chondrocyte hypertrophy; however, highly-expressed RUNX2 in perichondrial cells exerts antagonistic function on chondrocyte proliferation and hypertrophy(182). Additionally, homeodomain (HOX) transcription factors (BARX2, NKX3-2, MSX1, MSX2, PAX1, and PAX9) (Hinoi et al., 2006), TGF subfamily (Pizette and Niswander, 2000), insulin-like growth factors (IGFs) (Oh and Chun, 2003), and FGF (Danišovič et al., 2012) are also crucial for chondrogenesis. Differentiated chondrocytes either proliferate in cartilage elements or exhibit hypertrophic maturation for subsequent endochondral ossification. Articular chondrocytes secrete aggrecan and lubricin for joint smoothness and low level of collagen 2 with the expression of SOX9, SOX5, and SOX6 but the switch off of RUNX2 expression (Lefebvre and Smits, 2005). Hypertrophic chondrocytes mineralize the surrounding matrix, secrete the vascular endothelial growth factor (VEGF) and other factors to attract vessels and chondroclasts, and induce the transforming of perichondrial cells to osteoblasts, which is regulated by a series of cell and stage-specific molecular pathways, called endochondral ossification. Osteogenic molecular pathways regulate chondrocyte pre-hypertrophy, including the Indian hedgehog-the parathyroid hormone-related peptide (Ihh–PTHrP) axis, BMPs, Wnt-β-catenin canonical pathway, and MAPK signaling pathway (Deschaseaux et al., 2009). Mechanically, Ihh, PTHrP, and BMPs synergistically promote osteoblastic differentiation through inducing RUNX2 and downstream of RUNX2-Osterix (Krishnan et al., 2001). Conversely, PTHrP suppresses hypertrophic maturation to control bone formation in a negative feedback manner. The Wnt pathway stimulates proliferation, promotes osteoblast differentiation, and inhibits adipogenesis or chondrogenesis potential. BMPs and growth factors like the epidermal growth factor (EGF) and FGF can trigger the MAPK pathway that facilitates osteoblast maturation by phosphorylating the osteoblast-specific transcription factors and enhancing the function of RUNX2 and Dlx5 (Ge et al., 2007; Ulsamer et al., 2008). Notably, SOX9 serves as a negative regulator of chondrocyte hypertrophy (Akiyama et al., 2004), and RUNX2 emerges as a key effector of hypertrophic maturation (Dong et al., 2006). Finally, chondrocytes undergo terminal differentiation after the hypertrophy stage under the facilitation of activating the transcription factor 3 (ATF3) (James et al., 2006), RUNX2, and c-Maf (MacLean et al., 2003), and increase the expression of matrix metalloproteinase 13 (MMP13), osteopontin (spp1), and alkaline phosphate (Adams and Shapiro, 2002).
[image: Figure 3]FIGURE 3 | Mechanisms of osteogenesis and chondrogenesis. In bone remodeling sites, MSCs aggregate and form mesenchymal condensations. Then, bone is formed in two ways: intramembranous ossification and endochondral ossification. During the intramembranous ossification process, MSCs are differentiated into pre-osteoblasts, then they lost proliferation capacity and mature into osteoblasts, which secret alkaline phosphatase and osteocalcin that participate in the secretion, maturation, and mineralization of the extracellular matrix (ECM). In endochondral ossification, differentiated chondrocytes either proliferate in cartilage elements or exhibit hypertrophic maturation for subsequent endochondral ossification.
During the intramembranous ossification process, MSCs are differentiated into pre-osteoblasts, then they lost proliferation capacity and are matured into osteoblasts, in which secret alkaline phosphatase and osteocalcin participate in the secretion, maturation, and mineralization of ECM, under the mutual exclusive and fine-tuned control of transcription factors (Chen et al., 2016; Infante and Rodríguez, 2018). Eventually, osteoblasts either become osteocytes or inactive bone-lining cells (BLCs), or die by apoptosis. The transcription factors, such as RUNX2, osterix, SP7, and β-catenin, have played a key role in the osteogenesis (Nakashima et al., 2002; Komori, 2006). RUNX2 guides lineage commitment of MSCs to osteogenesis instead of adipogenesis and chondrogenesis. RUNX2, osterix, and β-catenin regulate osteoblast terminal differentiation (Komori, 2006). Moreover, the MAF bZIP transcription factor (MAF) was upregulated in osteogenic MSCs. MAF promotes osteogenesis synergized with RUNX2 and suppresses adipogenesis by restraining peroxisome proliferator activated receptor gamma (PPARγ) that directs adipogenic lineage commitment of MSCs (Nishikawa et al., 2010). The core-binding factor subunit beta (CBFβ) forms a complex with RUNX2 to activate the Wnt/β-catenin pathway and repress adipogenesis-related gene expression, as a result, maintaining osteogenesis and suppressing adipogenesis (Nishikawa et al., 2010). Moreover, forkhead box P1 (FOXP1) interacts with CCAAT enhancer binding protein beta (CEBPβ) required for adipogenesis, and represses the activation of the NOTCH pathway to promote biased osteogenesis and inhibit adipogenesis (Li et al., 2017b).
5.2 Effect of Growth Factors/Peptides on Osteogenesis and Chondrogenesis of Stem Cells Laden on the 3D-Printed Hydrogel
As aforementioned, some growth factors/peptides were mixed into the hydrogel to induce the osteogenesis and chondrogenesis of 3D scaffold-loaded stem cells. As the classical growth factors are widely used in bone tissue engineering, BMPs attract great focus and have been proven by the Food and Drug Administration (FDA). Poldervaart et al. (2013). designed a BMP-2 sustained release system loaded in the stem cell-laden hydrogel-based 3D construct, and the continuous release of BMP was detected in a high level during 3 weeks culture while the increased osteogenesis and bone formation were observed in the mice and rat models. In addition, assembling BMP-2 into the scaffold is another strategy to maintain the sustained release. Du et al. (2015) assembled a kind of collagen-binding domain-bone morphogenetic protein 2 (CBD BMP-2)-collagen microfibers, and this hydrogel mixed with the BM-MSCs were printed as the bioink. Similarly, stable release of BMP was observed under a confocal microscope, and osteogenic differentiation of BM-MSCs was more effective. BMP-7, a member of the BMP family that could regulate the early staged signals of osteogenesis and bone formation, was immobilized on the 3D-printed hydrogel, and greatly promoted osteogenic differentiation via the activation of SMAD (Lee et al., 2018). To address the issue of fast degradation of the BMPs, Park et al. (2020) developed a synthetic BMP-2 mimetic peptide and tethered it into hydrogel before bioprinting, which showed robust acceleration of the hDPSC osteogenic differentiation. For cartilage regeneration, TGF-β1 was tethered to a HA-based bioink to induce the chondrogenic differentiation of BM-MSCs, showing increased chondrogenic gene expression, ECM deposition, and activated early TGF-β1 signaling (Hauptstein et al., 2022). In a rabbit osteochondral cartilage defect model, an interleukin-4 (IL-4)-loaded hydrogel-based 3D-printed scaffold was implanted, with 8- and 16-week observation, and the IL-4-loaded scaffold significantly promoted the formation of neocartilage and neobone tissues according to the assessment of safranin-O, Col II immunohistochemical staining, and micro-CT (Gong et al., 2020).
6 CONCLUSION AND PERSPECTIVE
3D bioprinting refers to a promising and an innovative technique that can be used to fabricate the 3D scaffold with the bioink composed of cells and materials and demonstrates great potential in creating complex tissue constructs (Jeon et al., 2022). Hydrogels are deemed ideal and appealing materials with regard to its controllable biological and biophysical properties to construct a desirable 3D-bioprinted ECM for the attachment, proliferation, migration, and differentiation of the cells loaded in (Gao et al., 2019). Diverse kinds of cells have been implied in bone and cartilage tissue engineering while chondrocytes and stem cells are the most potential cell types among them. Although chondrocytes are the intrinsic cells of the cartilage and could repair the osteochondral damages, the limited supply, long expansion time, and the possibility of differentiation into fibroblast restrict the application of them. On the other hand, the abundant source, the easy isolation procedure, the large quantity of the stem cells, and the suitable biological characteristics including the adjustable differentiation into osteoblasts and chondrocytes greatly broaden the clinical prospect (Xu et al., 2020). Meanwhile, the advances of the stem cell therapy in the regenerative medicine stimulated the progress of the stem cell-laden hydrogel as the bioink of 3D bioprinting. As a result, the 3D bioprinting technique and hydrogels combine with stem cells that could better meet the demand of the clinical requirement and have significantly facilitated the regeneration of bone and cartilage tissue engineering over the past decade (Ni et al., 2020; Buyuksungur et al., 2021; Ge et al., 2021; Huang et al., 2021; Nedunchezian et al., 2021; Jeon et al., 2022).
Stem cell-laden hydrogel-based 3D bioprinting has provided new opportunities for bone and cartilage tissue repair. Backbone of this system consists of biomaterials, stem cells, bioprinting methods, and their interactive microenvironment. Compared with conventional 2D tissue engineering, 3D bioprinting optimizes the structural and living conditions of stem cells. Over the past decades, emerging research studies have focused on the advancement of this technique regarding to its core elements to make it a substitute or better alternative over autologous bone and cartilage tissue. However, current strategies are still of limitations.
Constructing biomaterial with suitable biochemical and functional properties (such as printability, biocompatibility, biodegradability, and maintenance of cell viability) remains challenging (Figure 4). Some features of natural biomaterials may hinder their ideal usage in 3D bioprinting. For example, the natural alginate shows superior biocompatibility and biodegradability but lacks sufficient mechanical strength (Jang et al., 2018). Hybrid materials may help to overcome such limitation by producing more versatile items. For example, alginate hydrogel could maintain long-term strength after cross-linking with Ca2+, while gelatin could stabilize the 3D structure at the primary stage; hence, alginate–gelatin-mixed hydrogel has been extensively researched in tissue engineering because of the ideal biocompatibility and the improved mechanical property (Axpe and Oyen, 2016; Chawla et al., 2020). Meanwhile, adding Col I to agarose significantly increases cell spreading and differentiation (Duarte Campos et al., 2016). However, this is not the ultimate solution. Though combination of two kinds of hydrogel could make up the shortcoming, they are still far away from the requirement of the product. For instance, low-density alginate/gelatin (0.8% alginate)-mixed hydrogel-based scaffold demonstrates great priority in facilitating mineralization, maintaining cell viability, and inducing osteogenic differentiation of BM-MSCs, but the lack of mechanical property, shape fidelity, and printability is inevitable. On the contrary, the high-density alginate/gelatin (1.8% alginate) based-3D printing exhibits improved mechanical features and printability, but largely impairs the cell viability (Zhang et al., 2020c).
[image: Figure 4]FIGURE 4 | Current challenges and solutions for bone and cartilage tissue engineering.
A further challenge is to establish appropriate interaction between materials and the cellular component. 3D bioprinting provides space for cell encapsulation and deposition, but lacks the control of biological and biomechanical heterogeneity. Thus, the microenvironment may be inappropriate for cell growth and differentiation into desired cartilage or bone tissue. Solutions for this limitation are to create concentration gradients using 3D bioprinting, for example, the mixing nozzles that can print materials with tunable gradients (Ober et al., 2015). In some cases, the printing patterns are more complicated, such as vascularized bone compositing with the hard mineral structure and the soft organic matrix. Cui et al. have developed a dual-3D bioprinting platform consisting with a fused deposition modeling 3D bioprinter and a stereolithography 3D bioprinter. With the addition of regional immobilization of bioactive factors, the printed system support controlled and provided continuous stimulus for vascularized bone regeneration (Cui et al., 2016). Notably, such interaction may vary in different individuals, influenced by the local destructional area, inflammatory factors, oxygen, etc. Therefore, in addition to the improvement of biomaterials, we should also focus on the interaction between biomaterials and cellular components, especially the in vivo model.
Selection and production of appropriate stem cell is another challenge for stem cell-laden hydrogel-based 3D bioprinting. Bone and cartilage are mesodermal-derived tissue and thus the multipotent stem cell populations are important source for their biofabrication. Stem cell has multiple differentiation potential and immune advantages over adult cells, but it demands regenerative ability to the ideal phenotype. It has been noticed that MSCs tend to display a hypertrophic phenotype that leads to endochondral bone formation (Eslaminejad and Malakooty Poor, 2014). Thus, the control of regenerative tendency is demanding. Otherwise, different types of stem cell exhibit dissimilar propensity of differentiation in certain scaffold. For instance, BM-MSCs tend to differentiate into chondrogenic cells and osteogenic cells in gelatin while AD-MSCs prone to osteogenesis. Notably, stem cell expansion in vitro is complicated. Cell senescence is inevitable following multiple expansion rounds (De Coppi et al., 2007). As a cell candidate, iPSC has shown greater accessibility and expandability. However, the risk of tumorigenicity and mutations has limited its clinical application (Lee et al., 2013; Simonson et al., 2015). The attempt to establish an iPSC bank may help to overcome this issue. Meanwhile, novel protocols for primary cell isolation and expansion are highly requested to support cell sourcing.
In addition, evolution in printing technique advances the bioprinting. Three-dimensional bioprinting produces scaffold that provides spatial environment closer to human tissue for stem cells. However, the current 3D bioprinting cannot meet the diverse needs simultaneously because the scaffold is fixable upon designing and printing. In 2014, Skylar Tibbits demonstrated the 4D printing which counted time as a new dimension (Wan et al., 2020). By adopting stimuli-responsive materials, 4D printing scaffold is flexible and able to change their configuration in response to different stimuli. Its usage in cell-laden bioprinting substantially improves the adjustment and function of implant. We propose that 4D bioprinting is an upcoming trend for bone and cartilage tissue engineering. Despite the high cost of stimuli-responsive and programmable biomaterials, stem cell-laden hydrogel-based 4D bioprinting are opening new avenue for bone and cartilage repair.
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High Fluoride Ingestion Impairs Bone Fracture Healing by Attenuating M2 Macrophage Differentiation
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Fluorosis is still endemic in at least 25 countries around the world. In this study, we investigated the effect of high fluoride intake on fracture healing. Our in vitro experiments found that fluoride inhibited the osteogenic and angiogenic differentiation of MSCs in a dose-dependent manner. By constructing a bone fracture model, we found that high fluoride intake influences bone fracture by attenuating endochondral ossification and angiogenesis. In the mechanism, we clarified that high fluoride inhibits M2 differentiation rather than M1 differentiation in the fracture area, which may contribute to the delayed healing of the fracture. These findings provide an essential reference for the clinical treatment of bone fracture patients with a history of high fluoride intake or skeletal fluorosis patients.
Keywords: fluorosis, excessive fluoride intake, fracture, M2 macrophages, fracture healing
INTRODUCTION
Long-term and excess fluoride consumption induces disturbed homeostasis of the bone and a series of chronic systemic diseases (Erdal and Buchanan, 2005). The World Health Organization has stated that the maximum safe limit of fluoride in drinking water is 1.5 ppm; however, more than 50 countries have high fluoride levels in drinking water (Rango et al., 2012; Perumal et al., 2013; Yu et al., 2018; Zhou et al., 2019). Fluorosis is endemic in at least 25 countries around the world, of which India and China are the most affected. East Africa and North Africa, Mexico, and Latin America are also endemic areas for fluorosis (Pramanik and Saha, 2017). Men are usually more likely to have severe fluorosis than women, and studies have shown that childhood fluorosis can affect bone development (Jha et al., 2011; Saeed et al., 2020). Skeletal fluorosis (SF) is the major clinical manifestation caused by the excessive accumulation of fluoride (Srivastava and Flora, 2020). The main pathological features of SF include joint pain, muscle weakness, and skeletal deformities (Wei et al., 2019). Clinical treatment is challenging when fluorosis patients have co-morbidities with osteoarthritis, fracture, or other severe bone trauma (Everett, 2011). However, no approaches for decreasing the concentration of fluoride in the body have been developed; these therapies may have inhibitory effects but cannot cure SF (Johnston and Strobel, 2020). Therefore, it is important to further understand the effect of fluoride on bone fracture healing for clinical treatment.
Fluoride directly affects the bones via two main mechanisms (Ciosek et al., 2021). In mineralized tissues, fluoride is incorporated into apatite crystals in the process of ion exchange, which leads to the formation of fluorapatite (Johnston and Strobel, 2020; Ciosek et al., 2021). Such conversion results in changes in crystallinity and a reduction in mechanical properties (Ciosek et al., 2021). In bioactive tissue, fluoride also stimulates osteoblasts and osteocytes in a concentration-dependent mechanism (Jiang et al., 2020a; Chu et al., 2020). These studies suggest that fluoride is important in bone metabolism, but there is no direct evidence that has reported the effects of excess fluoride on fracture healing.
Normally, 10–15% of these patients have unsatisfactory fracture healing (Hak et al., 2014; Loi et al., 2016; Ho-Shui-Ling et al., 2018). Unfortunately, when combined with bone metabolic diseases such as SF, the rate of delayed or non-union fractures was increased (Nampei and Hashimoto, 2009; Ellegaard et al., 2010; Marin et al., 2018). The events during the fracture healing cascade include the initial inflammatory phase, hematoma formation, progenitor cell recruitment, formation of an intermediate callus, maturation of the callus, and the final remodeling of the bony callus to the original bone’s structure and shape (Alexander et al., 2011; Einhorn and Gerstenfeld, 2015). Commonly, failure in the bone healing process is due to insufficient numbers of progenitor cells and disrupted vascularization (Pajarinen et al., 2019). Macrophages play an important role in recruiting progenitor cells and angiogenesis (Schlundt et al., 2018; Pajarinen et al., 2019). Macrophages may acquire distinct phenotypes with proinflammatory (M1) or anti-inflammatory (M2) functions at the fracture site, a phenomenon known as macrophage polarization (Schlundt et al., 2018). Up to now, the effect of fluoride on the polarization of macrophages and the M1/M2 ratio has been unknown.
In the present study, we aimed to explore whether excessive fluoride ingestion has effects on bone fracture healing. We first found that excessive fluoride exposure delayed bone fracture healing, especially at the stage of maturation of the callus. Subsequently, we presented in vitro evidence to support that high fluoride concentration can effectively inhibit M2 differentiation. The findings in this study suggest that the decrease of M2 may be related to delayed fracture healing and provide a new research direction for the treatment of skeletal fluorosis.
MATERIALS AND METHODS
Establishment of High Fluoride and Tibial Fracture Model in Rats
All procedures involving rats and experimental protocols were approved by Institutional Animal Care, and the animal study was reviewed and approved by the Ethical Committee of The First Affiliated Hospital of Chongqing Medical University. Thirty male Sprague–Dawley rats aged 6 months and weighing 273 ± 16 g (Experimental Animal Center) were allocated to two experimental groups and one control group. According to the standard skeletal fluorosis rat modeling method, dental fluorosis was used as the verification standard. After the skeletal fluorosis rat model was completed, the tibia of the rat was fractured. After the X-ray was completed, the femur of the rat was measured for bone fluoride. Sodium fluoride (NaF) was included in the drinking water of each experimental group for 4 weeks at different concentrations (5.0 and 10 mM NaF). All groups were maintained in plastic cages in a room with a 12-h light/dark cycle and an ambient temperature of 21°C and were allowed ad libitum access to water. After 4 weeks of treatment, fluorosis in rat incisors was detected (Houari et al., 2014). All of the rats were anesthetized, and the hair was removed from the left hind limb. An incision was made in the skin over the medial aspect of the proximal tibia. Soft tissue was cleared from the distal end of the tibial crest, and three-point bending pliers made a blunt fracture at the upper third of the tibia. Then, a needle (0.5 mm in diameter) was inserted perpendicular to the tibial plateau and along the longitudinal axis of the tibial myeloid cavity, through which the fracture is fixed. Penicillin 1.6 million units intramuscular injection for 3 days was used to prevent postoperative inflammation. The fracture was observed by X-ray at 0 and 7 days after the operation. When rats were sacrificed, the femurs of control and test animals were dissected and were reduced to ash in porcelain crucibles at 550°C in a muffle furnace overnight. Using 100-mg samples and a constant volume with 0.1 M NaOH, we measured the fluoride concentration, and it was measured by using direct potentiometry. A minimum of five rats were used per group (Hall et al., 1972; Alexander et al., 2011; Ameeramja et al., 2018; Balkanlı et al., 2020).
Micro-CT Analysis and Histological Analysis
For micro-CT analysis, SkyScan1174 x-ray microtomography (Bruker Company, Belgian) with an isotropic voxel size of 10.0 μm was used to image the whole tibia. Scans were conducted in 4% paraformaldehyde and using an X-ray tube with a potential of 60 kV, an X-ray intensity of 166 μA, and an exposure time of 1700 ms. The scan axis coincided with the diaphyseal axis of the tibia. For mineral formation analysis of the callus during fracture healing, a minimum of 630 slices (630 × 10.0 μm) was chosen so that the entire fracture callus was included. NRecon software was used for 3D image reconstruction, and 3D and 2D analyses were performed using software CT-AN. The callus volume (CV), bone mineral density (BMD), and bone volume/callus volume (BV/CV) were measured as previously described (Schlundt et al., 2018). All images presented are representative of the respective groups.
For the bone histological analysis, the femurs were dissected and fixed with 4% paraformaldehyde for 48 h. The femurs were then decalcified by a daily change of 10% tetrasodium EDTA for 4 weeks. Tissues were dehydrated by passage through an ethanol series, cleared twice in xylene, embedded in paraffin, and sectioned into 8-μm slices along with the coronal plate from anterior to posterior. Decalcified sections were stained with H&E and safranin O-fast green staining as previously described (Li et al., 2020a; Xiao et al., 2021).
Immunohistochemistry (IHC)
Paraffin slides were dewaxed and hydrated as previously described, and immunohistochemical analysis was performed with heat-induced antigen retrieval in sodium citrate buffer with pH = 9 (Servicebio). Primary antibodies used were anti-OPN at 1:200 (Osteopontin, Abcam), anti-Col1 at 1:200 (Collagen 1a1, Abcam), anti-VEGF at 1:200 (Abcam), anti-CD31 at 1:100 (CST), anti-CD86 at 1:100 (Servicebio), and anti-CD206 at 1:100 (Servicebio). A biotin-labeled secondary antibody was used with the immunohistochemical kit (Servicebio), and nuclei were counterstained with hematoxylin. Follow the immunohistochemical staining method, replace the primary antibody with PBS, and perform negative control staining. The immunohistochemical staining results were observed by Olympus microscopy, and the images were analyzed using ImageJ software (Zhao et al., 2017; Dou et al., 2018).
Cells Culture and Macrophage Polarization
RAW264.7 cells, C3H10T1/2 cells, and human umbilical vein endothelial cells (HUVEC) were obtained from the American Type Culture Collection (ATCC) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin (Gibco), and 100 U/ml streptomycin (Gibco) in a 37°C incubator under a 5% CO2-enriched atmosphere (Zhao et al., 2017; Ye et al., 2018). The M1 differentiation was induced with LPS (100 ng/ml, Sigma), and M2 differentiation was induced with IL-4 (20 ng/ml, Sigma), while both of them were treated with the corresponding concentration of NaF for 3 days. The RAW264.7 cells were induced with LPS (100 ng/ml, Sigma) to M1 type differentiation for 24 h, and M2 differentiation was induced with IL-4 (20 ng/ml, Sigma). (Kimbrough et al., 2018; Ye et al., 2018).
CCK-8 Assays
To determine the change in cell proliferation ability with passaging, we used the Cell Counting Kit-8 (CCK-8, MedChemExpress) to test RAW cells after a fluoride treatment at 12, 24, and 48 h. Then we used CCK-8 to test C3H10T1/2 cells and HUVEC cells 24 h after fluoride treatment. The results were recorded by a microplate reader (Thermo Scientific™, United States) at an absorbance of 450 nm. The growth curves were drawn, and the cell proliferation activity was analyzed.
RNA Isolation and Quantitative PCR (qPCR)
Total RNA was purified from cells in 60-mm dishes using TRIzol (Invitrogen) according to the manufacturer’s instructions. Then, cDNA was obtained from total RNA extracted from cells using a reverse transcription (RT) reaction kit (TaKaRa, Japan). The cDNA level was determined by SYBR Premix Ex Taq™Ⅱ (TaKara, Japan), and the procedure was carried out as follows: 95°C for 30 s for one cycle, 95°C for 5 s, and 60°C for 30 s, followed by plate reading for 40 cycles. The PCR primers (Supplementary Table S1) were designed using Primer3 plus. The relative expression levels of the mRNAs in the groups were analyzed using the 2ΔΔCT method.
Enzyme-Linked Immunosorbent Assay
The concentration of CCL2, CXCL12, IL-8, OSM, VEGF, and TGF-β in the supernatants of fluoride-treated RAW cells was examined by the enzyme-linked immunosorbent assay (ELISA) (Neobioscience, China).
Immunofluorescence Stain Assay
RAW cells were seeded onto sterile coverslips in a Corning 24-well culture plate at a density of 104 cells/mL and treated according to the experimental design. At 24 h after induction, cells were washed three times with PBS for 5 min each, then fixed with 4% paraformaldehyde at 3°C for 15 min in a thermostatic water bath, washed with PBS for 5 min each, and then permeabilized using 0.4% Triton X-100 for 30 min at 37°C. After cells were blocked with goat serum for 30 min, cells were incubated with the primary anti-CD68 (Zen-Bioscience), anti-CD86 (Abcam), and anti-CD163 (Abcam) overnight, followed by incubation with the corresponding fluorophore-conjugated antibodies (Abcam) for 60 min. Then cells were washed with PBS for 5 min and stained with DAPI for 5 min. The coverslips were carefully removed and then mounted on slides with glycerol. The same protocol was performed in the negative control groups except that the primary antibodies were omitted. The immunofluorescence staining results were observed by inverted fluorescence microscopy (Olympus) and quantified using ImageJ software (Wasnik et al., 2018; Gaojian et al., 2020).
Co-Culture Assay
A co-culture assay was performed in a 24-well Corning Transwell chamber using a porous polycarbonate membrane with a pore size of 8 μm (Thermo Fisher Scientific) (Zhao et al., 2017). Briefly, in the migration analysis of mesenchymal stem cells (MSCs), RAW cells were treated with fluoride for 24 h and then treated with serum-free DMEM for another 24 h. Subsequently, this cell supernatant was seeded in the lower chambers, and a number of 104 MSCs in a complete medium were seeded in the upper chambers. After 24 h of co-culture, the membranes were fixed with 4% formaldehyde and stained with 0.5% of crystal violet (Sigma). The numbers of migrated cells in the membrane in more than three randomly chosen microscopic fields were counted and averaged. In the wound healing assay, after scratching the cells, the cells were cultured for 24 h in the fluoride-treated RAW supernatant (Medina et al., 2006; Jiang et al., 2020b). In addition, this supernatant was also used in the tube formation analysis and MSC osteogenic differentiation assays.
Tube Formation Analysis
Matrigel™ basement membrane matrix (BD Biosciences, CA, United States) was thawed at 4°C, pipetted into pre-cooled 48-well plates, and incubated at 37°C for 30 min. After Matrigel polymerization, HUVECs (6 × 104 cells) were suspended in a medium and were seeded onto the Matrigel, and each condition in each experiment was assessed in triplicate. Images were taken after 6 h using a ×4 objective. The tube formation assay was analyzed and interpreted using ImageJ software based on different parameters such as mesh number, total branching length, total segment length, and so on. The total segment length was chosen as the statistical parameter.
Osteogenic Differentiation Assays
C3H10T1/2 cells were cultured in the mouse’s bone marrow MSCs osteogenic differentiation medium (Cyagen) for 7 days. After osteogenic differentiation, the cells were co-cultured with fluoride-treated RAW cells.
Alkaline Phosphatase Staining and Activity
For alkaline phosphatase (ALP) staining, cells were fixed with 4% paraformaldehyde for 30 min. The cells were then washed twice with PBS and stained using the BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime). Staining was observed under a bright-field microscope after 30 min.
For the measurement of ALP activity, cells were washed twice with PBS and lysed with 150 µL of NP‐40 lysis buffer (Beyotime). The cell lysates were quantified by an alkaline phosphatase assay kit (Beyotime) using p‐nitrophenyl phosphate (pNPP) as the substrate. In the presence of magnesium ions, pNPP was hydrolyzed by phosphatases into phosphate and p‐nitrophenol. The rate of p‐nitrophenol liberation was proportional to ALP activity and was measured photometrically. The ALP activity was measured by a microplate reader (Thermo Scientific™, United States) at an absorbance of 405 nm.
Alizarin Red S Staining
Subconfluent cells were treated with the bone morphogenetic protein 2 (BMP2) for 2 days. The cells were cultured in the presence of ascorbic acid (50 mg/ml) and b-glycerophosphate (10 mM) for 14 days. The mineralization nodules were assessed by alizarin red S staining. Briefly, the cells were fixed with paraformaldehyde at room temperature for 10 min and washed with PBS (pH adjusted to 4.2). The fixed cells were incubated in a 37°C incubator with 2% alizarin red S for 10 min, followed by careful washing with distilled water. The calcium deposits were observed under a microscope. For quantification, alizarin red S was dissolved in 10% acetic acid and the absorbance was detected at 405 nm with a microplate reader.
Statistical Analysis
All the data are representative of at least three experiments performed in triplicate that yielded similar results unless otherwise indicated. All the quantitative experiments were performed in triplicate and/or repeated through three independent batches of experiments. The statistical analyses were performed using the software package SPSS 14.0 and by one-way analysis of variance and Student’s t-test to determine the significance of differences between results, with *p < 0.05 and **p < 0.01 regarded as significant (Zhao et al., 2017).
RESULTS
1 Construction and Evaluation of the Rat High-Fluoride Diet Model
Three groups of 10 rats each were administered 0 (control), 5.0, and 10 mM NaF (0–200 ppm) orally (in drinking water) for 4 weeks. This period was chosen to ensure the impregnation of the bone and mandibular incisor with NaF. Control mandibular incisor enamel was homogeneously colored yellow to orange, and the 5 mM NaF (100 ppm) group treated rats had discolored enamel incisors. At 10 mM NaF (200 ppm), the orange coloring completely disappeared, and the entire mandibular incisor was white and opaque. (Supplementary Figure S1A). According to the degree of dental fluorosis, as previously described, the enamel scored 0 points for normal, 1 for mild, and 2 for severe fluorosis (Ameeramja et al., 2018) (Supplementary Table S2). In the 5 mM NaF group, 40% of the rats were scored as 1, and 20% were scored as 2. In the 10 mM NaF group, 30% of the rats were scored as 1 and 50% were scored as 2 (Supplementary Figure S1B).
The fluoride concentration in the bone was estimated following the Medina et al. method (Wasnik et al., 2018), and the result showed it was significantly higher in the 10 mM and the 5 mM groups than in the control group (Supplementary Figure S1C).
2 NaF Inhibits Multiple Phases of Endochondral Bone Healing in vivo
In this study, we first investigated the effects of NaF treatment on fracture repair. Accordingly, each group of rats was subjected to fracture surgery (Supplementary Figure S2) and was observed by X-ray at 0 and 7 days after the operation (Supplementary Figure S3).
Moreover, we performed the micro-CT analysis on days 7 and 21 after fracture surgery (Figure 1A). Our data show that compared with the control group and the 5 mM group, the CV in the 10 mM group was relatively increased on day 7 (Figure1B). Meanwhile, the BV was significantly decreased in the fluoride-treated group (Figure 1C). The 1 mM group displayed approximately 5% reduction in the ratio of BV/CV on day 7 and approximately 20% reduction on day 21 compared with the control group (Figure 1D). The BMD of the fracture site in the 10 mM group on day 21 was also decreased compared with the other group (Figure 1E).
[image: Figure 1]FIGURE 1 | Excessive fluoride intake impaired fracture healing. (A) The tibia was subjected to micro-CT analysis. Representative micro-CT 3D images are shown. (B,C,D,E) Quantification results of the relative values of BV, CV, BV/CV, and BMD were analyzed. These data are shown as mean ± SD repeated in triplicate, *p < 0.05; **p < 0.01. (F,G) H&E staining and safranin O-fast green staining were performed to determine the callus area, cartilage area, and bone area (magnification ×50, scale bar = 400 μm; × 200, scale bar = 100 μm). Representative images are shown. (H,I) The areas of callus, cartilage, and bone were quantified using ImageJ. *p < 0.05, **p < 0.01, t-test, n = 3.
Moreover, the H&E staining and the safranin O-fast green staining were performed to detect the histology of fractured bones. The results showed that the fractures of the 10 mM group, when compared with the control group, displayed bigger fracture gaps and fewer new bones at fracture sites both at 7 and 21 days (Figures 1F, G). Accordingly, we used ImageJ software to calculate the callus area and the new bone area of the fracture gaps, and the results showed that the callus area was increased in the 10 mM group and the new bone area was decreased compared with the 0 mM group (Figures 1H, I). It was consistent with the results of micro-CT. Meanwhile, we calculated the proportion of cartilage area at the fracture gap, and the results showed that the proportion increased at 21 days in the 10 mM groups compared with the 0 mM group.
It is believed that the condition of the local vasculature and the osteoblast-associated protein are critical determinants of the outcome of fracture healing. Both are the main features of the regenerative stage. The osteogenesis markers of Col1 and OPN and the angiogenesis markers of CD31 and VEGF were detected by immunohistochemical staining. The results showed that the Col1 and OPN positive IOD/area were significantly reduced in the fluoride-treated group, especially at 21 days (Figures 2A,B). The VEGF-positive IOD/area was also reduced in the 10 mM group compared with the control group (Figure 2C). However, the CD31-positive cells were decreased in the control group compared with the 10 mM group at 21 days, which indicates that the high level of fluoride in the bone prolonged the proinflammatory stage (Figure 2D). At the same time, negative control of immunohistochemistry was used as a comparison (Supplementary Figure S4).
[image: Figure 2]FIGURE 2 | Histological analysis of the callus. (A) Representative immunohistochemical (IHC) stain images of the osteogenic relative marker of Col1a1 and OPN on day 7 and day 28.(× 200, scale bar 200 μm). (B) IHC scores of Col1a1 and OPN were quantified. (C) Angiogenesis markers VEGF and CD31 were detected by IHC.(× 200, scale bar 200 μm) and (D) quantified by ImageJ. The CD31-positive cells are indicated by arrows, and Col 1, OPN and VEGF-positive regions are indicated by arrows. The data in the figures represent the averages ± SD. Significant differences are indicated as *p < 0.05 or **p < 0.01, t-test, n = 3.
3 Rats on a High-Fluoride Diet Have a Delayed Proinflammatory Stage of Fracture Healing
It has been reported that M1 macrophages present during the early stages of fracture repair contribute to bone formation and that M2 macrophages can contribute to bone formation during the later stages of fracture healing (Schlundt et al., 2018). However, there are no reports about the influence of fluoride on M1 and M2 differentiation of macrophages at the fracture site. We detected the M1 macrophage markers CD86 and the M2 macrophage markers CD206 by immunohistochemical staining. The results showed that the number of CD86-positive cells increased with the increase in fluoride intake, and the number of CD206-positive cells decreased significantly at 7 days (Figures 3A,C). At 21 days after fracture surgery, compared with the fluoride-induced group, the number of macrophages at the fracture site was significantly reduced in the control group. Meanwhile, the existing macrophages in the fluoride-treated group were predominantly M1 (Figure 3B). Our data indicate that fluoride inhibits the M2 differentiation of macrophages early at fracture sites, leading to the prolongation of the proinflammatory stage.
[image: Figure 3]FIGURE 3 | Excessive fluoride intake rats showed suppressed M2 macrophage differentiation at fracture sites. (A) M1 macrophage marker of CD86 and CD206 was detected by IHC at 7 and 21 days after fracture. The bar represents 200 μm (left) and 50 μm (right). (B) Relative positive cell numbers were detected. The data in the figures represent the averages ± SD. Significant differences are indicated as *p < 0.05 or **p < 0.01, t-test, n = 3.
4 Proliferation and Polarization Gene of RAWs With Different Concentrations of Fluoride
The RAW cells grew well in the complete medium with 0, 20, 40, 80, 160, 320, 640, 1,280, 2,560, 5,120, and 10,240 μM fluoride at 24 and 48 h (Supplementary Figure S6). The CCK-8 assay showed significantly decreased cell vitality in the 10,240 μM group at 24 and 48 h, whereas significantly decreased cell vitality was also found at 48 h in the 5,120 μM group. We took 24 h as experimental processing time, and further, we studied the expression of macrophage polarization-related genes under the action of various fluorine ion concentrations. The M2 type macrophage gene CD206 was significantly decreased in 1280, 2560, and 5120 μM groups (Figure 4A). Meanwhile, the M1-relative gene CD86 was increased in 1,280, 2,560, and 5,120 μM groups. The inflammation-related genes showed no significant changes (Figure 4A). Therefore, a concentration ranging from 1,000 to 5,000 μM was used for subsequent experiments.
[image: Figure 4]FIGURE 4 | Fluoride suppressed macrophage polarization in vitro. (A) RT-qPCR assay was performed to determine the expression of the M1-relative gene, including CD86, IL-1β, and iNOS. Meanwhile, the M2-relative gene CD206, IL-10, and TGF-β were detected. (B) Quantification of CCL2, CXCL12, OSM, IL-8, VEGF, and TGF-β protein levels on the medium supernatant of fluoride-treated RAW by ELISA. Data were collected at 24 h after fluoride treatment. (C) Immunofluorescence staining was used to determine the fluoride-treated RAW, including CD86 (green) and CD206 (green), CD68 (red), and DAPI (blue) (magnification of up images = ×400, scale bar = 50 μm). (D,E) Immunofluorescence staining quantified analysis. Optical density by ImageJ. *p < 0.05, **p < 0.01, t-test. Each experiment was carried out in triplicate.
To better understand the cytokine level of fluoride-mediated macrophages, the bone fracture healing related-cytokines secreted by macrophages were examined. The expression of the migration-related genes CCL2 and CXCL12 were significantly downregulated as fluoride concentration increased (Figure 4B). The angiogenesis factors VEGF and IL-8 were found to be significantly downregulated in fluoride concentrations of more than 40 μM (Figure 4B). There was no significant change in TGF-β (Figure 4B).
5 Fluoride Suppressed M2 Differentiation but Augmented M1 Differentiation of Macrophages In Vitro
To further confirm the function of fluoride during macrophage M1- and M2-type differentiation in vitro, we stimulated the RAW cells with LPS or IL-4 for M1 differentiation and M2 differentiation, respectively (Li et al., 2020a). After fluoride stimulation, these cells underwent immunofluorescent staining, and successfully induced M1 macrophages were characterized by CD68 and CD86, whereas M2 macrophages were characterized by CD68 and CD163. Immunofluorescence staining and quantitative analysis showed an active differentiation of M2 macrophages in the control group but not in the 2 and 5 mM groups (Figures 4C, E). The number of CD86+ and CD68+ cells was significantly increased in the 2 and 5 mM groups (Figure 4D).
We concluded that the fluoride suppressed M2 differentiation but augmented M1 differentiation of macrophages in vitro.
6 Fluoride-Induced Macrophages Impair Cells Migration and Suppressed Tube Formation and MSCs Osteogenic Differentiation in vitro
Because a central bone repair mechanism in the proinflammatory stage is the recruitment of MSCs and HUVECs, we investigated the potential role of fluoride-induced macrophages in this central repair mechanism. Wound-healing and Transwell assays were performed to study the migration ability of MSCs when co-cultured with fluoride-induced macrophages (Figure 5A). In the C3H10T1/2 and HUVECs experimental groups treated with pure fluorine, the cell migration ability was significantly decreased at 5 mM. The experimental group after macrophage co-culture showed increased cell migration ability (Figures 5B–F). The wound-healing assay results in C3H10T1/2 and HUVECs also revealed that the migration was also increased in the co-cultured group (Figures 5E, G). But this enhancement of migration ability disappeared in the 5 mM group.
[image: Figure 5]FIGURE 5 | Fluoride-induced macrophages inhibit tube formation and MSCs osteogenic differentiation in vitro. (A) To investigate the effects of tube formation, the Matrigel was coated on plates and the HUVECs were adjusted to 2 × 105 cells/mL/well; the supernatant medium of RAW or fluoride-treated RAW was seeded in wells. The number of tube structures was observed by light microscopy and recorded at 6 h (B) The tube-formation results of the quantified volume of tube area (ImageJ). (C) ALP activity was measured at 5 days after co-culture using ALP histochemical staining (×100, scale bar = 200 μm). (D) ALP quantification activity was detected at OD 405 nm. (E) Mineralization and calcium deposition at the late osteogenic differentiation were observed by the alizarin red S staining assay (×100, scale bar = 200 μm). (F) Quantification results of alizarin red S staining showed that the mineralization effect in co-culture with the fluoride-induced RAW group was poor (OD 405 nm). (G) RT-qPCR assay determined the osteogenic-related factors, including RUNX2 (g1) and Col1 (g2), after osteogenic differentiation. *p < 0.05, **p < 0.01, t-test.
In order to verify the direct effect of fluoride on the viability of HUVECs and C3H10T1/2 cells, HUVECs and C3H10T1/2 cells were cultured in a complete medium containing 0, 1, 2, 5, and 10 mM fluoride for 24 h. The CCK-8 assay showed that the cell viability in 0–5 mM fluoride treatment was not significantly reduced, and the cell viability in the 10 mM fluorine treatment group was significantly reduced (Supplementary Figure S5).
The ability to induce angiogenesis in vitro in the fluoride-induced macrophages was detected by the HUVECs tube formation assay. The result revealed that although co-culture with macrophages increased tube formation, co-culture with fluoride-induced macrophages markedly decreased the tube area (Figure 6A,Supplementary Figure S7). The volume of the tube area in the 5 mM + RAW group was lower, although it showed a 0.15-fold change than that in the 0 mM + RAW group (Figure 6B).
[image: Figure 6]FIGURE 6 | Fluoride-induced macrophages inhibit MSCs and HUVECs migration. (A) In a Transwell culture system, the lower chambers were added with a medium that cultured RAW or RAW + fluoride for 24 h. C3H10T1/2 cells were added to the upper chambers, and the cells were cultured. Twenty-four hours after that, the membranes were stained with crystal violet for the enumeration of migrated MSCs. (B) Representative microscopic images show the migration of MSCs in the membranes. The violet color indicates migrated cells (×50, scale bar 400 μm). (C) Cumulative data show migrated MSCs (average number of 3 different microscopic fields). (D,E) Wound healing assays of C3H10T1/2 and HUVECs showed significantly increased migratory abilities in co-cultured with fluoride treatment. (F,G) Relative rate of % of 0 h gap area. The data are shown as mean ± SD for three separate experiments. *p < 0.05, **p < 0.01.
To determine whether macrophage differentiation induced by fluoride regulates the osteogenic differentiation MSCs in vitro, the C3H10T1/2 cells were cultured in an osteogenic differentiation medium for a predetermined time before being co-cultured with macrophages. Then these cells were cultured in macrophage medium supernatant with or without fluoride. We found that ALP activities were significantly inhibited by the fluoride-induced macrophage medium group compared with other groups on day 3, both qualitatively and quantitatively (Figures 6C, D) Similarly, matrix mineralization was significantly inhibited on day 14 when cells were co-cultured with fluoride-induced macrophages (Figure 6E, F). When the expression of osteogenic markers was assessed, we found that Runx2 was dramatically reduced by co-culture with fluoride-induced macrophages (Figure 6G, Figure g1). Accordingly, the expression of late osteogenic markers such as Col1 was significantly decreased on day 7 (Figure 6, Figure g2). Taken together, these results indicate that fluoride-induced macrophages not only impair HUVEC tube formation but also significantly diminish BMP2-induced MSC osteogenic differentiation.
DISCUSSION
SF is still one of the most serious public health problems in the world and is prevalent in 50 countries such as some areas of South Asia, India, and Bengal (Johnston and Strobel, 2020; Zhang et al., 2020). However, the current treatment of SF is still not satisfactory because of the complex pathological process and secondary bone trauma such as fractures (Phipps et al., 2000; Srivastava and Flora, 2020). The prevalence of bone fractures associated with high fluoride ingestion has been debated in the past. Previous clinical evidence suggested that fluoride may improve BMD (Ringe and Rovati, 2001), although current studies suggest that this denser bone may be more brittle and susceptible to fracture (Haguenauer et al., 2000). Another report suggested that fluoride exposure in sheep may aggravate bone loss and cause fragility fractures (Hillier et al., 2000; Li et al., 2001; Simon et al., 2014). These studies tend to support the notion that high fluoride ingestion increases the risk of bone fracture. Meanwhile, fluoride could be incorporated into apatite crystals and lead to the formation of fluorapatite (Simon et al., 2014). Fluorapatite may result in higher resistance to bone resorption by osteoclasts, and its accretion is perpendicular to the collagen fibers, unlike hydroxyapatite. This results in fewer proteins binding and more brittle bones. However, little data are available on whether this change affects the bone fracture healing process. Therefore, it is of great significance to understand the effect of high fluoride exposure on fracture healing. In this study, for the first time, we discovered that excessive fluoride exposure delayed bone fracture healing in rats. Excessive fluorine exposure mainly impairs the regenerative stage of fracture healing, as micro-CT results revealed that osteogenesis was inhibited on day 21. A growing number of fracture healing studies have shown that there is no lack of progenitor cells at the fracture site, but fracture healing is impaired, mainly due to changes in the regenerative stage of healing (Gaojian et al., 2020). Fluoride can cause inflammation in multiple systems of the body, such as the gastrointestinal tract and the heart muscle, and in bone fracture healing, dysregulated inflammation leads to suppression of bone formation (Quadri et al., 2018; Li et al., 2020b). The main feature is the change in macrophage polarization. Intriguingly, we found that the M2 macrophages were decreased in the callus of the 10 mM fluoride-treated group, which might be the cause of fracture nonunion.
Recently, the relation between macrophage polarization and bone fracture healing or bone regeneration is getting increasing attention in various pathological conditions (Schlundt et al., 2018). Particularly, in the endochondral ossification pathway of fracture healing, recent research has determined that process is based on carefully coordinated cross-talk between macrophage polarization and bone-forming cells (Houari et al., 2014; Gaojian et al., 2020; Xiao et al., 2021). Both the M1 and M2 macrophages affect multiple stages of fracture healing but in different ways. One study revealed that M1 macrophages are important for the recruitment and osteogenic priming of MSC during the proinflammatory stage (Ye et al., 2018). In contrast, some studies suggest that M2 macrophages mainly contribute to bone formation during the later stages of fracture healing (Hu et al., 2018; Schlundt et al., 2018). Macrophage differentiation of M1 and M2 were the main variables in our animal studies, with no previously published data reported on whether fluoride participated in the differentiation of macrophages into M1 and M2. In this study, we stimulated RAW with LPS or IL-4 for M1 differentiation and M2 differentiation and exposed them to fluoride stimulation, respectively. More M1 macrophages were detected by immunofluorescence assay than M2 macrophages in the high-dose fluoride-induced group. This suggests that the delay in fracture healing may be due to the inhibition of M2 differentiation by fluoride. Meanwhile, a recent study has shown that a new type of β-tricalcium phosphate ceramic promotes M1 differentiation both in vivo and in vitro but has no significant osteoinduction ability in vivo. This suggests that during the endochondral osteogenesis process, the persistence of M1-type macrophages in the late stage of fracture healing may lead to long-term local inflammation that affects bone regeneration (Chen et al., 2020). We found that although macrophages can promote MSCs and HUVECs migration in vitro, this enhancement disappears in high fluorine concentration. Meanwhile, the osteogenic differentiation and tube formation were inhibited. This further suggests that excessive fluoride-induced macrophages impair the regenerative stage of fracture healing by inhibiting MSC osteogenesis and angiogenesis of HUVECs.
The toxicity effect of fluoride in a dose-dependent manner has been previously reported (Ribeiro et al., 2017; Jiang et al., 2020a). There is still no accurate standard for fluoride ion concentration in the bone tissue of patients with SF, which has led to a blurred relationship between bone damage and bone fluoride concentration. It would be interesting to further understand the effect of fluoride concentration on bone metabolism. An in vitro study showed that more than 50 μM fluoride can decrease the estimated elastic modulus in the 3-point bending assay (Rezaee et al., 2020). At a range of 50–1500 μM, NaF-incubated bones had significantly greater indentation distances, higher displacement-to-maximum force, and lower estimated elastic modulus, ultimate stress, and bending rigidity with increasing NaF concentration compared to vehicle-incubated bones. However, this range of fluorine concentration is quite different from in vivo conditions (Rezaee et al., 2020). Our results showed that when the fluoride ion concentration in the femur is greater than 500 mg/kg, fracture healing is delayed in SD rats. In vitro cell studies have reported that fluoride above 16 ppm (approximately 840 μM fluoride) for 7 days can decrease the cell viability of BMSCs (Wu et al., 2019). To determine the concentration of fluorine toxicity in macrophages, we used macrophages and cultured them in the range of 10–10,240 μM fluoride. Our results showed that when the fluoride concentration was over 5120 μM, proliferation was decreased at 48 h. To clarify the relationship between fluoride concentration and macrophage polarization, we measured the polarization-relative genes in the range of 0–5120 μM fluoride. The results showed that M2-related gene expression continued to decrease with the increase in fluoride concentration. This feature was further confirmed by ELISA assays, for the downregulation of M2 macrophages, secreted cytokines VEGF and IL-8, and the expression of MSC and HUVEC migration relative cytokines (CXCL12 and CCL2 that are mainly secreted by M1 macrophages) were also decreased. These studies on fluorine concentration are helpful to further understand the pathological processes and diagnosis of fluorosis.
CONCLUSION
Our results revealed that the high fluoride intake impaired bone fracture healing. The high fluoride concentration affects the polarization of macrophages, resulting in a decrease in M2 differentiation. Although this study does not directly address the cause-and-effect relationship between fluoride-induced macrophage polarization and the impairment of fracture repair, it still provides an important reference for the clinical treatment of bone fracture patients with a history of high fluoride intake or SF. Meanwhile, it also provides a reference for the pathological study and treatment of SF.
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Calcium phosphate (CaP) is the principal inorganic constituent of bone and teeth in vertebrates and has various applications in biomedical areas. Among various types of CaPs, amorphous calcium phosphate (ACP) is considered to have superior bioactivity and biodegradability. With regard to the instability of ACP, the phosphorus-containing molecules are usually adopted to solve this issue, but the specific roles of the molecules in the formation of nano-sized CaP have not been clearly clarified yet. Herein, alendronate, cyclophosphamide, zoledronate, and foscarnet are selected as the model molecules, and theoretical calculations were performed to elucidate the interaction between calcium ions and different model molecules. Subsequently, CaPs were prepared with the addition of the phosphorus-containing molecules. It is found that cyclophosphamide has limited influence on the generation of CaPs due to their weak interaction. During the co-precipitation process of Ca2+ and PO43-, the competitive relation among alendronate, zoledronate, and foscarnet plays critical roles in the produced inorganic-organic complex. Moreover, the biocompatibility of CaPs was also systematically evaluated. The DFT calculation provides a convincing strategy for predicting the structure of CaPs with various additives. This work is promising for designing CaP-based multifunctional drug delivery systems and tissue engineering materials.
Keywords: phosphorus-containing molecules, calcium phosphate, nanocomposites, bone therapy, drug delivery
INTRODUCTION
Bones are indispensable tissues in the body and perform plenty of vital functions, such as facilitating locomotion, maintaining the balance of calcium and phosphate, harboring the bone marrow, and protecting organs as well as supporting soft tissues (Grabowski, 2015). Bones make great contributions toward good health, but various bone diseases (Jiang et al., 2022), including scoliosis, fractures (Kellam et al., 2018), osteoporosis (Li et al., 2020), osteoarthritis (Hu et al., 2021), and bone cancer (Xue et al., 2021), are extremely disruptive to people’s quality of life.
Calcium phosphate (CaP) is the principal inorganic constituent of bones and teeth in vertebrates (Dorozhkin and Epple, 2002; Sawamoto et al., 2020). The CaP materials are essential biomaterials with excellent biocompatibility, and therefore, they have wide applications in biomedical areas, including bone regeneration and coating of implants or fillers in bones or teeth (Wang and Yeung, 2017; Li et al., 2021). Compared to normal non-degradable drug carriers, CaP materials exhibit superior advantages such as excellent biodegradability and biological responses, since the metabolites are ubiquitous ions of calcium and phosphate (Pina et al., 2015; Jiang et al., 2018).
Among the multifarious types of calcium phosphate, amorphous calcium phosphate (ACP) is the primary phase that can first precipitate from super-saturated aqueous solution owing to its low surface energy relative to that of hydroxyapatite (HAP) and octacalcium phosphate (OCP) (Sawamoto et al., 2020). Moreover, ACP is a relatively outstanding biomaterial with superior biodegradability and osteoinductivity (Qi et al., 2019). While ACP is quite unstable in aqueous solution, it will transform into crystalline HAP in a short time (Kwak et al., 2014). It should be noted that the metastable ACP phase can be stabilized well in aqueous solution using appropriate additives (Manuel Delgado-Lopez et al., 2017; Mao et al., 2021; Ruiz-Agudo et al., 2021) and/or ions (Ding et al., 2014). There are numerous excellent previous studies focusing on the regulation of calcium phosphate with various morphologies, such as by adding polymers (Yao et al., 2019), citric acid (von Schirnding et al., 2021), oleic acid (Li et al., 2017), and nucleic acid (Shen et al., 2021). It has been demonstrated that the formation of calcium phosphate can be influenced by the polarity, molecular weight, and electric groups of polymers (Schweizer and Taubert, 2007). Citric acids can be bonded to the surface of calcium phosphate to suppress the occurrence of crystal nucleation, and thereby act as inhibitors of HAP crystallization (Johnsson et al., 1991). The carboxyl group of citric acid competes with the phosphate group to bind with free calcium ions, thus stabilizing amorphous calcium phosphate (Ruiz-Agudo et al., 2021). Calcium oleate can be used as the precursor to tune the hydrophilicity/hydrophobicity, and then ultralong HAP nanowires with high flexibility can be achieved.
In addition, it has been commonly recognized that phosphorus-containing molecules (Fleisch, 1998; Zhou et al., 2020) can regulate the formation and growth of inorganic nanocrystals. Phosphorus-containing molecules, such as bisphosphonates, which have been widely used for clinical treatment, can work as additives to synthesize CaPs due to their strong affinity with calcium (Wang et al., 2015; Li et al., 2016). However, the specific role of phosphorus-containing molecules in the formation of nano-sized CaPs has not been clarified yet.
Herein, several phosphorus-containing molecules were selected to explore the mechanisms. Firstly, a density functional theory (DFT) calculation was conducted to predict the interaction between calcium ions and molecules. Afterwards, the phosphorus-containing molecules were incorporated to prepare CaPs, and the morphology, structure evolution, and cell viability of the synthesized materials were systematically characterized and evaluated. The experimental results were consistent with the DFT calculation, indicating that strong interactions between calcium ions and phosphorus-containing molecules are essential for the regulation of the growth and morphology of CaP nanocrystals. Furthermore, the DFT calculation can also provide guidance for the design and preparation of CaPs with various functions. Accordingly, various CaP nano-materials are promising for applications in multifunctional drug delivery systems and tissue engineering scaffolds.
EXPERIMENT
Materials
All the chemicals used for the experiments were of analytical grade, and they were directly used as received without any further purification. CaCl2, NaOH, KH2PO4, Na2HPO4, NaCl, KCl, alendronate sodium (C4H12NaNO7P2·3H2O, Adn), cyclophosphamide (C7H15Cl2N2O2P, Cpp), zoledronic acid monohydrate (C5H10N2O7P2·H2O, Zda), and foscarnet sodium (CNa3O5P, Fss) were purchased from Aladdin Industrial Co., Ltd.; 2× phosphate-buffered saline (2× PBS) was prepared by successively dissolving NaCl, KCl, Na2HPO4, and KH2PO4 in deionized water with the concentrations of 272 mM, 5.2 mM, 16 mM, and 4 mM, respectively. The final solution has a pH value of about 7.4 at room temperature.
Density Functional Theory Calculation
Theoretical calculations were performed employing the ORCA program (Neese et al., 2009) using a density functional theory (DFT)–based methodology. The geometries of all the structures were optimized with the hybrid B3LYP functional and the 6-31G (d) basis set to rationalize the interaction. Accordingly, the Gibbs free energies were further obtained with the hybrid B3LYP functional and the 6-311G (d, p) basis set.
Preparation of CaP With the Incorporation of Phosphorus-Containing Molecules
In a typical synthesis procedure, 20 ml 2 × PBS solution was added to 20 ml of a solution containing CaCl2 and phosphorus-containing molecules with a concentration of 33.4 mM, NaOH (0.2 M) was introduced to adjust the pH of the mixed solution to 7.4, and then the mixture was placed in a water bath at 37°C and subjected to magnetic stirring for 1 h. The products were collected via centrifugation and washed with deionized water and ethanol three times, and then freeze-dried for further characterization. Reactions were also conducted without the addition of phosphorus-containing molecules, and the products were denoted as Control CaPs. The CaP samples prepared under the regulation of Adn, Cpp, Zda, and Fss were marked as CaP/Adn, CaP/Cpp, CaP/Zda, and CaP/Fss, respectively. Moreover, the co-precipitation products formed at 10 min were also collected and denoted as CaP/And-0, CaP/Cpp-0, CaP/Zda-0, and CaP/Fss-0, respectively. Thereafter, Adn or Zda with a concentration of 3.34 mM in the mixed solution was also conducted to obtain CaP products with different drug contents, and the samples were marked as CaP/Adn-1 and CaP/Zda-1.
Loading Capacity and Releasing Profile of the Four Molecules
The dried powders (5 mg) of the as-prepared CaP/Cpp, CaP/Zda, and CaP/Fss were dispersed in 5 ml of PBS solution (pH 7.4) to reveal the release kinetics of the incorporated molecules from the corresponding CaP products. The suspensions were placed in a shaker with a constant shaking frequency of 140 rpm at 37°C. The supernatants and sediments were collected at given time points of 1, 6, 12, 24, and 48 h, respectively. The UV-Vis absorption curves of Cpp, Zda, and Fss with different concentrations were measured, and the related curves are shown in Supplementary Figures S5A,B, S6A. The UV-Vis absorption curves of the released medium at different time points were also recorded. Moreover, to detect the incorporated molecules in CaP samples, 0.25 mg of CaP/Cpp, CaP/Zda, CaP/Zda-1, and 1 mg of CaP/Fss were dissolved in 1 ml of HCl (1M), and the UV-Vis absorption curves were also recorded and shown in Supplementary Figures S5C,D, S6D.
Structural and Chemical Characterization
The X-ray powder diffraction (XRD) patterns of the CaP products were carried out using an X-ray powder diffractometer (Bruker advance D8, Germany) supplemented with Rigaku D/max 40 kV and Cu Kα radiation. Fourier transform infrared (FTIR) spectra were collected via an FTIR spectrometer (Nicolet iS5, Thermo Scientific, USA). Transmission electron microscopy (TEM) micrographs of the as-prepared CaP products were taken with a field-emission electron microscope (JEOL JEM-2100F, Japan) associated with energy-dispersive spectroscopy (EDS, JED2300).
Cell Viability Tests in vitro
Mouse bone marrow–derived mesenchymal stem cells (BMSCs) were purchased from Cyagen Biosciences Incorporation (China) and cultured in a low-glucose Dulbecco’s minimum essential medium (DMEM (LG), Sigma Life Science), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin (PS). Sprague–Dawley rat–derived osteoblast-like UMR106 cells were obtained from the Cell Resources Center, Chinese Academy of Sciences (Shanghai), and cultured in a high-glucose DMEM (Sigma Life Science) containing 10% FBS and 1% PS. The cell incubator was set at 37°C and 5% CO2 following the manufacturer’s instructions. BMSCs from passage 3 to 5 were used for further experiments.
BMSCs and UMR-106s were seeded in the 96-well plate with a density of 2,000 cells per well. After being sterilized under ultraviolet light for 30 min, CaP products were co-cultured with BMSCs and UMR-106s with different concentrations. CCK8 assay was applied for testing the biocompatibility and cancer-killing effects of the CaP nanocomposites. After incubation for 2 days separately, the cell viability was assessed by CCK8 assay kits (DOJINDO, Japan). The detailed values were recorded via a microplate reader (BioTek Instruments, United States) at a wavelength of 450 nm. The corresponding results documented here were presented as an average value of at least four parallel measurements. Data were analyzed by GraphPad Prism 8.0 software, and comparisons were evaluated by Student’s t ̵test and ANOVA. Only when the p value < 0.05, the results were regarded as statistical significance.
RESULTS AND DISCUSSION
Theoretical Simulation
To theoretically reveal the role of phosphorus-containing molecules in the formation of CaPs, theoretical calculations were conducted employing the ORCA program (Neese et al., 2009) with the density functional theory (DFT) methodology at the B3LYP/6-31G (d) level. The optimized atomic structure and electrostatic density of phosphorus-containing molecules before and after the combination with calcium ions are shown in Figures 1A–H; the ionization state of each molecule at the pH of 7.4 was determined by their pKa values.The electrostatic density of certain oxygen atoms of the phosphate group becomes notably less positive after the combination with calcium ions, which indicates that the phosphate group and carboxyl group interact with calcium ions via the linkage of the Ca-O bond.
[image: Figure 1]FIGURE 1 | Optimized atomic structure showing the electrostatic density of (A) Adn−, (B) Adn− + Ca2+, (C) Cpp, (D) Cpp + Ca2+, (E) Zda-, (F) Zda− + Ca2+, (G) Fss3-, and (H) Fss3- + Ca2+. Note: grey ball, carbon atom; white ball, hydrogen atom; blue ball, nitrogen atom; orange ball, phosphorus atom; lime-green ball, calcium atom; red ball, oxygen atom; and green ball, chlorine atom.
Gibbs free energies (G) were further obtained with the hybrid B3LYP functional at the 6-311G (d, p) basis sets to quantificationally illustrate the interaction, and the detailed data under each chemical structural formula are also shown in Figure 2. The value of delta G represents the binding energy of phosphorus-containing molecules and calcium ions. It can be seen that the Cpp has the weakest interaction with Ca2+, Fss3+ combines closest with Ca2+, and the binding energy of Adn− and Ca2+ is close to that of Zda−. According to the simulation results, the binding energy is probably related to the ionization state, charged group, and spatial configuration of the phosphorus-containing molecules.
[image: Figure 2]FIGURE 2 | Chemical structural formula and the responding Gibbs free energy of (A) Adn− and Adn− + Ca2+, (B) Cpp and Cpp + Ca2+, (C) Zda- and Zda− + Ca2+, (D) Fss3- and Fss3- + Ca2+, (E) HPO42- and HPO42- + Ca2+, and (F) PO43- and PO43- + Ca2+.
It is reported that the phosphorus-containing molecules compete with the phosphate ions to react with the calcium ions (Fleisch, 1998), the simulation result also provided quantitative data about how strong the interaction is between each phosphorus-containing molecules and calcium ions. For Cpp, it has the weakest interaction with calcium, and the obtained CaP/Cpp has been rarely influenced by Cpp; Adn and Zda have a stronger binding affinity with calcium, while the binding energy is still lower than inorganic HPO42- and PO43- (Supplementary Figure S1); thereby, the crystal growth process of CaP is disturbed or some of the inorganic phosphates are replaced by Adn or Zda during the co-precipitation process, which leads to the formation of amorphous calcium phosphate or other new composites consisting of calcium and phosphorus-containing molecules; Fss and calcium have the strongest binding energy, which is higher than that of calcium and HPO42- but close to that of calcium and PO43- (Figures 2E,F). Considering the pH of the reaction system, HPO42- extensively exists in PBS (PH 7.4), Fss molecules may have an advantage over HPO42- to bind with calcium ions, and a new complex consisting of calcium and Fss could form.
Synthesis and Characterization of CaPs With the Addition of Phosphorus-Containing Molecules
To verify the results of the theoretical simulation, Adn−, Cpp, Zda−, and Fss3- were selected as additives to regulate the formation of CaPs. Figure 3 provides the TEM micrographs of CaP Control prepared without adding phosphorus-containing molecules (Figure 3A), suggesting a nanosheet structure which is the typical morphology of CaP in bones. Both the CaP/Adn (Figure 3B) and CaP/Zda (Figure 3D) have a nanosized spheroidal structure with a diameter of 20–50 nm, whereas the grain size of CaP/Adn is obviously larger. Supplementary Figure S3 shows the TEM micrographs of CaP/Adn-0 and CaP/Zda-0, which also indicate the morphology of nanoparticles. It is found that Cpp has limited influence on the morphology of CaP/Cpp (Figure 3C). In contrast, CaP/Fss-0 (Supplementary Figure S3E) possesses a defective nanoplate structure, which is quite different from the other CaP products, but can be transformed into a perfect nanoplate with prolonged co-precipitation time (Figure 3E).
[image: Figure 3]FIGURE 3 | TEM micrographs of (A) CaP Control, (B) CaP/Adn, (C) CaP/Cpp, (D) CaP/Zda, and (E) CaP/Fss; (F) XRD patterns of CaP Control, CaP/Adn, CaP/Cpp, CaP/Zda, and CaP/Fss products.
As the XRD patterns of CaP Control and CaP/Cpp given in Figure 3F show, their related characteristic diffraction peaks are located at 2θ of ∼32° but with weak intensities and large peak width, indicating a low-crystallinity apatite phase. CaP/Adn exhibits a typical amorphous structure, while CaP/Zda and CaP/Fss exhibited totally different features within the XRD patterns, which cannot be detected in the database of Joint Committee on Powder Diffraction Standards (JCPDS). As shown in Supplementary Figure S2, the XRD patterns of CaP/Zda matches those of calcium–Zda complexes extracted from cif data provided by Freire et al. (2010), indicating that CaP/Zda is a complex of calcium and Zda. According to the simulation results, Adn and Zda have close binding energy with calcium, while Adn decreased the crystallinity of CaP, which is also extensively reported (Huang et al., 2022), and Zda and calcium formed a complex with a higher crystallinity. CaP/Ada and CaP/Zda may have different atomic arrangements due to the different spatial configuration of Adn and Zda. The DFT simulation only calculated the binding energy of calcium and phosphorus-containing molecules, while the 3D arrangement of CaP products has not been taken into consideration, and the crystal structure may not be predicted via binding energy. Thereafter, FTIR spectra were collected to further investigate the chemical structure.
As shown in Figure 4, the intense absorption peaks of CaP Control at about 1,122, 1,024, 601, and 560 cm−1 are attributed to the presence of the PO34- group. The typical features of Adn at 1,549 cm−1, Zda at 1,386 cm−1, and Fss at 973 cm−1 also appear on the spectra of CaP/Adn, CaP/Zda, and CaP/Fss, respectively, which reveals that the CaP products in Figure 4A are assigned to organic-inorganic complexes except for CaP Control. With comparisons, the typical features of Cpp are not obvious on the spectrum of CaP/Cpp, indicating the low content of Cpp and the weak interaction between Cpp and CaP. These experimental results are consistent with those calculated by a theoretical simulation.
[image: Figure 4]FIGURE 4 | FTIR spectra of (A) CaP Control, Adn, CaP/Adn, Zda, CaP/Zda, Fss, and CaP/Fss; (B) CaP Control, Cpp, and CaP/Cpp.
To further investigate the physicochemical property of the CaP products, loading capacity and drug-releasing profile of the molecules from the as-prepared CaP have been evaluated and shown in Figure 5 and Supplementary Figures S5, S6. In terms of the theoretical and experimental data, CaP/Adn and CaP/Zda are organic–inorganic complexes; meanwhile, Adn and Zda have similar binding energy with calcium, and the drug-release kinetics of CaP/Zda was examined due to the convenient detection. The R square of the absorbance-concentration curves of both Zda and Fss are above 0.999, indicating that an excellent linear fitting correlation has been obtained. Thereafter, the incorporated Zda and Fss in CaP/Zda, CaP/Zda-1, and CaP/Fss were tested and calculated; the corresponding drug-loading capacity are 175, 101, and 411 mg/g, respectively. Figures 5C,D show the release curves: the release of Zda and Fss reaches a plateau, or the release rate decreases after 24 h. CaP/Zda released about 40% of Zda after 24 h, while CaP/Fss only released 16% of Fss, suggesting a different transformation occurred in the system over 72 h. As shown in Figure 5H, after being shaken in PBS at 37°C for 72 h, the nanosized spherical CaP/Zda transformed into a similar nanosheet structure as CaP Control, indicating that Zda competes with the inorganic phosphate groups to react with calcium and the spherical morphology needs to be maintained by Zda. Meanwhile, CaP/Fss developed into a structure with a bunch of nanowires/nanorods (Figure 5I), and Fss which has a stronger binding affinity with calcium and played an essential role in the formation and transformation of CaP/Fss in the physiological environment. Moreover, Supplementary Figure S6 shows the UV-Vis absorption curves of the released medium of CaP and CaP/Cpp at different time points. Obviously, the UV-Vis absorption peak of Cpp is influenced by the dissolved CaP, and the peak intensity between dissolved CaP/Cpp and CaP are similar, revealing that the content of incorporated Cpp is quite low in CaP/Cpp. These results also explain the phenomenon that CaP/Cpp has a similar morphology to Cpp.
[image: Figure 5]FIGURE 5 | Absorbance-concentration curve of (A) Zda and (B) Fss obtained from related UV-Vis absorption curves in Supplementary Figure S5A,B; (C) Zda-release and (D) Fss-release curves of CaP/Zda and CaP/Fss in PBS. TEM micrographs of (E) CaP Control—72 h, (F) CaP/Adn—72 h, (G) CaP/Cpp—72 h, (H) CaP/Zda—72 h, and (I) CaP/Fss—72 h.
Cytotoxicity Assay for the Biocompatibility of the CaPs
To evaluate the biocompatibility of CaPs with different structures, BMSCs and UMR-106 cells were co-cultured with the CaP products at a series of concentrations. As shown in Figure 6, CaP Control and CaP/Cpp exhibit excellent biocompatibility, and thus could promote the proliferation of BMSCs and UMR-106. CaP/Fss is non-toxic at a low concentration, while the biocompatibility is reduced when a concentration is set above 20 μg/ml. CaP/Adn and CaP/Zda show obvious cytotoxicity, and the cell viability is decreased with the concentration of nanoparticles increasing. The cytotoxicity of CaP/Adn and CaP/Zda is derived from the high content of Adn and Zda in the organic–inorganic complex. The nanocomplex can release phosphorus-containing drugs with degradation, as CaP is pH sensitive (Gou et al., 2016; Mi et al., 2016). Hence, Adn and Zda can realize controlled release under acid conditions(Huang et al., 2022). Since the bisphosphonates are reported to inactivate human epidermal growth factor receptors (human EGFR or HER) to perform antitumor actions (Yuen et al., 2014), CaP/Adn and CaP/Zda can be considered to be promising drug delivery systems for osteosarcoma therapy. CaP/Adn-1 (Supplementary Figure S4) and CaP/Zda-1 (Supplementary Figure S4B) loaded with fewer drugs showed better biocompatibility and are more suitable for biomedical uses.
[image: Figure 6]FIGURE 6 | Cell viability of BMSCs (A) and UMR-106 (B) cells co-cultured with different CaPs at various concentrations for 48 h.
CONCLUSION
In this study, the interaction of calcium ions and phosphorus-containing molecules, including alendronate, cyclophosphamide, zoledronate, and foscarnet, were simulated via the ORCA program. It demonstrated that the electrostatic density of certain oxygen atoms in a phosphate group was less positive after the combination with calcium ions, indicating that the phosphate group and carboxyl group interacted with calcium ions via the linkage of a Ca-O bond. Meanwhile, the binding energy of calcium ions and each phosphorus-containing molecule were also obtained, and they were dependent upon the ionization state, charged group as well as spatial configuration. The theoretical simulation provided a prediction result of the role of phosphorus-containing molecules in the formation of nano-sized calcium phosphate. Subsequently, phosphorus-containing molecules were incorporated to prepare CaPs, and cyclophosphamide had limited influence on the formation of CaP due to their weak interaction. Adn, Zda, and Fss were competitive with the phosphate group during the coprecipitation process of Ca2+ and PO43-, and played critical roles in the formation of the inorganic–organic complex. The experimental results were consistent with the DFT calculation, revealing that strong interactions between calcium ions and phosphorus-containing molecules were essential for the regulation of the growth and morphology of CaP nanocrystals. Additionally, the biocompatibility of CaPs was also evaluated, and cytotoxicity was mainly determined by the content and pharmacological property of the phosphorus-containing molecules. Overall, DFT calculation can provide a convincing strategy on predicating the structure of CaPs with various additives and the design of CaP-based multifunctional drug delivery systems and tissue engineering materials.
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2.33-5.26

0.68-1.58
34-43

38-50

Yield
strength
(MPa)

134
197

66.4-295.7
65.4-295.7

188-839
37-760

91
136.7-274.5

36-299

Ultimate
compressive
strength
(MPa)

113-916
856.7-0.85

1,431-5,021
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Mehboob et al. (2018)
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(2013)
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No

Material

TiBAL4V
TiBAL4V
TiBAL4V
TiBAL4V
TiBAL4V
TiBAL4V
TiBAL4V
CoCrMo
Tie4

CoCr
Tie4

TiBAL4V

TiBAL4V

Approach

EBM
S
EBM
EBM
EBM
EBM
S
S
SM

SM
SM

SwM

SM

Equipment

Renishaw AM250 (Renishaw Limited,
Mississauga, ON)

Arcam AB (Arcam, Moindal, Sweden)
Arcam Q10 (Arcam, Molndal, Sweden)
Arcam A2 (Arcam, Molndal, Sweder)
EOS M280 (EOS GmbH, Munich,
Germany)

EOS M270 (EOS GmbH, Munich,
Germany)

EOS M280 (EOS GrmibH, Munich,
Germany)

EOS M280 (EOS GrmbH, Munich,
Germany)

EOS M290 (EOS GrmbH, Munich,
Germany)

Laseradd DiMetal-260 (Laseradd,
Guangzhou, Ching)

Laser

spot
diameter (um)

70

Powder Powder
size (um) layer
thickness (um)
45-100 #
15-60 30
45-105 50
- 30
<63 20
- 100
- 30
455 -

References

Arabnejad Khanoki and Pasiri,
(2013)
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Harrysson et al. (2008)
Mehboob et al. (2020b)
Hazlehurst et al. (2014a)
Jette et al. (2018)

Limmahakhun et al. (2017a)
Simoneau et al. (2017)

Abate et al. (2021)

Wang et al. (2018)
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Aspects

Extracellular
microenvironment

Factors

Culture temperature
Hypoxia
Three-dimensional
cuture

Hydrogels

ECM

Transforming growth

factor p famiy

Other growth factors

Other redifferentiation
inducers

Modulation of chondrocyte redifferentiation

Culture temperature of 37°C promotes chondrocyte
redifferentiation

Hypoxia has a positive effect on the redifferentiation of
chondrocytes

3D culture has a posiive effect on the redifferentiation of
chondooytes

The elasticity of hydrogels, the density of the adhesion
sites, and their configuration methods will all mediate the
redifferentiation of chondrocytes; however, there is
currently a lack of standardized methods for evaluating
hydrogels

DCM has a positive efect on the redifferentiation of
chondocytes, with the disadvantage that it is difficut to
produce in large quantities

The effect of asingle TGFp as aninducer is imited, and the
combined appiication of multiple TGFp warrants further
research

FGF2 and IGF1 induce cell proliferation and
dedifferentiation and, combined with other inducers or

hypoxia, can reguiate the redifferentiation of chondrocytes

PRP, LMWF5A, and ERK1/2 inhibitors; WNT inhibitors; Cn
inhibitors and oleuropein all show potential to modulate the
redifferentiation of chondrocytes

References
von Bormhard et al., (2017); lto et al., (2015)

Duval et al., (2009); Markway et al., (2013); Das et al.
(2015); Olltrautt et al., (2015); Rakic et al., (2017); Oztirk
etal, (2017); Jeyakumar et al, (2019)

von Bomhard et al., (2017); He et al., (2020); Caron et .
(2012); Takahash et al., (2007); Schulze-Tanzil, (2009);
Mukaida et al., (2005); Ahmed et al., (2014)

Schuh etal., (2012); Zengetal., (2015); Kiotz et l., (2016);
Angelozzi et al., (2017); Bachmann et al., (2020); Oztiirk
etal, (2020)

Peiand He, (2012); Yang et al., (2018); Liang et al., (2020)

Jakob et al., (2001); Dong et al., (2005); Lee et ., (2005);
van der Windt et al., (2010); Narcisi et al., (2012); Baugé
etal., (2013); Blaney Davidson et al, (2015); Bianchi et al.
(2017); Crecente-Campo et al, (2017); Roelofs et al.,
(2017); Mendes et al., (2018); Bianchi et al., (2019)
Meartin et al., (2001); Hendriks et al., (2006); Lee et al.,
(2017); Wit et al., (2017); Dufour et al., (2019); Endo et l.,
(2019); Kikuchi and Shimizu, (2020); Kiinder et al., (2020);
Song et al., (2021)

van der Windt et al., (2010); Zhong et al., (2016);
Jeyakumar et al., (2017); Hausburg et al., (2018); Wang
et al., (2018); Jeyakumar et al., (2019); Varela-Eirin et al.
(2020)
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Aspects

Cell
source

Factors

Human knee chondrocytes

Human nasal septal
chondrocytes

Human polydactyly
chondrocytes

Human microtia chondrocytes

Modulation of chondrocyte
redifferentiation

Gommonly used cell sources

Better reproducivle abiity to generate hyaline-like cartiage
tissue

Potential for stable cartiage production

3D chondrogenic culture system is needed

References

Jones and Peterson, (2006); Minas et al., (2014); Mistry et l.
(2017)

Mumme et dl., (2016); von Bomhard et al., (2017)

Cavall et al. (2019)

He et al. (2020)
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Genes

coltal
OCN
Osterix
Runx2

aP2
C/EBPa
PPARy
adiponectin

GAPDH

Primer sequences

forward: 5'-CGG ATC CTG ACC AAA AAC C-3'
reverse: 5'-TCA TGA TGT CCG TGG TCA AT-3'
forward: 5'-CTG ACC TTC CTG CGC CTG ATG TCC-3"
reverse: 5'-GTC TGG GGC ACC AAC GTC CAA GGG-3'
forward: 5'-CAC CAT GAG GAC CCT CTC TC-3
reverse: 5'-TGG ACA TGA AGG CTT TGT CA-3'
forward: 5'-TCT CCA TCT GCC TGA CTC CT-8'
reverse: 5'-AGC GTA TGG CTT TGT GC-3"

forward: 5'-GAC TGT GGT TAC CGT CAT GGC-3"
reverse: 5'-ACT TGG TTT TTC ATA ACA GCG GA-3'
forward: 5'-ATG GGA TGG AAA ATC AAC CA-3'
reverse: 5'-GTG GAA GTG ACG CCT TTC AT-3'
forward:5'-CAC CTG CAG TTC CAG ATC G-3'

reverse: 5'-GTA CTC GTT GCT GTT CTT GTC CAC-3'
forward: 5'-AGA CAT TCC ATT CAC AAG AAC AGA-3'
reverse: 5'-TGA ACT CCA TAG TGA AAT CCA GAA-3'
forward:5'-TTG GTC CTA AGG GAG ACA CG-3'
reverse: 5'-CAC ACT GAA TGC TGA GCG GTA-3"
forward:5'-CAT GTA CGT TGC TAT CCA GGC-3'
reverse: 5'-CTC CTT AAT GTC ACG CAC GAT-3"
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Product name

TruFit™

MaioRegen™

ChondroMimetic™

Agii-C™

BioMatrix CRD

Company

Smith and Nephew

Finceramica

TiGenix

CartiHeal Ltd

Kensey Nash

Classification

Biphasic

Triphasic

Biphasic

Biphasic

Biphasic

Materials

PLGA-PGA (75:25), calcium sulfate

Type | collagen, magnesium-enriched hydroxyapatite

Type Il collagen, type | collagen, chondroitin sulfate,
calcium phosphate
Hyaluronic acid, crystaline aragonite

Bovine collagen, -TCP, PLA

N

Figures

F PLGAPGA (75:25)

Calcium phosphate

~ }Type I collagen
F Tape 1 collgeng 1Ap (60:4)
Fype 1 collagen/Mg-Hap (30:70

} Hyaluronic acid

Crystalline aragonite

Abbreviations: PLGA, poly(actic-co-glycolic) acid: PGA, polygiycolic acid; PLA, polyiactic acid. Figures were reprinted from ref Zhang B et al,, 2020) with permission from The Royal
Society of Chemisiry, Copyright 2020.
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Techniques

Lyophilization

Freeze casting

Gas foaming

Microfluidic foaming

Sol-gel process

Solvent casting

Melt molding

Compression molding

Particulate leaching

Phase separation
process

Electrospinning

Additive
manufacturing (AM)

Processes

The mixture s cooled by freeze-drying to eiminate the solvent and water,
forming macropores and micropores in the scaffold structure

The manufacturing technique includes the controlied soldification
process, the sublimation of solvents under reduced pressure and
subsequent densification

The raw materials are kept under a high carbon dioxide pressure to
produce porous structures

The foam s generated via microfiidics under highly controlled and
reproducible conditions

The sol-gel method can result in oxides or hybrid materials in soft
conditions

The polymer solution is first combined with necessary particies and then
poured onto pre-designed molds

The mixture of powdered polymers and porogen is loaded into pre-
designed molds and annealed at an elevated pressure

The mixture is pressed into molds under heat and pressure to obtain the
required structures. Sempertegui et al. (2018); Zhang et al. (2016)

The preliminarily obtained scaffolds are treated and soaked to leach out
particles

The polymer solution s quenched under the freezing point (Tk) and
separated into a polymer-rich phase and apolymer-poor phase which wil
solidify and crystalize respectively. Crystals are removed subsequently

Under a strong electric field, a polymer solution, emulsion or melt is
extruded through a spinneret to produce fiore and deposit on an
appropriate collector

‘The electrohydrodynamic technique, also known as rapid prototyping or
sold freeform fabrication, is classified into seven processes: vat
photopolymerization, material jetting, material extrusion, powder bed
fusion, directed energy deposition, sheet lamination and binder jetting.
Tang et al. (2016); Gibbs et al. (2014)

The pros and cons

 The poresize and porosity can be modified by solution characteristics
(e.g., concentration and viscosity), quenching rate and freezing
temperature (Tf). Raeisdasteh Hokmabad et al. (2017)

 The use of organic solvents; instabilty of the emuision

 The appiicability to various materials; changeable micro- and
macrostructures of obtained scaffolds

 The uniformity of cell infitration should be improved. Salonius et al.
(2019)

» Homogeneous pore monodispersity and interconnection; abundant
cellinfiltration; versatilty. Costantini et al. (2016)

 There is still room to expand the range of applicable biomaterials

» Combined with other techniques, such as 3D printing, this approach

can open a new way for the design of biocompatible hydrogels by

promoting cross-linking. Valot et al. (2019); Touné-Péteih et al.

(2019); Raucai et al. (2018)

Addition of functional elements such as drugs and growth factors

The potential toxicity of organic solvents

Porous scaffolds with desired morphological features

The difficulty of later particulate leaching; high processing

temperature; inapplicabiity of organic solvents

» High-pressure molding can compact the stacking structure and
optimize mechanical performance

» Porous structures adjusted by the added porogen as required

© The technical demands for better control of pore morphology and
interconnection; extra time consumption

© The scaffold structure can be tunable on account of processing
parameters such as quenching temperature and rate

© Theimprovement and integration of techniques is needed to optimize
the probably unfavorable pore structure

 Structures resembing the native ECM; encapsulation of bioactive
elements

» Poor control over architectures restricted by environmental
parameters; difficuity in producing 3D structures; limited cell passage
and substance exchange related to pore size; environmental safety
issues

 Better control over architectures; flexibilty to scale-up customisation;
standardisation and repeatabity of manufacturing

» Narrow range of suitable materials, time-consuming layer-by-layer
processing and high costs
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Cell types Cell sources

Tissue-specific cells Chondrocytes

Osteoblasts

Progenitor cells BM-MSCs

UC-MSCs

AT-MSCs

SDSCs

AFSCs

USCs

Relevant characteristics

More functional cartilaginous tissue formation
Limited quantity in the native tissue

High integration into the surrounding matrix

Dedifferentiation capacity during cuiture and expansion

The expression of Runx2 peaks in immature osteoblasts and reduces at maturity Komori, (2019)

Enhanced apoptosis by p53 and accelerated differentiation through Akt-FoxOs pathway Komori, (2016)
Osteobiast-derived VEGF promotes bone repair and homeostasis Hu and Olsen, (2016)

Most widely used, but highly invasive

The frequency, proliferation efficiency and differentiation potential decline with age

Immunomodulatory functions, faciltating better tissue survival in vivo Sun et al. (2018); Ding et al. (2016)

Inexhaustible supply, noninvasive procurement and high purity

Faster prolferation rates, greater expansion capabiity and broad mutipotency Baksh et al. (2007); Chen et al. (2009)
More primitive—expressing both MSC and ESC markers Barrett et al. (2019)

No or only mild immune response based on recent evidence Prasanna et al. (2010); Liu et al. (2012)

Increased osteogenic differentiation by allylamine modification Murata et al. (2020); Chaves et dl. (2016)

The deposition of chemical groups (e.g., NH2 and COOH) affects chondrogenic and osteogenic lineages Griffin et al. (2017)
Better prolferation and chondrogenic differentiation performance than BM-MSCs and AT-MSCs Sasaki et al. (2018); Zheng
etal. (2015)

Weaker osteogenic capability than BM-MSCs

Elevated ECM deposition and inhibited hypertrophy of chondrocytes Kim et al. (2018)

Expressing Runx2, osterix, osteopontin et al. and producing extracellular calcium stores during differentiation Maraldi et al.
(2011)

Typical differentiation process into cells of mesodermal origin regulated by growth factors (e.g., TGF-, IGF-1 and EGF)
Bajek et al. (2014)

A recently reported candidate for seed cells in tissue engineering Gao et al. (2016)

Osteogenic and chondrogenic potentials worth exploring Qin et al. (2014)

Simple isolation and culture, non-invasive and easy obtainment, low-cost and high efficiency Zhang et al. (2008); Guan etal.
(2014)

Abbreviations: BIM-MSCs, Bone marrow-derived MSCs; UC-MSCs, Umbilcal cord MSCs; AT-MSCs, Adipose tissue-derived MSCs; SDSCs, Synovium-derived MSCs; AFSCs, Amniotic
fluid-derived stem cells: USCs, Urine-derived stem cells.
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mRNA

GAPDH
Sox 9
Col-2a1
Aggrecan
HIF-Ta
Dvi1
GSK3p

p-catenin

Oligonucleotide
primers (5'-3')

F-ATGGGAAGCTGGTCATCAAC

R-GGATGCAGGGATGATGTTCT
F-AGGAAGCTGGCAGACCAGTA
R-CGGCAGGTATTGGTCAAACT
F-CGAGGTGACAAAGGAGAAGC
R-CTGGTTGTTCAGCGACTTGA

F-TGGCATTGAGGACAGCGAAG

R-TCCAGTGTGTAGCGTGTGGAAATAG

F-ACAAGTCACCACAGGACAG
R-AGGGAGAAAATCAAGTCG
F-TCACCGACTCTACCATGTCC
R-ATACGATCTCCCGAAGCAC
F-CTGCCCTCTTCAACTTTACC
R-TATTGGTCTGTCCACGGTCT
F-TCTAGTGCAGCTTCTGGGTT
R-GATGGCAGGCTCGGTAATG

NCBI reference sequence

NCBI Reference Sequence:
NCBI Reference Sequence:
NCBI Reference Sequence:
NCBI Reference Sequence:
NCBI Reference Sequence:
NCBI Reference Sequence:
NCBI Reference Sequence:

NCBI Reference Sequence:

NM_017008.4

NM_080403.2

NM_012929.1

XM_039101034.1

NM_024359.2

NM_031820.1

NM_032080.1

NM_053357.2
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Patient no Oncological status Follow-up (months) Complication VAS (preoperative/postoperative) MSTS

1 NED 57 None 6/0 27
2 NED 30 None 6/0 24
3 NED 67 None 5/0 27
4 NED 24 None 7/0 25
5 DOD 27 None =] =
6 NED 55 None 6/0 26
7 NED 63 None 5/0 28
8 NED 48 None 6/2 25
9 NED 51 None 7/0 25
10 NED 36 None 5/0 26
" NED 55 None 4/0 27
12 NED 44 None 6/0 26
13 NED 41 None 5/0 26

VAS, visual analog scale; NED, no evidence of disease; DOD, died of disease; MSTS, musculoskeletal tumor society.
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no femur femur residual (preoperative/ (preoperative/ * (preoperative/
resection, mm resection proximal postoperative) postoperative) postoperative
length in femur, mm
the total
femur
length, %
1 180.00 4316 71.90 90.30/93.50 27.50/30.50 124/120
2 79.80 19.10 54.20 89.10/92.00 22.80/23.20 128/123
3 98.30 21.57 79.20 91.50/93.20 23.50/24.50 122/127
4 285.00 73.08 5360 66.80/68.10 28.00/30.50 130125
5 211.30 51.66 53.60 81.60/79.50 21.80/22.50 129/126
6 248.00 5835 72.50 89.50/91.20 24.20/25.80 122/125
7 86.70 2158 77.30 89.60/91.70 25.50/26.90 127/122
8 128.60 3085 76.40 91.40/92.30 23.60/18.70 128/134
9 116.70 26.20 74.70 92.80/91.00 25.80/21.30 122/123
10 185.00 3078 78.00 91.20/92.10 26.20/20.80 125/119
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d, Preoperative distance from the center of the femoral head to the midline of the body/postoperative distance from the tip of the INCS to the midline of the bodly; o, Preaperative distance
from the center of the femoral head to the apex of the acetabulum/postoperative distance from the tip of the INCS to the apex of the acetabulum;: INCS, intra-neck curved stem.
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regeneration

Increased the formation of fibrocartiaginous tissue, PEG
increased Col Il MANA expression, and higher GAG
production

Increased wel-integrated fibrocartiaginous tissue
regeneration and mechanical strength

Improved the contact mechanics. Promising resus at
early times, but joint degeneration and implant failure
1 year later

Had good compatibilty with MCs, growth factor
increased the mechanical and biochemical properties.
Promoted cell proliferation and fibrocartilaginous ECM
production

MSGs in meniscus ECM hydrogel enhanced tissue
regeneration and protection from joint deterioration
Increased meniscus-like ECM production

‘Animal model

Dog
Rat
Pig
Rabbit

Rabbit,
microminipig

Rabbit
Primates,
rat, pig

Rabbit, rat, pig,
horse

Rabbit,
goat, dog

Rabbit
Pig

In vitro
Invitro

Dog

Rabbit, dog

Rabbit, sheep

Rabbit, sheep

Rabbit

Sheep, ovine

In vitro

Rat

Equine
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Target genes

Gapdh
E11
Ocn
Sost
Runx2

Forward (5'-3')

AGGTCGGTGTGAACGGATTTG
ACCGTGCCAGTGTTGTTCTG
CTGACCTCACAGATCCCAAGC
AGCCTTCAGGAATGATGCCAC
CCGGGAATGATGAGAACTA

Reverse (5'-3)

TGTAGACCATGTAGTTGAGGTCA
AGCACCTGTGGTTGTTATTTTGT
TGGTCTGATAGCTCGTCACAAG
CTTTGGCGTCATAGGGATGGT
ACCGTCCACTGTCACTTT
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Stem  Species Hydrogel Application  Cell Cell Osteogenic/chondrogenic evaluation

. density/  viabilty g0 pomical  Gene Matrix Biophysical  Reference
type millon assay  expression  synthesis testing
cells'ml
BM-  Human  GelMA CS-AEMA, CTE 10 85-90% NA Aggrecan,  Aggrecan, Coll,  Rheologyand  Costanti etal,
MSCs and HAMA and BTE Coll,Goll, ColllandCol  mechanical  (2016)
andColX X (CC) testing
Humen  GelMA cTE 1 8%  GAGandColll NA GAG, Coll, Gol Il Gompression  De Moor et al.
content (HO) HeE, test (2020)
PSRS, and ABS
Mouse  Me-HAandPOL  BTE 2 Hgh  NA ALP,RUNX  ALPstaiing  NA Znang et al.
200N, andMTS (20208)
and Gol 1A1
Rat GelvA BTE 20 Hgh DNAGAG,  Coll,Colll HaE,Coll,Colll, Compression Daly et al.
Colll,andCol and ColX  and Col X (HC) test ©01g)
X content
AD- Humen HAeandaignate  CTE 8 Hgh  NA SOX-9,  ARSandDMMB Rheological  Nedunchezian
MSCs AGG, Coll, assay tost et al. (2021)
and Col Il

Human  Algiateand Ma-  BTE 5 Hgh  NA ALP, BMP-  ARS and Compression  Lee et al.
dECM (-90%) 2,0CN,  OPN(CO) and (20206)

and OPN theological
test

Humen  Gelatin and BTE 3 89%  NA RUNX2,  H8Estaning,  NA Wang et a,

alginate 08X, MTS, OCN IHC, 2016)
andOCN  OCN, and
RUNX2 ()

Humen  PLA cTE 1875 »90%  NA NA H8E PSRS,  Compression  Narayanan
nanofiber-alginate and ABS test etal. (2016)
hydrogel

DPSCs Human  PCLand GeMA  BTE 1 0%  NA oPN ARS, OPN, and  Compression  Buyuksungur
andOCN  OCNF test and etal. (2021)
degradation

Humen  ECM-based BTE 1 0% NA RUNX2,  ALPstaning,  Mechanical  Dubeyetal.
hydrogel and COL1A1,  ARS andHSE test, 2020)
AMPs and OPN theological

test, and
printabilty
Humen  GelMA BTE NA 590%  NA RUNX2,  ARSand Compressive  Park et al.
OCN,and  OCN (F) mechanical  (2020)
Col 1A1 propertes,
sweling, and
degradation
UVECs Human  Aginate-gelatin  BTE 10 Hgh  NA opa VEGF and OPG ~ Compression  Chen et al.
) test and 018)
stiffness test
UVEGs Human  GeMA and siicate BTE 2 NA O NA ALP,OPN, ARS,OCN,and  Compression  Byambaa et l,
and nenoplatelets OCN,and  Rume tost, stifness  (2017)
BM- Col | (immunostaining)  test, and
MSCs printabiity
(2:1)

ABS: alcian blue staining, AD-MSCs: adipose-derived mesenchymal stem cels, CS-AEMA: chondroitin sulfate amino ethyl methacrylate, AGG: aggrecan, ALP: akaline phosphatase,
AMPs: amorphous magnesium phosphates, ARS staining: alzarin red staining, BM-MSCs: bone marrow-derived mesenchymal stemy/stromal cells, BMP-2: bone morphogenetic protein-
2, BTE: bone tissue engineering, Col I: colagen type |, COL, 1AT: collagen type | aloha 1, Col Il: collagen type Il, Col X: collagen type X, CTE: cartiage tissue engineering, DMMB:
dimethyimethylene blue, DPSCs: dental pulp stem cells, GAG: glycosaminoglycans, GelMA: gelatin methacrylamide, HA: hyaluronic acid, HAMA: hyaluronic acid methacrylate, HSE:
hematoxylin and eosin staining, ICC: immunocytochemistry, Ma-ECM: methacrylated decellularized extracelular matrix, Me-HA: methacrylated hyaluronic acid, MTS: Masson’s
trichrome staining, OCN: osteocalcin, OPN: osteopontin, PLA: polylactic acid, PSRS: picrosirius red staining, RUNX 2: Runt-related transcription factor 2, SGAG: sulfated
alycosaminoglycans, UVECS: umbilical vein endothelial cells, VEGF: vascular endothelial growth factor.
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rydrogel Origin Constitute

Alginate  Cellwall of aigae and  Guluronic acid and

capsule of mannuronic acid
Azotobacter and
Pseudomonas

Agarose  Red algae 1.3-linked p-o-galactose.

and 1,4-inked 3,6-
anhydro-a-L-galactose

HA ECMofmany tissues a-1,4-D glucuronic acid
and N-acetyro-
glucosamine

Colagen ~ ECM of most tissues  Chains of polypeptide

Property

Biocompatibilty

Biodegradabilty and
low cost

Low toxiity cross-
linking abilty

Biocompetibilty, high
stabilty, low cost

Biocompatible

Antioxidant

Anti-inflammation

Chemical cross-
linking

Promote CD and
proliferation

Biocompatibilty and

Disadvantage

Fragiity and
instabilty

Low mechanical
strength, printabilty,
and stabilty

Low processabilty

Low bioactivity

Low mechanicel
property

Low mechanical
property and CD
Weak printabilty

Low mechanically
stabiity and
biological supportive
abiity

Low cell adhesion

Poor mechanical
property

Poor viscoelasticity
and gelation abilty

Low mechanical
stifness and shape
fidelity

Low mechanical
property and
printabilty

Low mechanical
property and
printabilty

Integrity of the
fabricated structures

Low mechanical and

Reinforcement
‘material/factor

Nanofibrillted
cellose.
Graphene oxide

Graphene oxide,
gelatin, and
chondroitin sufate

Supplementing with
Ma-dECM
omA

PCL.

Wood-based CNF
and BaG
Gelatin and PCL

Collagen type |

PCL.

Modified with biotin
and streptavidin

MeHA.

‘Thiokfunctionalized
HA, PAGE-00-G)

Modification of CB [6]
and DAH,
atelocolagen,

and PCL

Modified with
tyramine

Bioceramic, modified

Reinforced
effect

Excellent shear thinning
properties

Increased printabilty and
structural stabilty

Enhanced printabilty and
anisotropic structures,
ytocompatibiity, and
chondroinductive effect
Improved printabilty, cell
viabilty, and OD
Long-term storage

Mechanicaly reinforced
and CD

Improved gelation and
printabilty

Improved mechanically
Stabilty, viabilty, hBM-MSC
prolferation, and CD

Promoted cell spreading
and OD

Increased mechanical
property

Improved printabilty, shape
integrity, cell viabilty, and
chondrogenic formation
Increased mechanicl
stiffness, long-term stabilty,
and OD

Increased printabiity, shape
fidelty, and CD

Improved printabilty, CD, O,
and cartiage regeneration

Increased mechanical integrity
and OD

Increased mechanical

In vivo
model

Mouse

Caprine
mouse

Rabbit

Rat

S

CTE

CTE

CTE, BTE
CTE, BTE
BTE

CTE

CTE

CTE, BTE

biodegradabiity ECM ~ contraction with heparin property, elastioty, and OD
component properties
Promote CD Low mechanical Bioceramic (B-TCP)  Reinforced mechanical - BTE
property and property and OD
osteogenic activty
Gelatn  Fishes and skins of  Glycosaminoglycans Biocompatibiity, Weakstructuresand Sk fibroin Improved mechanical Rabbit  CTE
animals and biodegradabilty, and  degrade rapidly properties, degradation, BM-
hydrolysis product of low immunogenicity MSC prolferation,
collagen differentiation, and ECM
production
Low mechanical HAP Improved gelation kinetics,  Pig CTE
strength theological property, and
printability
Printabiity PLGA Increased printabiity and Rabbit  CTE
formabiity
Low mechanical Nanosilcate and Improved printabilty, Rat BTE
strength and poor  alginate mecharical strength, and OD
osteoinductive
abity
Cytotoxicity of DHT and ribose Nontoxic and CD Rat BTE
chenical of physical
cross-inking
Limited cell Methacrylate, platelet-  Enhanced prolferation, Rabbit  CTE, BTE
infitration rich plasma migration, and OD and CD, M2
polarization
Shape fidelity Methacrylate and Improved rheological - BTE
laporite propertes, the degradation
nanocomposite stabilty, and the mechanical
strength, BIM-MSC
prolferation and OD
Sik fioroin ~ Sikworms and Alight chain and a heavy  Biocompatibiity, Limited cell growth  Tyramine-substituted ~ Reinforced structural stabilty, ~ Rabbit ~ GTE
spiders chain finked by a disulide  biodegradabilty, and  and tissue formation  gelatin mechanical properties,
bond abundant source abity degradation rate, stem cell
aggregates, and CD
Low mechanical HPMC-MA Excellent biocompatibilty and - CTE
property mechanical properties
Printabiity and Gelatin Printabilty and the elastic - CTE
stabilty moduius

BaG: bioactive glass, BM-MSCs: bone marrow-derived mesenchymal stem cells, -TCP: beta-tricalcium phosphate powder, BTE: bone tissue engineering, CBI6]: cucurbiilur, CD: chondrogenic diffrentation, CNI
CTE: cartiage tissue engineering, DAH: 1,6-diaminohexane, ECM: extracelllar matri, HA: hyaluronic acid, HAP: hydroxyapatte, hBM-MSCs: human bone marrow-derived mesenchymal stem els, HPMC-MA: |
celliose of methacryation, Ma-JECM: methacrylated deceluianized extracelur matrix, MeHA: methacryiated hyaluronic acid, OD: osteogenic differentition, OMA: oxidized and methacrylated alginate, PIAGE-co-Gl:
co-alvcidvl, PCL: polycaprolactons, and PLGA: polvfilactic-co-alvoolic acid).
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Domain Hydrogel
type

Polysaccharide ~ Alginate

Agarose

HA

Protein Collagen

Gelatin

Sik fibroin

Application

CTE
and BTE

BTE
CTE
CTE

BTE

CTE
BTE

BTE
BTE
CTE

CTE
CTE

CTE, BTE

BTE
CTE

Stem
cell

type

hBM-MSCs
and hAD-
MSCs
BM-MSCs,
and AD-
MSCs
hBM-MSCs
and hMSCs

hBM-MSCs
hBM-MSCs
hAD-MSCs

hBM-MSCs
and eBM-
MSCs
hMSCs
hBM-MStCs
hTMSCs

DP-MSCs

hAD-MSCs
rBM-MSCs
hBM-MSCs

hBM-MSCs
hUCB-MSCs

raBM-MSCs

BM-MSCs
hAD-MSCs

BM-MSCs

hMSCs

Growth
factor

TGF-g3

BMP-2
TGF-p and
BMP-2

BMP-2

TGF-p1

TGF-p3

Cross-linking
method

Dual cross-linking (Ca®*, UV)

cc (ca*)

CC (Ca™)

NA

Physical (temperature)
Double cross-linking
(noncovalent bonding, Ca®*)
Dual cross-linking (Ca?*, UV)

Physical (temperature)
Photo-cross-linking (UV)
Physical cross-linking (self-
assembly)

CC (methacryiic anhydride)
Genipin

CC (Ca?), dual cross-iinking
(DHT, ribose)

Physical cross-linking (self-
assembly)

NA

Enzymatic cross-linking
(transgiutaminase )

NA

Photo-cross-linking (UV)
Enzymatic cross-linking and
covalent cross-linking
Double-cross-linking
(physical and chemical)

CC (Ca™)

3D
bioprinting
method

Extrusion

Inkjet
Extrusion
Extrusion

Extrusion
Extrusion
NA

Inkjet
Extrusion

DMD
technique
Extrusion
Extrusion

In vivo
model

Caprine
and mouse

Rat
Rat
Rabbit

Rabbit
Pig
Rabbit

Rabbit

Reference

Olate-Moya et al. (2020),
Lesetal. (2020b), Jeon et l.
(2019)

Apelgren et al., 2017,
Critchley et al. (2020)

Choe et al. (2019), Ojansivu
et al. (2019), Xu et al.
(2019b)

Duarte Campos et al. (2016)
Daly et al. (2016)
Nedunchezian et al. (2021)

Stichler et al. (2017)
Lee et al. (2018)

Poldervaart et al. (2017)
Shim et al. (2016)

Fahimipour et . (2019)
Kim and Kim (2019)

Liu et al. (2020), Helgeland
et al. (2021)

Shiet al. (2017)

Han et al. (2021)
Huang et al. (2021)

Jiang et al. (2021)

Dong et al. (2021)
Lietal (2021)

Ni et al. (2020)

Trucco et &. (2021)

AD-MSCs: adipose-derived mesenchymal stem cells, BMP-7D: BMP-7-derived peptides, BM-MSCs: bone marrow-derived mesenchymal stem cells, BTE: bone tissue engineering, CC:
chemical cross-linking, CTE: cartilage tissue engineering, DHT: dehydrothermal, DMD: digital micro-mirror device, DP-MSCs: dental pulp mesenchymal stem cells, eBM-MSCs: equine
bone marrow-derived mesenchymal stem cells, HA: hyaluronic acid, hAD-MSCs: human adipose-derived mesenchymal stem cells, hBM-MSCs: human bone marrow-derived

mesenchymal stem cells, hNBM-MS(Cs: human bone marrow-derived mesenchymal stromal cells, hMSCs: human mesenchymal stromal cells, hUCB-MSCs: human umbilical cord biood-
derived mesenchymal stem cells, hTMSCs: human turbinate-derived mesenchymal stromal cells, NA: ot available, rBM-MSCs: rat bone marrow-derived mesenchymal stem celss, raBM-

MSCs: rabbit bone marrow-derived mesenchymal stem cells, TGF-

transforming growth factor-beta, and UV: ultraviolet.
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Genes

SOX9
Aggrecan
Coll I
Coll Il
Coll Il

GAPDH

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Primer nucleotide sequence

GCGGAGGAAGTCGGTGAAGAAT
AAGATGGCGTTGGGCGAGAT
GTGAAAGGTGTTGTGTTCCAC
TGGGGTACCTGACAGTCTGAT
GCCACCTGCCAGTCTTTACA
CCATCATCACCATCTCTGCCT
CACGCTCAAGTCCCTCAACA
TCTATCCAGTAGTCACCGCTCT
GAGCCTCCCAGAACATCACC
GTAGTCTCACAGCCTTGCGT
CAAGAAGGTGGTGAAGCAGG
CACTGTTGAAGTCGCAGGAG
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Inclusion criteria Exclusion criteria

@Traumatic cartiage injury (ICRS grade Ill o more, measuring more than 2 cm i~ @The presence of an active infection or inflammatory disease such as rheumatoid

diameter) arthitis

@High-grade femoral condylar cartilage lesions with or without shallow subchondral -~ @Patient unable or unwiling to comply with the long rehabiltation process/activity
bone involvement restrictions recovery

@Recalcitrant with more than 6 months of conservative care ®Unaddressed causes of increased loading (coronal knee alignment, meniscal

deficiency, ligamentous laxity, patellar maltracking)
®A size of less than 10 o for a single lesion or 15 om? for multple lesions with a @Obesity (defined as BMI >35 kg/m?)
relatively intact neighboring cartilage (ICRS grade | and Il)

®Desire to retum 1o sports or high-mpact activities ®More than 50% joint space narrowing on weight-bearing radiographs
®Younger age, 20-50 year

ICRS, Intemational Cartiage Regeneration and Joint Preservation Socisty; BMI, Body Mass index.
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Patients: n Time point: wk

Joint pain 4 <
Joint effusion 0 -
Joint sweling 2 <8
Joint stifiness 0 =
Infection at the surgical site 0 -

There are no serious acverse events among the 20 patients (ie., new cartiage lesion in
the affected knee or failure at implanted sites).
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Category

Defect fill

Cartilage interface

Surface

Adhesions
Structure

Signal intensity

Subchondral lamina
Subchondral bone
Effusion

Total points

Item

Subchondral bone exposed
Incomplete <50%

Incomplete >50%

Complete

Hypertrophy

Subchondral bone exposed
Incomplete <50%

Incomplete >50%

Complete

Demarcating border visible
Defect visible <50%

Defect visible >50%

Surface intact

Surface damaged <50% of depth
Surface damaged >50% of depth
Absent

Yes

Homogeneous

Inhomogeneous or it formation
Normal

Nearly normal

Abnormal

Intact

Not intact

Intact

Granulation tissue, cyst, sclerosis
Absent

Yes

Points

cwmomong

o
38

Qowmowomo

3
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