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Bones are important for maintaining motor function and providing support for internal organs. Bone diseases can impose a heavy burden on individuals and society. Although bone has a certain ability to repair itself, it is often difficult to repair itself alone when faced with critical-sized defects, such as severe trauma, surgery, or tumors. There is still a heavy reliance on metal implants and autologous or allogeneic bone grafts for bone defects that are difficult to self-heal. However, these grafts still have problems that are difficult to circumvent, such as metal implants that may require secondary surgical removal, lack of bone graft donors, and immune rejection. The rapid advance in tissue engineering and a better comprehension of the physiological mechanisms of bone regeneration have led to a new focus on promoting endogenous bone self-regeneration through the use of biomaterials as the medium. Although bone regeneration involves a variety of cells and signaling factors, and these complex signaling pathways and mechanisms of interaction have not been fully understood, macrophages undoubtedly play an essential role in bone regeneration. This review summarizes the design strategies that need to be considered for biomaterials to regulate macrophage function in bone regeneration. Subsequently, this review provides an overview of therapeutic strategies for biomaterials to intervene in all stages of bone regeneration by regulating macrophages.
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1 INTRODUCTION
Bone defects are prevalent clinical manifestations, usually caused by trauma, surgery, and tumor. It can lead to pain, local dysfunction, and even death. Like most tissues in the body, bone tissue has a certain ability to repair and renew itself. Bone can heal well without scarring in the face of some small bone defects, but when the defect area exceeds the critical size or is combined with aging, infection, or metabolic disease, the repair of bone tissue may end up with non-union, mal-union, or delayed union. Previous epidemiological studies suggested the rate of impaired bone healing at 5%–10% (Newman et al., 2021). Although this number may decrease in recent years due to the development of medical technology, it still needs to be taken seriously in low-income countries, elderly, and patients with severe injuries (Ekegren et al., 2018). The financial burden of impaired bone healing is also heavy. In the United Kingdom, the cost of treatment of non-union is approximately £7,000–79,000 per person (Kanakaris and Giannoudis, 2007; Dahabreh et al., 2009; Ekegren et al., 2018). A previous survey in the United States indicated that the treatment cost of tibia shaft fracture patients with non-union was almost twice as much as patients without non-union, and the difference may be even greater when long-term medication and care costs were taken into account (Antonova et al., 2013).
At present, metal implants and autologous or allogeneic bone grafts are still the main clinical methods for the treatment of impaired bone healing. In the United States and Europe, more than half a million patients undergo bone defect repair surgery each year at a total cost of more than US $3 billion (Haugen et al., 2019). In Germany, more than 70,000 autologous or allogeneic bone grafts are performed each year, and autologous bone grafts account for more than 50% (Rupp et al., 2022). Although these treatments appear to be well-established and commercially available today, there are still many problems to be faced. Immune rejection of metallic implants has been effectively controlled in recent years due to continuous improvements in composition, but the different mechanical properties of metallic materials and natural bone tissue tend to lead to stress shielding, resulting in weakening of the surrounding healthy bone tissue (Pacheco, 2019; Liverani et al., 2021). In addition, the secondary removal of metal implants elevates the risk of surgery-related complications, such as anesthesia accidents, infections, and bleeding. Autologous bone graft can well circumvent the rejection problems caused by grafts and has similar mechanical properties and microstructure to normal bone tissue, so it is an excellent material for the treatment of impaired bone healing. Bone donors are primarily derived from bones in non-weight-bearing areas such as the iliac bone, which places a limit on the volume of donors that can be obtained (Schmidt, 2021). In addition, autologous bone grafts may also cause irreparable damage to the donor site. Allogeneic bone grafts can address the need for a large volume of donors to some extent, but this is accompanied by a higher risk of immune rejection and a stable source of donors that is still difficult to address (Penack et al., 2020; Potyondy et al., 2021). With the increasing understanding of bone regeneration mechanisms, the realization of bone regeneration through enhancing the endogenous repair ability of bone tissue has attracted increasing attention (Zhu et al., 2022a; Liu et al., 2022). Macrophage plays a crucial role in the complex regulatory network of bone regeneration composed of a variety of cells and factors, and is a good target for accelerating bone regeneration. The role of macrophage can be simply summarized as “a sweeper, a mediator and a instructor” (Niu et al., 2021).
As a subgroup of immune system cells, macrophages exist widely in various organs of the body, and their important role in tissue repair has been proved by a large number of previous studies (Wynn and Vannella, 2016; Chazaud, 2020). Considering the complex relationship between immune mechanism and bone regeneration, the function of macrophages in bone regeneration is not only manifested in phagocytes (Michalski and McCauley, 2017). Macrophages have a high degree of plasticity and perform different functions under receiving different stimuli (Locati et al., 2020). Macrophages also play a critical role in maintaining the stability of the extracellular matrix (ECM), regulating inflammation levels, immune surveillance, promoting osteoblast proliferation and differentiation, regulating bone formation and resorption, and promoting neovascularization (Lowery and Rosen, 2018; Schlundt et al., 2018; Schlundt et al., 2021). In the complex intercellular and intracellular cascade reactions, the transformation of macrophage phenotype M1/M2 has attracted particular attention. In general, the M1 phenotype showed pro-inflammatory effect and the M2 phenotype showed anti-inflammatory effect. In fact, most of the current studies also focuses on the regulation of macrophage polarization to accelerate bone regeneration. The development of biomaterials provides good tools for interfering with macrophages. In addition, well-designed biomaterials can also provide good local mechanical support, controlled drug release, and bionic cell survival environment (Zhao et al., 2021d). In this review, we summarize the important parameters that need to be kept in mind when designing biomaterials to regulate macrophage activity. Subsequently, we review the therapeutic substance for biomaterial regulation of macrophage and prospected future directions.
2 BONE STRUCTURE AND MECHANISM OF BONE HEALING
There are 206 bones in normal adult body, and these bones can be categorized into five categories according to their shape and function: long bone, short bone, flat bone, sesamoid bone, and irregular bone. At the early stage of embryonic development and bone regeneration, woven bone is formed first, which is softer than normal bone and has better elasticity. Later, the woven bone is replaced by mature lamellar bone (Shapiro and Wu, 2019). Lamellar bone is composed of compact bone, cancellous bone, periosteum, and bone marrow. The outer compact bone and the inner cancellous bone are the main components of bone (Wawrzyniak and Balawender, 2022). As the name implies, the compact bone consists of tightly arranged bone plates that are highly resistant to compression and torsion, with Haversian system containing blood vessels and nerves inside. The cancellous bone is composed of honeycomb-like trabeculae with large pores. The arrangement of trabecular bone is closely related to bone stress, which makes the bone achieve good strength with less material (Florencio-Silva et al., 2015; Wawrzyniak and Balawender, 2022). Bone marrow is filled with bone trabeculae and bone marrow cavity of long bones and has hematopoietic function (Pinho and Frenette, 2019; Lucas, 2021). The out surface of bone is covered with dense connective tissue, called periosteum, which has the role of protecting, nourishing, and renewing the bone tissue. Correspondingly, trabeculae and bone marrow cavities are also covered with periosteum, called endosteum, which has osteogenic and osteoclast functions (Wang et al., 2017b; Zhang et al., 2022b).
Depending on the severity of the injury, there are two mechanisms of bone regeneration; intramembranous ossification is seen in the case of minor injury and mechanical stability, and endochondral ossification is seen in the case of severe injury (Salhotra et al., 2020; Marcucio et al., 2023). Intramembranous osteogenesis does not require cartilage as an intermediate product and transitions directly from the initial inflammatory stage to the synthesis and metabolism of bone. Mesenchymal stem cells (MSCs) in the ossification site differentiate into osteoblasts, which produce ECM rich in type I collagen, and with further mineralization of the matrix, the osteoblasts encapsulated in it differentiate into mature osteocytes. At the same time, osteoclasts derived from the hematopoietic monocyte-macrophage system continuously absorb the matrix to ensure the shape and function (Song, 2022). Endochondral ossification requires cartilage tissue as the prerequisite for new bone matrix (Berendsen and Olsen, 2015). The regeneration process can be seperated into four stages: hematoma and inflammation, soft callus formation, hard callus formation, and remodeling (Niu et al., 2021) (Figure 1). In the hours after injury, local bleeding solidifies in situ to form a hematoma to prevent further bleeding. In addition, the hematoma provides multiple growth factors to start the subsequent cascade reactions. The necrotic tissue triggers a local inflammatory response in which a variety of inflammatory cells, including macrophages, are recruited, after which the hematoma gradually transformed into granulation tissue (Claes et al., 2012; Newman et al., 2021). Subsequently, chondrogenic cells appear at the fracture site to form hyaline cartilage, and osteoblasts absorb the calcified cartilage to produce new woven bone. Typically, soft callus is formed on the 14th day after the injury. Concurrently, a large number of new blood vessels support the local substance metabolism and the subsequent cascade reaction. As the cartilage is further resorbed and the woven bone is gradually replaced by the lamellar bone, soft callus is gradually replaced by hard callus with higher mechanical strength. In the final bone remodeling stage, with a series of resorption/remodeling events led by osteoclasts and osteoblasts, the structure and function of bone tissue can be precisely regenerated (Einhorn and Gerstenfeld, 2015; Marcucio et al., 2023). The role of macrophages can be found in all stages of bone healing. In the initial stage of inflammation, macrophages are not only responsible for the phagocytosis of tissue debris and foreign pathogens, but also play an important role in promoting angiogenesis and guiding the recruitment and differentiation of MSCs (Niu et al., 2021). In the subsequent callus and remodeling stages, macrophages not only directly differentiate into osteoclasts, but also secrete a variety of factors to regulate the differentiation of osteoblasts and the extracellular matrix microenvironment (Wang et al., 2013; Rucci and Teti, 2016; Xie et al., 2020). Notably, despite the strict chronological order of these phases, there is no separated temporal cut-off point between the phases, and there is a degree of temporal overlap between each phase (Maruyama et al., 2020). This healing characteristic also poses new challenges for promoting bone regeneration.
[image: Figure 1]FIGURE 1 | Four stages of endochondral osteogenesis (The Figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license).
3 BIOMATERIAL DESIGN AND MACROPHAGE REGULATION
3.1 Material design strategy
Although autologous bone grafting is still the gold standard for the treatment of impaired bone healing, the continuous development of tissue engineering can further achieve the regulation of cell activities or local microenvironments based on imitating the structure and function of natural bone tissue (Dimitriou et al., 2011). The use of biomaterials to achieve the multi-functionalization of scaffolds has attracted wide attention in recent years. The materials of scaffolds mainly include metal, ceramic, bio-glass, and polymer (Table.1). In summary, it is difficult to have a single material composition scaffold that can meet the ideal bone regeneration requirements, such as metal materials may lead to stress shielding, difficult degradation of ceramics and bio-glass, and the potential cytotoxicity of polymers (Gracis et al., 2015; Janaszewska et al., 2019; Raffa et al., 2021). Composite scaffolds that combine different kinds of components are expected to solve the performance deficiencies of single materials, while also further increasing the difficulty of scaffold system design and fabrication. For scaffolds to effectively promote bone regeneration by regulating macrophage activity, some properties need to be carefully designed.
TABLE 1 | Comparison of different implant materials.
[image: Table 1]3.1.1 Parameters to be considered as implants
As biomaterial scaffolds are in vivo implants that need to be retained in vivo for a period of time, some conventional performance parameters need to be considered first (Table.2). Safety indicators such as biocompatibility, cytotoxicity, and immunogenicity should be the key consideration (Marin et al., 2020; Zhu et al., 2020; Diemer et al., 2021). It is a prerequisite for biomaterials to function without causing local or even systemic adverse reactions in vivo. Although many materials have undergone rigorous safety evaluations for clinical use, such as polyethylene glycol (PEG), polycaprolactone (PCL), poly (lactic-co-glycolic acid) (PLGA), and collagen, their safe application in bone defects, not to mention completely new types of composites, still needs to be evaluated in detail, considering the stress, wear and tear and the local inflammatory microenvironment reacts with the biomaterial (Ho-Shui-Ling et al., 2018; Zhao et al., 2021b). Ideally, the scaffold in vivo will be completely replaced by new bone tissue to return to normal anatomical structure and function, so the biomaterial scaffold should be biodegradable. It is worth noting that the degradation rate should be in line with the rate of bone regeneration, too fast degradation will be difficult to provide effective support, and too slow degradation will impede the growth of blood vessels and bone matrix. Pre-adjusting the composition or physical parameters of composite materials or correlating the decomposition reaction with the substance which changes significantly in bone regeneration are common approaches to regulate the decomposition rate of materials. Miao et al. (2021) successfully controlled the time scale of scaffold degradation in vivo by adjusting the porosity and phase composition of strontium-doped tricalcium phosphate (Sr-TCP) microspheres in a composite scaffold system. Zheng et al. (2023) designed a composite hydrogel system to achieve adaptive reinforcement and degradation by responding to Ca2+ concentration and pH in the inflammatory microenvironment (Figure 2). Infection is an important cause of impaired bone healing. Serious contamination of open wounds, improper nursing of surgical incisions after operation, and low immunity of patients may lead to infection. Biomaterial with antibacterial activity is not a new concept. The concept of biomaterials with antimicrobial effects is not new and can be achieved by various means such as biomaterials combined with antibiotics, antimicrobial peptides, and metal particles with antimicrobial effects. Wu et al. (2021) achieved long-lasting antibacterial effects by loading N-halogen polymer coatings on the surface of titanium implants. Similarly, Hayashi et al. (2022) modified the surface of carbonate apatite with silver phosphate to make the scaffold exhibit good antibacterial activity. Interestingly, they also reported that the honeycomb structure also had the effect of preventing bacterial growth. The biomaterial should also have a certain mechanical strength, considering that the graft may have weight-bearing or support requirements in vivo. The biomaterial should mimic the mechanical properties of natural bone tissue as much as possible. The utility of biomaterial scaffolds in bone regeneration is usually evaluated from three dimensions: osteoinduction, osteoconduction, and osseointegration. These dimensions range from the induction of MSC differentiation at the cellular level to the binding of the graft to the local tissue of the host at the tissue level. It is worth emphasizing again that no material can satisfy all desirable design parameters. In practical clinical applications, it is often necessary to seek a balance between various parameters according to actual needs.
TABLE 2 | Parameters affecting the regulation of macrophage function by biomaterials.
[image: Table 2][image: Figure 2]FIGURE 2 | Microstructure of SMS hydrogel under SEM (A). Compression testing diagram (B). Strain curves of SMS hydrogel under different Ca2+ conditions (C). Rheological behavior of SMS hydrogel under different Ca2+ conditions (D). Effect of SMS hydrogel on PH value in HCl environment (E). Swelling of SMS hydrogel under different PH conditions in vitro (F). Degradation of SMS hydrogel under different PH conditions in vitro (G). Microstructure of hydrogel under SEM in different PH conditions (H). SMS: silk fibroin/mesoporous bioglass/sodium alginate. Reproduced with permission from (Zheng et al., 2023) (Creative Commons—Attribution-NonCommercial-NoDerivatives 4.0 International—CC BY-NC-ND 4.0).
3.1.2 Parameters to regulate macrophage
As scientists increasingly focus on the influence of material properties on macrophage activity, exploring the corresponding parameters adapted to the macrophages and applying them will undoubtedly lead to better regulation of macrophage activity (Table.2). Substances produced during scaffold degradation may be absorbed by macrophages or affect the local microenvironment. Meanwhile, scaffolds that are difficult to degrade often cause local chronic inflammation, which is an important adverse effect on bone regeneration. Wang et al. (2017a) reported that bidirectional calcium phosphate (BCP) ceramics promoted migration and osteogenic differentiation of MSCs by promoting the secretion of macrophages. Chen et al. (2014) demonstrated that Ca2+ generated from β-tricalcium phosphate (β-TCP) degradation can promote macrophage switching to the M2 phenotype and increase bone morphogenetic protein (BMP)-2 expression by activating calcium-sensing receptor (CaSR). Similarly, the effects of Mg2+, Zn2+, Sr2+, and Cu2+ on macrophage phenotype and secretory function have been demonstrated (Huang et al., 2019; Bai et al., 2021; Tan et al., 2021; You et al., 2022). To provide living space for new blood vessels and tissues, scaffolds often have certain pores, and the size of the pores will have an impact on macrophage activity. However, there are different conclusions about the suitable pore size for macrophages. Tylek et al. (2020) reported that scaffolds promoted differentiation of M2 phenotype macrophages when the pore size was reduced from 100 to 40 μm. Similarly, Wang et al. (2014) reported that 30 μm pore size was beneficial to the phenotypic differentiation of M2 macrophages. However, in the study by Li and co-workers (Li et al., 2022), scaffolds with the pore size of 600 μm had better M2 cell infiltration. These differences may be due to the different raw materials and fabrication processes of the scaffolds. The substrate stiffness provided by the scaffold also affects the activity of macrophages. Sridharan and co-workers (Sridharan et al., 2019) explored the effect of material stiffness on macrophage polarization, migration pattern, and function. The results indicated that macrophages cultured on high stiffness substrates (323 kPa) exhibited slow mesenchymal migration with pro-inflammatory phenotype and impaired phagocytosis, while macrophages cultured on softer substrates (11 kPa and 88 kPa) exhibited fast amoebae migration with anti-inflammatory and highly phagocytic phenotype. Considering that macrophages may adapt to different stiffness in different tissues. (Chen et al. (2020) compared the effects of different stiffness substrates on bone marrow-derived macrophage function. At low stiffness (2.55 ± 0.32 kPa), macrophages were more likely to differentiate into M1 phenotypes and secrete more pro-inflammatory factors, while at medium stiffness (34.88 ± 4.22 kPa), macrophages showed more M2 phenotypes and secrete more anti-inflammatory factors (Figure 3). Zhao et al. (2021a) prepared a periosteum-bone complex using porcine femur, and the stiffness of the treated periosteal part was reduced to 41.6 ± 3.7 kPa. The complex exhibited the ability to enhance M2 polarization of macrophages and promote osteogenic differentiation in vitro, and also exhibited the ability to stimulate bone regeneration in vivo.
[image: Figure 3]FIGURE 3 | H & E staining image after 14 days of hydrogel subcutaneous implantation (A). Immunofluorescence staining image of CD68+CD86+ (B) and CD68+CD206+ (C) macrophages after 14 days of hydrogel subcutaneous implantation. Quantification analysis of CD68+CD86+ (D) and CD68+CD206+ (E) macrophages. S: sham, L: low stiffness, M: middle stiffness, H: high stiffness, n = 3, *p < 0.05. Reproduced with permission from (Chen et al., 2020).
With the increasing exploration of the microscopic scale of materials, some microscopic scale parameters have also been found to be closely related to the activity of macrophages. The scaffold provides attachment sites for cells in vivo. In addition to affecting macrophage attachment, the roughness of the surface is also thought to affect macrophage activity. Barth et al. (2013) compared the effect of different rough titanium metal surfaces on macrophage polarization and showed that rough surfaces were more favorable for polarization of the M2 phenotype. However, Wang and his co-workers (Wang et al., 2018) reported the opposite result, noting that rough surfaces promote more polarization of the M1 phenotype. Zhang et al. (2019) indicated that only roughness within a certain range caused macrophages to exhibit an anti-inflammatory tendency and polarize toward the M2 phenotype. Abaricia et al. (2020) further pointed out the important role of Wnt signaling pathway in macrophages in response to the material surface properties, the Wnt ligand mRNA was upregulated in macrophages in a surface modification-dependent manner. In addition to surface roughness, surface wettability is similarly thought to influence macrophage activity. Hamlet et al. (2012) reported that hydrophilic modification of rough titanium surfaces reduced the expression of key proinflammatory factors. Lv et al. (2018) reconfirmed that hydrophilic modification can make macrophages exhibit anti-inflammatory and pro-healing properties, and further explained the mechanism of this phenomenon as integrin β1 and β2 affecting macrophage activity through PI3K and NF-κB pathways, respectively. Interestingly, Hotchkiss et al. (2016) compared the effects of surfaces with different wetness and roughness on macrophages, the results indicated that the polarization of M2 phenotype was better promoted on the hydrophilic and rough scaffold surface, and the wetness of the surface had a more obvious immunomodulatory effect.
As detection and preparation processes continue to evolve, scaffolds can be observed and finely processed at smaller scales, leading to the further discovery that specific topography can affect macrophages. Chen et al. (2010) reported the effect of material topography on macrophage activity in the micrometer to nanometer range. They imprinted gratings with linewidth ranging from 2 μm to 250 nm on the flat material. Under different grating conditions, macrophages exhibited different cell morphology, secretion, and adhesion states. Luu and co-workers (Luu et al., 2015) further determined that grooves with width of 400–500 nm would have the best elongation rate of macrophages, and grooves would not affect the activation of inflammatory response but would enhance the polarization of macrophages to anti-inflammatory and pro-healing phenotype. Similarly, Yang et al. (2019) compared the effects of circular patterns with different diameters (4 μm, 12 μm and 36 μm) on macrophage activity. They observed that the larger patterns promoted macrophage polarization to M2 phenotype. Interestingly, they observed that the 4 μm pattern exhibited an effect of stimulating macrophage polarization to M1 phenotype. In addition, Nouri-Goushki et al. (2021) used 3D printing technology to analyse the effects of different heights and spacing of micro columns on macrophages, and the results indicated that high enough micro columns were conducive to the polarization of M2 phenotype. However, as with many parameters, contradictory experimental findings were also reported. Vassey et al. (2020) used algorithms to generate a database of up to 2,176 micropatterns and showed that micropillars with a diameter of 5–10 μm play a predominant role in macrophage attachment, and showed that smaller and denser surface features promote M2 phenotype polarization. Furthermore, in a study comparing three different topologies (random, aligned, and the lattice), the lattice topography showed a better ability to recruit macrophages and induce angiogenesis (Jin et al., 2021). These different results may be caused by different distance settings between individual micropatterns, or it is possible that different micropatterns indirectly lead to changes in the roughness and wettability of the material surface. Considering that macrophages are in a complex 3D microenvironment in vivo, the 3D model can undoubtedly reflect the state of cells more formally. Jiang et al. (2016) designed a scaffold considering 3D structure, which was expanded in thickness and thus had a larger cross-section spacing than the traditional membrane structure. This scaffold showed good macrophage penetration ability and a high M2/M1 ratio in subcutaneous implantation experiments. Fang et al. (2020) further reported the relationship between 3D matrix and macrophage morphology and fusion rate in the absence of exogenous cytokines. Although 3D culture has been extensively studied in stem cells, the effects of more detailed 3D topology on macrophages still need to be investigated experimentally.
At a more microscopic molecular level, the charges and chirality of the scaffold groups are thought to affect the function of macrophages. In a previous study, the surface of titanium implants was modified with divalent cations and macrophage polarization toward the M2 phenotype was significantly enhanced (Lee et al., 2016). Mao et al. (2022) further evaluated the effect of material surface charge on macrophages and bone regeneration. Scaffold with positive surface charges significantly inhibited M1 polarization of macrophages and enhanced osteogenic differentiation of MSCs. Many substances in the body have a certain chiral selection, and chiral modification of materials has been applied to the field of bone regeneration (Xu-Kai et al., 2022). The introduction of chiral groups on the surface of materials may affect the activity of macrophages. The production of interleukine (IL) −6 and regulated on activation, normal T cell expressed and secreted (RANTES) in macrophages was better produced by the L-chirality connection of amantadine containing peptidoglycan fragments (Manček-Keber et al., 2020). Jiang et al. (2022) reported that pathology-mimetic M-nanofibers promoted macrophage M2 phenotypic polarization more than physiology-mimetic simulated P-nanofibers, significantly inhibited inflammation and promoted tissue regeneration.
In addition to the parameters embodied in the material itself, some physical stimuli also affect the activity of macrophages. Ballotta et al. (2014) reported the bidirectional effect of different cyclic strains on the polarization of macrophages in scaffold. Under 7% cyclic strain, macrophages became polarized toward M2, while under 12% cyclic strain, macrophages became polarized toward M1 phenotype. One study investigated the effect of mechanical load on macrophages and indicated that mechanical load promoted the polarization of macrophages into the M1 phenotype (He et al., 2020) (Figure 4). Stimulation through physical fields such as magnetic field, electric field, and light field has also been proved to affect the activity of macrophages, which provides new means to more fully intervene the activity of macrophages. Wosik et al. (2018) reported that external magnetic fields can rearrange the cytoskeleton, organelles, and cationic channels of macrophages and further affect the expression of molecular markers in macrophages. Similarly, Hoare and co-workers (Hoare et al., 2016) reported the regulatory effect of electric field on macrophages. Macrophages showed a tendency to move towards the anode in the electric field and reached a peak when the electric field intensity was 300 mV/mm. Interestingly, monocytes, as the precursor of macrophages, showed a tendency to move toward the cathode. In addition, the electric field also affected the phagocytosis and secretion function of macrophages. Kang et al. (2018) developed a photosensitive nanocarrier that can further regulate the polarization of macrophages by regulating the concentration of Ca2+ in fine macrophages through near-infrared light.
[image: Figure 4]FIGURE 4 | Immunohistochemical staining image of M1/M2 macrophage markers (A). Semiquantification analysis of M1/M2 macrophage (B). Scale bars: 100 μm **p < 0.01, ***p < 0.001 comapered with control. ###p < 0.001 comapered with force. and &&&p < 0.001 comapered with force + HA. Reproduced with permission from (He et al., 2020).
Although scientists have found many methods that can directly or indirectly interfere with macrophages and animal model techniques are becoming more sophisticated, considering the specific parameters suitable for human body and the huge differences caused by different body conditions and defect sites, a large quantity of preliminary experiments are still needed (Zhu et al., 2022b). In addition, in further clinical applications, reliable and economical production processes and standardization still need to be considered.
3.2 Therapeutic substance to regulate macrophage
Today, with the growing awareness that bone regeneration is an integrated process regulated by multiple factors, multifunctional scaffold systems are rapidly evolving. Their vivo characteristic ensures that they can intervene in multiple temporal stages of bone regeneration, and their high degree of manipulability ensures that they can meet as many environmental factors as possible that are appropriate for bone regeneration. Overall, macrophages are important targets for promoting endogenous bone regeneration, and the role of the scaffold system on macrophages is mainly reflected in the regulation of macrophage recruitment/proliferation and the M1/M2 phenotype ratio.
An adequate number of macrophages is a prerequisite for initiating and sustaining the bone regeneration cascade. Direct delivery of allogeneic or vitro induced autologous macrophages may result in immune rejection or disease transmission (Chu et al., 2020; Niu et al., 2021). Therefore, there are few reports of direct macrophages promoting bone regeneration, and the mainstream methods still tend to mobilize endogenous macrophages for bone regeneration. In addition, although the excessive inflammatory response is considered to be detrimental to bone regeneration, appropriate inflammatory response and M1 phenotype macrophages in the primary stage of regeneration are also necessary for bone regeneration (Alexander et al., 2011; Edderkaoui, 2017; Schlundt et al., 2018; Pountos et al., 2019). Combining scaffold systems with chemical compounds is a common approach. Chu et al. (2019b) modified traditional collagen membranes with epigallocatechin-3-gallate to achieve better M2 phenotypic macrophage recruitment and upregulation of many growth factors and osteogenic differentiation-related factors. In their subsequent studies, they further revealed that the recruitment of M2 phenotypic macrophages may be related to the C-C chemokine receptor type 2 signaling pathway (Chu et al., 2019a). SEW2871 is a macrophage recruitment agent. Kim et al. (2014) added SEW2871 and platelet-rich plasma to gelatin hydrogel, and the hydrogel showed pro-inflammatory effects after 3 days of application, while significant anti-inflammatory effects were observed 10 days after surgery. However, in their further study, they combined SEW2871 with fibrin hydrogel scaffolds (Tanaka et al., 2019). The fibrin hydrogel alone had better anti-inflammatory effect and promoted the polarization of macrophages than gelatin hydrogel. There was no significant difference in the migration activity of macrophages whether SEW2871 was contained or not. This may be due to the rapid release and degradation of the drug in the fibrin hydrogel. A previous study reported that a sequentially controlled drug release system modulated macrophage activity (Ma et al., 2022). The system sequentially released two peptides, LL37 and WP9QY. LL37, while having an antibacterial effect, promotes local inflammation in early stage, which contributes to the polarization of M1 phenotype macrophages. The subsequent release of WP9QY has anti-inflammatory effects and promotes phenotypic polarization of M2. In addition, WP9QY also promotes calcium deposition and osteogenic differentiation. Zhang et al. (2022a) reported a method using the inflammatory microenvironment to control drug release. MnCO carried in the scaffold system would produce Fenton-like reaction with H2O2 in the inflammatory microenvironment to release Mn2+ and CO, thus promoting the polarization of M2-phenotype macrophages. Some traditional medicines can also be combined with scafflod systems. Xiang and co-workers (Xiang et al., 2021) prepared a silk-gel scaffold containing sitagliptin. This direct delivery method achieved local drug concentrations that were difficult to achieve through oral administration and avoided potential side effects. At the same time, the scaffold showed good anti-inflammatory effects and promoted the polarization of M2-phenotype macrophages (Figure 5).
[image: Figure 5]FIGURE 5 | Injectable characterization of the scaffold system (A). Microstructure of the scaffold under SEM (B). The proliferation of mouse cells at day 1, 7, and 14 (C). The attachment of macrophages or osteoblasts to scaffolds under SEM (D). Drug release curve in the scaffold system (E). The expression of M1-related biomarkers after 24 h (F, G). The expression of M2-related markers after 24 h (H, I). *p < 0.05 comapered with control group. Reproduced with permission from (Xiang et al., 2021).
Some signaling substances also show broad application prospects. Bone morphogenetic proteins (BMP) belonging to the transforming growth factor-β (TGF-β) superfamily are important substances in inducing osteogenic differentiation. As previously reported, the serum content of BMP-4 in diabetic patients decreased (Yurekli et al., 2018). Sun et al. (2021) loaded BMP-4 into mesoporous silica nanoparticles. The addition of nanoparticles enhanced the mechanical strength of the scaffold system, and the continuous release of BMP-4 promoted the polarization of the phenotype of M2 macrophages (Figure 6). Meanwhile, BMP-4 released by nanoparticles and BMP-2 secreted by M2 macrophages jointly promoted osteogenic differentiation of stem cells. Similarly, Cui et al. (2020) achieved controlled expression of BMP-4 by enabling the scaffold to carry recombinant plasmids with BMP-4 gene fragments. Interleukin-4 (IL-4) has been confirmed having an excellent regulatory effect on macrophage polarization in a large number of previous studies (Van Dyken and Locksley, 2013; Pajarinen et al., 2021). Zhao et al. (2021c) injected IL-4 subcutaneously to assist immune regulation of the scaffold system, and the results indicated that IL-4 could effectively induce M2 polarization and thus accelerate bone regeneration. Zhang et al. (2020) prepared a hydrogel bead containing IL-4, which effectively promoted the M2 phenotype polarization of macrophages and increased the expression of TGF-β1. Similarly, Ueno and co-workers (Ueno et al., 2020) prepared a macroporous gelatin-based microband scaffold containing IL-4-secreting MSCs. In the mouse bone defect model, the scaffold enhanced M2 marker expression while enhancing macrophage migration. In addition, the scaffold did not inhibit M1 marker expression. Considering the necessity of appropriate intensity of inflammation for macrophages, it is necessary to ensure the availability of a sufficient number of M1 phenotype macrophages. Chan and co-workers (Chan et al., 2015) formerly reported that the addition of low-dose recombinant human tumor necrosis factor to the fracture site in 24 h after injury enhanced bone healing in animal fracture models. Luo et al. (2021) designed an interferon (IFN)-γ/Sr-dropped bioactive glass composite scaffold. This scaffold first releases IFN-γ in vivo to promote the polarization of macrophages into the M1 phenotype and then releases Sr2+ to contribute to the polarization of the M2 phenotype. Similarly, vascular endothelial growth factor has been shown to promote macrophage recruitment in the early stages of inflammation (Hu and Olsen, 2016).
[image: Figure 6]FIGURE 6 | Fluorescence staining of DAPI and cells expressing CCR7 or CD206 (A). Quantitative analysis of CCR7 or CD206 (B). Immunohistochemical staining of IL-1β and IL-10 (C). Quantitative analysis of IL-1β and IL-10 (D). *p < 0.05. Reproduced with permission from (Sun et al., 2021).
With the continuous understanding of the information transmission mechanism in bone healing, the regulatory effects of some novel signaling substances such as RNA and exosomes are also worth expecting. However, there is relatively little research on its role in regulating the function of macrophages in bone regeneration. Castaño et al. (2020) designed a collagen nano-hydroxyapatite scaffold that could deliver the antagomiR-133a. With the local release of antagomiR-133a, the number of M2 phenotype macrophages was significantly elevated, resulting in a considerable increase in bone volume in the animal bone defect model. As a means of intercellular communication, exosomes contain a variety of RNAs. Jiang et al. (2021a) developed an extracellular matrix scaffold with exosomes derived from MSCs, and the addition of exosomes effectively promoted the phenotype polarization of macrophages M2. Further, Xu et al. (2022) transfected MSCs with viral vectors containing Smurf1-shRNA to obtain engineered exosomes, which were then phagocytosed by macrophages to promote the polarization of exosomes towards M2 phenotypes using microarc titanium oxide as the delivery scaffold.
Considering the different intervention times of different scaffolds for bone regeneration and the blurred boundary of the key transition from pro-inflammatory to anti-inflammatory in bone regeneration, the regulation of M1/M2 macrophage ratio requires flexible selection.
4 CONCLUSION AND OUTLOOK
With the extension of life expectancy and the improvement of health concept, tissue engineering has a broad application prospect and clinical value in the treatment of bone defects that are difficult to self-heal. Although many implants have been put into clinical application, most of them are unable to meet the requirements of promoting endogenous bone healing, especially for patients with large defect size or poor physical conditions. Poor bone healing can bring a huge burden to patients both physically and mentally. Macrophage is an important target to regulate bone regeneration, and biomaterials can provide a good medium.
In this review, we review the parameters that influence macrophages during the material design phase and the types of therapeutic agents that can be selected to further regulate macrophage activity. Although there is a wealth of excellent research emerging, the vast majority is still far from practical clinical application. To put the scaffold system into clinical application, it is necessary to master the specific parameters suitable for human tissues. However, even without considering the differences in bone parameters under different ages and nutritional conditions, the parameter differences caused by different defect sites may also be huge. Secondly, due to the blurred boundaries of each segment of bone healing, the scaffold system may face different functional requirements at different time points and periods of intervention, which not only requires careful consideration at the beginning of scaffold system design but also requires clinicians to have a correct judgment. Finally, all implants should be subjected to a rigorous safety evaluation.
In future studies, with the continuous comprehension of the mechanism of bone regeneration and the function of macrophages, more valuable targets and regulatory mechanisms will be further clarified. The rapid development of nanomaterials and the continuous improvement of manufacturing processes such as 3D printing, electrospinning, and surface modification technology make it possible to break through the bottleneck of traditional material design (Zhou et al., 2021; Wan et al., 2022). More advanced detection and imaging techniques have also enabled the mimicry of bone structures to enter a more microscopic level. In addition, the cross-integration of artificial intelligence and other fields will also greatly save the time and cost of experiments required to screen suitable parameters.
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Infection of the bone is a difficult problem in orthopedic diseases. The key and basis of the treatment of bone infection is the effective control of local infection, as well as the elimination of infection focus and dead cavities. The most commonly used approach utilized for the prevention and management of bone infection is the application of antibiotic bone cement. However, the incorporation of antibiotics into the cement matrix has been found to considerably compromise the mechanical characteristics of bone cement. Moreover, some investigations have indicated that the antibiotic release rate of antibiotic bone cement is relatively low. Polyetheretherketone (PEEK) and its composites have been considered to perfectly address the challenges above, according to its favorable biomechanical characteristics and diverse surface functionalizations. This article provides a comprehensive overview of the recent advancements in the antimicrobial modification of PEEK composites in the field of antibacterial therapy of bone infection. Furthermore, the potential application of PEEK-modified materials in clinical treatment was discussed and predicted.
Keywords: polyetheretherketone, antibacterial properties, modification, biomaterials, bone infection
1 INTRODUCTION
Infection of the bone has emerged as the primary cause of high mortality in orthopedic diseases (Nair et al., 2000; Thabit et al., 2019). In orthopedics, infections of bone tissue, such as suppurative arthritis, osteomyelitis, bone and joint tuberculosis, bone and joint syphilis, and prosthetic joint infection (PJI), continue to be a challenging issue. A large number of amputations and even deaths are reported annually as a result of bone-related infections (Ercan et al., 2011). Staphylococcus aureus, Methicillin-resistant S. aureus (MRSA), Escherichia coli, Pseudomonas aeruginosa, Streptococcus, and others are prevalent pathogens (Sarkissian et al., 2016; Kerneis et al., 2017; Lebowitz et al., 2017; Arciola et al., 2018). Bone infection can significantly impair local tissue and the regeneration ability of bones, making the defect difficult to heal, and leading to formation of dead bone and cavities. The critical step of bone infection treatment is powerful and effective infection control in situ and bone defect repair (Ansari, 2019; Afewerki et al., 2020). Only when the infection is controlled, the repair of the bone defect commences. Thus, Comprehensive removal of infection foci and the local release of antimicrobial drugs are especially crucial. Currently, intravenous antimicrobials and topical antibiotic extended-release systems are synergistically employed to control infection (Masters et al., 2022). In addition, the disease is difficult to treat and requires a lengthy therapeutic course, because antibiotic penetration into the infected site through the dead bone cavities or bacterial biofilm (BBF) on the internal fixators or protheses is required (Chen et al., 2021b). The primary mode of infection in bone is typically hematogenous, resulting from bacteremia, or through direct bone tissue penetration (Kurtz et al., 2008; Mathew and Ravindran, 2014). As a result, the administration of systemic intravenous antibiotics has proven to be an efficacious method for both prevention and treatment. Prolonged administration of systemic antibiotics may result in adverse effects such as hepatic and renal impairment, bacterial resistance, and in severe instances, fungal infections such as candidiasis, and so on. Antibiotics should be carefully selected for patients with low body weight and abnormal circulatory function (Barber et al., 2016). The use of an antibiotic sustained-release system can deliver higher concentrations of antibiotics to the site of infection, thereby reducing the incidence of systemic adverse reactions while effectively controlling the infection (Janz, et al., 2016; Anagnostakos and Fink, 2018; Thabit, et al., 2019; Buck, et al., 2020). Therefore, the development of orthopedic implants with remarkable sustained-release characteristic of antimicrobials and favorable biomechanics similar to bone offers a reasonable way for bone infection therapy (Hasan et al., 2013; Ouyang et al., 2016). As a result, antibacterial bone cement has become a widely utilized and the first choice for bone infection (Gandhi et al., 2018; Jameson et al., 2019; Yayac et al., 2019; Leong et al., 2020; Abdel Khalik et al., 2023).
More medical applications of bone cement are emerging as a consequence of the aging of the human body, which is accompanied by a gradual decrease in bone strength, and the rise in the number of accidents (Wekwejt et al., 2019). The inherent antibacterial efficacy of pure bone cement is limited, however, the incorporation of antibacterial metal ions and antibiotics during its production can confer antibacterial properties (Vaishya et al., 2013; Anderson et al., 2015; Radha et al., 2017). Polymethyl methacrylate is the most prevalent type of locally implanted bone cement (Valencia Zapata, et al., 2019; Gandomkarzadeh et al., 2020). Nevertheless, bone cement has been found to exhibit cytotoxic properties, leading to various adverse reactions such as impaired bone remodeling in the vicinity of the implant tissue, as well as local soft tissue fibrosis or tissue necrosis (Hoess et al., 2016; Inzana et al., 2016; Robo et al., 2018). It even leads to excessive activation or inactivation of platelets that affects hemostasis (Anderson et al., 2015), and even the appearance of bone cement implantation syndrome (Donaldson et al., 2009). In addition, the incorporation of antimicrobial agents into cement results in a decrease in its rigidity (Schiavone Panni, et al., 2016). To perform first-stage bone infection associated surgery and simultaneously eradicate adverse effects after bone cement implantation, PEEK and its modified materials have been widely employed by researchers as a novel alternative to bone cement for managing localized bone infections.
PEEK is a two-phase, semi-crystalline polymer with excellent flame retardancy, hydrolysis resistance, radiation resistance, and chemical and biological stability. PEEK’s elastic modulus is significantly lower than that of metal titanium (Ti), resembling that of bone tissue (Carpenter et al., 2018). Furthermore, PEEK is rigid, making it highly resistant to cyclic stress (Buck et al., 2020; Flejszar and Chmielarz, 2020) and stress shielding, thereby reducing the effect of bone lysis. Moreover, PEEK’s main advantage is its high plasticity, which allows it to be shaped into a variety of shapes using three-dimensional (3D) printing technology (Kurtz and Devine, 2007). Therefore, PEEK has been extensively utilized in orthopedic bone defect repair, implants, and joint replacement (Hamdan and Swallowe, 1996; Rae et al., 2007). Additionally, PEEK is a biologically inert substance. The hydrophobic nature of PEEK’s molecular structure renders it unsuitable for cell adhesion (Gu et al., 2020; Oladapo et al., 2021). The osseointegration capability of pure PEEK is limited. However, this characteristic confers a favorable attribute of reducing bacterial adhesion to the material’s surface. Much more research in this area is initial to focus on efforts to promote osseointegration and reduce bacterial colonization and reproduction—both of which are crucial to the long-term effectiveness of implants. In recent years, scholars have made significant contributions to the advancement of PEEK (Han et al., 2022). The modified PEEK material possesses the property of being injectable while maintaining the original rigidity of the material to a significant extent and exhibiting no apparent adverse reactions, thereby providing an advantage over bone cement. This paper presents classification and discussion of the modified materials of PEEK with anti-infection properties, as developed by researchers in recent years, through a comprehensive review of relevant literature.
2 THE STRATEGY OF STRENGTHENING THE ANTIBACTERIAL ACTIVITY OF MODIFIED MATERIALS
It was widely reported that poor osseointegration and bacterial infections had been identified as the primary factors contributing to the failure of PEEK and its composite implants (Koch et al., 2010; Khonsari et al., 2014). The bacteriostatic properties and osseointegration potential of PEEK and its composites were enhanced through the implementation of surface modification methodologies, including surface coarsening, chemical functionalization, and coating (Sun et al., 2018; Yu et al., 2020; Xie et al., 2021). As Figure 1 and Table 1 shown, the modified PEEK for the treatment of bone infections were briefly described.
[image: Figure 1]FIGURE 1 | The main classification of antibacterial surface modification of PEEK, including load antibiotics, biological extract, bactericidal mental, active coating, surface texture, and photothermal catalyst. Abbreviation: SPEEK, sulfonated polyether ether ketone; GS, Gentamicin sulfate; MBD-14, mouse-defensin-14; n-MS, nano-magnesium silicate.
TABLE 1 | Antibacterial modification strategies on PEEK and its composites for antibacterial properties.
[image: Table 1]2.1 Antibiotics loading
The initial stage in the pathophysiology of foreign body infection is thought to involve bacterial adhesion to the surface of biological material (Zilberman and Elsner, 2008; Delaney et al., 2019; Thabit et al., 2019). Following adhesion, certain strains may form BBF if provided with adequate nutrition, which can serve to protect bacteria from immune responses (Davies, 2003; Hall and Mah, 2017). The incorporation of antibiotics into PEEK materials can enhance their antibacterial properties, biological activity, and bone integration to a limited degree. This is primarily achieved through mechanisms of antibiotics such as destruction of cell wall, inhibition of protein synthesis, suppression of peptide synthetase, and other antibacterial effects (Montanaro et al., 2008; Zhang et al., 2022).
2.1.1 Destruction of cell wall
Vancomycin (Van), a glycopeptide antibiotic, can inhibit the synthesis of bacterial cell walls. This inhibits bacterial reproduction and proliferation. Van has emerged as an efficacious antibiotic for the treatment of drug-resistant cocci infections, owing to its ability to eliminate a vast majority of gram-positive bacteria and various drug-resistant bacteria (Chen et al., 2021a). Van with slow-release mechanism was built on the surface of PEEK to enhance the efficacy and biosafety of Van-modified PEEK. In contrast, it was reported that Van-loaded gelatin nanoparticles possessed gradual degradation process on PEEK. The degradation process had been found to impede the growth, reproduction, and colonization of S. aureus, thereby the potential risk of infection was reduced. Chen et al. grew a Zn oxide nanorod array as an antibiotic carrier on a PEEK substrate (Chen et al., 2019). The Zn oxide nanorod arrays exhibited distinct affinity towards ampicillin (Amp) and Van due to their disparate molecular structure, leading to significantly reduced loading capacities for Amp as compared to Van. Compared to Van, the release rate of Amp was greater. However, bacterial investigations demonstrated that Amp exhibited greater efficacy as a surface modification compared to Van against S. aureus.
2.1.2 Inhibition of protein synthesis
Gentamicin sulfate (GS) and tobramycin (TOB) are aminoglycoside antibiotics. TOB inhibits the synthesis of bacterial proteins. Polydopamine (PDA) possesses good adhesion and antioxidation (Liu et al., 2016), which can denature the protein of the cell membrane, destroy the structure of bacterial cell membrane and lead the bacteria to death. TOB was loaded onto MXene nanoplates via PDA coating, followed by its combination with gelatin methacrylate (GelMA) and subsequent application onto the biologically inert sulfonated PEEK (SPEEK) (Yin et al., 2020). As shown in Figure 2, Yin et al. (2020) designed a PEEK implant with multiple therapeutic modalities using MXene and GelMA in conjunction with TOB (SP@MX-TOB/GelMA). The photothermal effects of PDA and MXene nanoparticles was observed to facilitate the destruction of both bacteria and osteosarcoma cells. Upon loading TOB, the implants displayed strong antibacterial properties against gram-negative and gram-positive bacteria. The structural composition of GelMA’s arginine-glycine-aspartic acid sequence was found to have a significant impact on stem cell differentiation into osteoblasts, thereby promoting bone regeneration. Additionally, it was demonstrated that MC3T3-E1 cell adhesion and diffusion was significantly enhanced, while also a sterile environment for bone repair procedures in orthopedics was provided. Due to the similar inorganic composition of bone and CaHPO4·2H2O (CaP), CaP-treated PEEK promoted bone regrowth around the implant. To address the issue of low sensitivity to bacteria exhibited by PEEK and CaP, Xue, et al. employed the use of layer-by-layer (LBL) technology to regulate the number of coating layers (Xue et al., 2020). This involved loading GS and CaP onto the material’s surface, resulting in the optimization of both the antibacterial and osseointegration abilities of the modified PEEK. The results demonstrated the antibacterial activity and bone integration capability of PEEK/CaP-GS. PEEK/CaP-GS*6, which was produced through six LBL cycles, exhibited the most potent antibacterial and osseointegration activity. In addition, it was observed that the utilization of PDA and GS SPEEK implants effectively impeded bacterial proliferation and exhibited anti-inflammatory characteristics, thereby rendering them a viable therapeutic option for managing infectious bone defects (Sun et al., 2021).
[image: Figure 2]FIGURE 2 | Schematic presentation of the preparation of the multifunctional tissue substrate (SP@MX-TOB/GelMA) (Yin et al., 2020).
The simultaneous administration of multiple medications and the exploitation of the combined effects of antibiotics potentially enhanced the antibacterial and biocompatible properties of PEEK. Xu et al. (2019) used a PDA-assisted deposition technique to coat the surface of PEEK with liposomes containing dexamethasone (Dex) and Minocycline (Mino) (Dex/Mino liposomes). The aim was to augment the antibacterial, anti-inflammatory, and osseointegration properties of the material, while also regulating cellular inflammatory response and inhibiting bacterial growth in vitro. The utilization of PEEK with co-administration of diverse antimicrobial agents had been shown to enhance the osseointegration and antibacterial efficacy of biomaterials, which exhibits considerable clinical potential.
2.1.3 Suppression of peptide synthetase
β-lactam is a sort of antibiotics by inhibiting the bacterial cell wall non-ribosomal peptide synthetase (Gaudelli et al., 2015). Besides, inhibiting the synthesis of cell wall mucin, which causes bacterial cell wall defects as well as bacterial cell expansion and lysis, will not have a systematic impact on the natural bone tissue. Lactam-based organic antibacterial membrane materials were developed by dissolving SPEEK in dimethyl sulfoxide containing lactam drugs. It also efficiently inhibited the reproduction and growth of S. aureus while maintaining outstanding mechanical properties (Montero et al., 2016).
However, the extensive use of antibiotics has contributed to the emergence of superbugs as well as the development of bacterial antibiotic resistance (Raphael and Riley, 2017; Singh et al., 2017; Yilmaz and Ozcengiz, 2017). The development of drug-resistant bacteria surpasses the development of new medicines, and drugs are expensive (Li et al., 2018b). Additionally, antibiotics may have negative effects on the host (Spellberg et al., 2008; Yilmaz and Ozcengiz, 2017). Therefore, it is imperative to develop antimicrobial drugs with high efficacy and low toxicity while preventing the emergence of novel resistant bacteria and the side effects of conventional antibiotics.
2.2 Animal and plant extracts
The abuse of antibiotics leads bacteria to develop multiple antibiotic resistance. Antimicrobial peptides (AMPs) and plant polyphenols have received a great deal of attention and research in recent years because of their clinical application potential for antimicrobial resistance and biocompatibility.
2.2.1 AMPs
Almost all organisms contain natural AMPs, which has an extensive range of structures and functions. AMPs are not toxic to mammalian cells, and have low drug resistance to microbes. Most AMPs at neutral pH are cations. Contrarily, gram-positive bacteria have negatively charged phosphate groups on the surface of their cell walls, as well as gram-negative bacteria have an abundance of negatively charged lipopolysaccharide in their cell membranes (Yan et al., 2021b). Positively charged AMPs can bind to bacteria with negative charge, perform membrane-destructive activity, and directly kill microbial pathogens via electrostatic contact. By regulating the immune response of the host, AMPs assisted in the indirect elimination of the pathogen from the host (Ouyang et al., 2016). Some AMPs also exhibited osteogenic activity with their extensive antibacterial properties (Li et al., 2021; Yuan et al., 2021).
Bone marrow mesenchymal stem cells (BMSCs) could proliferate osteogenically when the BMP/Smad signaling pathway was stimulated by KR-12 (Li et al., 2018a). The positively charged amine group in the amino acid sequence of antimicrobial peptide KR-12 attracted negatively charged bacteria to the surface, where the cell walls had been changed and demolished. PEEK coated with KR-12 improved antibacterial activity against S. aureus in vitro and in vivo (Meng et al., 2020). To increase antibacterial properties and bone integration, Yuan, et al. coated the surface of 3D porous SPEEK with mouse beta-defensin-14 (MBD-14) (Yuan et al., 2019). It was structurally and functionally analogous to human beta-defensin-3 (HBD-3) (Hinrichsen et al., 2008; Rohrl et al., 2008). MBD-14 was effectively loaded onto the porous SPEEK surface following a freeze-drying treatment and exhibited long-term antibacterial activity against gram-positive and gram-negative microorganisms. MBD-14-loaded SPEEK could efficiently stimulate osseointegration and protein expression (Yuan et al., 2019).
Hu et al. (2021) and colleagues used a wet chemical technique to coat GL13K, which was a kind of AMPs, directly on the PEEK surface for the first time. To induce binding, GL13K was exposed to 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) impregnated with the PEEK matrix. The procedure could effectively improve hydrophilicity, increase antibacterial activity (with a 28-mm inhibitory zone), flatten the surface, decrease surface roughness.
AMP and AMP-based molecules are promising antibiotic alternatives. Their distinct antimicrobial defenses are an effective tool against the threat posed by drug-resistant bacteria. Unfortunately, there are still numerous issues with AMP development and implementation that must be addressed. The study of AMP toxicity and structure is currently in progress, and release kinetics of AMPs in vivo are insufficient. Research in this field is still primarily focused on better AMP stability, higher selectivity, and reduced toxicity. Developing an effective dosing schedule, combining AMPs with other compounds to increase their antibacterial efficacy, and other measures will be necessary for the clinical application of AMPs (Lazzaro et al., 2020; Yan et al., 2021b).
2.2.2 Plant polyphenols
Plants contain natural biological compounds known as plant polyphenols. Approximately 500 of the over 8,000 plant polyphenols have biological effects (Nicolin et al., 2019), which contain antioxidant, anti-inflammatory, and bone-growth-promoting characteristics. Hinokitiol (HK) is a naturally occurring plant polyphenol with anticancer, anti-inflammatory, anti-bacterial, and antioxidant activity (Hajjaji et al., 2007). Zhang et al. (2018) found that HK-loaded nano-bioglass/PEEK composites exhibited potent antibacterial activity against S. aureus, had no appreciable effect on MC3T3-E1 cell adhesion and cell replication, and did not significantly promote bone formation in vivo. Lawsone, a 2-hydroxy-1,4-naphthoquinone, presents in the nail mosaic extract, with efficacious function against gram-positive bacteria (Ur Rehman et al., 2018). Due to its rough and honeycomb structure, PEEK treated with bioactive glass provided delayed and prolonged release of lawsone for up to 6 months. Furthermore, researchers conducted extensive research to identify a wider range of antimicrobial plant polyphenols. Resveratrol (RV) has been identified in several plants, including red wine, grapes, peanuts, and fruits (Karimi-Soflou et al., 2022). By using femtosecond laser technology, RV was encapsulated in the nano-porous structure of a PEEK mixed with nano-porous magnesium calcium silicate composite. It was subsequently showed remarkable antibacterial effect of the above composite against E. coli and S. aureus by activating the ERK/MAPK and Wnt/β-catenin signal pathways, which was associated with adhesion, replication, induction of stem cell differentiation into osteoblasts, and osteogenic gene expression of BMSCs. For further intensive research, the pattern of nano-porous tantalum pentoxide particles with pore diameters of approximately 10 nm and PEEK (PN) was carefully prepared by cold pressing and sintering (Mei et al., 2021). The PN was then soaked in concentrated sulfuric acid to shape a micropore structure on the sulfonated PN’s surface (SPN). Finally, the porous surface of SPN was coated with genistein (SPNG), which was exhibited excellent antibacterial activity and inhibited the growth of E. coli and S. aureus in vitro because of the synergistic interaction between the -SO3H group and the continuous release of genistein. Plant polyphenol chlorogenic acid (CGA) was predominantly extracted from Fols Lonicerae. In order to solve the problem of large area defect and related infection in clinical bone grafting, CGA was loaded on the surface of SPEEK using a hydrogel system (He et al., 2019). Following the initial outbreak, CGA was continually released in the hydrogel system for 8 days with suppressing E. coli and S. aureus and minimizing the probability of early implant infection. Curcumin (CR) is a polyphenol compound produced by turmeric extract that inhibits the replication of bacteria and fungi as well as inflammation and oxidation (Zou et al., 2020). CR and GS were loaded on the PEEK surface to enhance the osseointegration around implants and reduce implant infection by continuous release of GS and CR with the cumulative emissions of GS and CR were finally all greater than 60%. Together, Modified PEEK prevents the reproduction of S. aureus and E. coli.
2.3 Loaded metal ions
The antibacterial effects of metal ions are generally accomplished by rupturing bacterial cell walls, developing cell ulcers, and killing the bacterium. Metal ions penetrate the bacteria and attack the nucleus, causing denaturation of bacteria and eventually cell death (Chudobova et al., 2015; Yan et al., 2018b; Cyphert et al., 2021). Therefore, the growth and proliferation of bacteria were markedly inhibited. Additionally, it is possible to significantly improve the antibacterial properties and biocompatibility of modified PEEK materials through the dual loading of antibacterial metal ions and pharmaceuticals or synergistical employment of various metal ions.
2.3.1 Ag
It is reported that Ag has high catalytic ability due to its chemical structure (Farkas et al., 2010). The reduction potential is observably increased in high oxidation state of Ag, which is in favor of sterilization by production of atomic oxygen.
Seuss et al. (2016) used electrophoretic deposition for fabricating bioactive glass and Ag nanoparticles (NPs) composite coatings on the PEEK surface. It was suggested that involvement of PEEK substrate facilitated the uniform distribution of bioactive glass particles, while the electrophoretic deposition process unaffected by Ag NPs remained for ensuring the antibacterial properties of the coating against E. coli. Deng et al. (2017) prepared Ag NPs loaded onto the 3D-printed PEEK surface using PDA-assisted deposition. According to the findings, PEEK scaffolds coated with Ag NPs dramatically reduced the proliferation of gram-positive and gram-negative bacteria. Contact killing and release killing of Ag NPs were primarily responsible for the antibacterial impact, which also eliminated any existing BBF. Furthermore, the presence of Ag NPs did not affect the division and differentiation of osteogenic cells, which exerted no influence on bone metabolism. Furthermore, magnetron sputtering was successfully employed by Liu et al. (2017) to deposit dense and uniform coating of modified Ag NPs on the surface of PEEK. Under the acceleration of electric and magnetic fields, the excited results on PEEK surface etching of Ag were demonstrated. Ag was also polymerized on the surface of the material, producing nano-scale surface morphology. The increase of Ag modified PEEK roughness improved the adhesion of PEEK implants to bone in vivo. Ag NPs adhered to the surface of bacteria directly penetrated into cells, and eventually caused cell death without damaging the cell membrane. Consequently, the Ag NPs modified PEEK implants evidently increased bacterial adhesion and antibacterial activity while exhibiting negligible cytotoxicity.
With demonstration of further in-depth research, Ag combined with antibiotics exhibited more remarkable antibacterial activity and widely expansion of antibacterial spectrum (Morones-Ramirez et al., 2013). As a result, developing a system using biomedical devices, which are suitable for orthopedic implantation, to achieve on-demand simultaneous release of Ag and antibiotics is the better alternative. Therefore, Ag NPs with silk fibroin (SF)/GS coating on the porous SPEEK surface was prepared (Yan et al., 2018a). In contrast to SPEEK blended with either GS or Ag NPs alone, it was explored that SPEEK loaded with Ag NPs and GS exhibited superior antibacterial properties. The observed results demonstrated that the synergistic interaction of Ag NPs and GS enhanced the antibacterial potential. In addition, Yu et al. (2021) developed bone forming peptide (BFP) loaded PEEK with a layer of carboxymethyl chitosan (CMC) film on the surface by using spin coating. The surface of PEEK was then loaded with Ag NPs using dopamine self-polymerization. The results demonstrated that PEEK coated with Ag NPs exhibited an outstanding inhibitory effect on bacteria. The surface release of Ag ions can be controlled by using CMC films. PEEK loaded with BFP was more physiologically active than pure PEEK and promoted osteogenic differentiation and cell proliferation.
2.3.2 Cu
Ag is widely involved in clinical antibacterial therapy. However, certain bacteria that are resistant to silver have been observed (Gupta et al., 1999; Mijnendonckx et al., 2013). Therefore, it is imperative to discover a new agent that can effectively kill bacteria without developing drug resistance. Cu exerts bactericidal activity through the disruption of bacterial proteins as well as the production of reactive oxygen species (ROS). Liu et al. (2019) developed a method to immobilize copper NPs with antibacterial properties onto the surface of SPEEK biomaterials. This was achieved by creating a porous microstructure to trap S. aureus on the surface of PEEK biomaterials by sulfonation. The results indicated that the porous surface of Cu NPs adsorbed on SPEEK could effectively capture S. aureus. Additionally, the release of Cu from SPEEK-immobilized Cu NPs could potentially induce an increased polarization of macrophages, which resulted in promotion of S. aureus phagocytosis and antibacterial efficacy. Yan et al. (2021a) utilized PDA-assisted deposition to load Cu citrate nanoclusters onto porous SPEEK surfaces. The permeability into bacterial membrane of citrate was dominate in bactericidal activity. Research findings suggested that the application of Cu citrate complex as nano-antibiotic exhibited superior efficacy in the degradation of bacterial membrane as compared with either Cu or citrate alone. Collectively, their synergistic effect played a crucial role in the complete degradation of proteins and induction of bacterial mortality. In addition, it caused a local increase in the concentration of Cu in the bacteria. Increased local Cu concentration increased intracellular ROS production by catalyzing the Fenton reaction and the formation of hydroxyl radicals, which was beneficial in DNA damage and suppression of particular enzyme activity. Interestingly, Yan et al. (2020) investigated the fabrication of CuO microspheres with Ag NPs on the surface of porous PEEK with silk fibroin. PDA-assisted deposition of Ag NPs on CuO microspheres built development of materials that exhibited remarkable antibacterial properties. It was indicated that the antibacterial efficacy of CuO/Ag NPs was influenced by pH, as evidenced by significant increase in the release of Cu and Ag at lower pH values, resulting in a greater bactericidal effect compared to SPEEK with either Ag or Cu alone. Apparently, it was an effective method to synergistically load antibacterial metal ions and bioactive ceramics on the surface of PEEK materials to realize the biofunctionalization of antibacterial properties and bioactivity of PEEK implant materials. However, it is worthless that Ag and Cu may exhibit cytotoxic effects, which tend to increase with the concentration of metal ions (Vimbela et al., 2017). How to optimize cytotoxicity and antibacterial properties will be a focus of future research.
2.3.3 Mg
Nanosized Mg and its alloys have been reported to exhibit anti-inflammatory and antioxidant activity (John Sushma et al., 2016). Mg can induce the formation of ROS, which cause lipid peroxidation in the microbial cell envelope, resulting in the outflow of cytoplasmic content from the cell (Blecher et al., 2011). Yu et al. (2018) used physical vapor deposition to deposit Mg loading on the surface of PEEK. The findings indicated that the application of Mg coating participated in significant bactericidal effect against S. aureus, with antibacterial efficacy of 99%. It followed that the application of Mg coating PEEK exhibited remarkable antibacterial characteristics. Simultaneously, the application of Mg coating has been observed to considerably enhance the biological activity of PEEK. Ti/Mg/Ag gradient composite coatings were prepared on the surface of PEEK by magnetron sputtering (Gümüş et al., 2017). It was suggested that the incorporation of Ti bottom layer significantly strengthened the elastic modulus and bone conductivity of PEEK. Additionally, the middle layer composed of Mg improved biological activity, and the surface layer of the antibacterial agent composed of Ag provided the antibacterial ability of the preparation. Moreover, Niu et al. (2020) investigated the antibacterial and biological properties of PEEK/nano-Mg silicate composites. The modified PEEK composites exhibited notable antibacterial properties against E. coli and S. aureus, in addition to significant enhancement of the adhesion, diffusion, proliferation, and differentiation of BMSCs.
According to the studies above, antimicrobial metal ions modification promoted antibacterial activity of PEEK and its derivant, although this is far from having the desired antibacterial potential. Based on this, the co-loading of a variety of antibacterial ions and the synergistic effect between antibacterial metal ions provided further improvement of the antibacterial and biocompatibility of PEEK.
2.4 Photothermal catalyst
Using photothermal catalyst with catalytic oxidation and thermal effect to enhance the antibacterial performance of PEEK implant materials has recently become a major area of research.
Graphene oxide (GO), a type of photothermal catalyst provided with unique single-layer carbon atomic nanosheet structure and excellent intrinsic antibacterial effect (Zou et al., 2017), has been shown to effectively mitigate cytotoxicity, enhance cytocompatibility, and facilitate the process of stem cell osteogenesis both in vitro and in vivo (Qin et al., 2020). According to studies, GO wrinkles reduced bacterial biological activity and, as a result, had effective antibacterial activity (Ouyang et al., 2018a). Ouyang, et al. used a simple dipping method to prepare GO-modified SPEEK, which demonstrated improved antibacterial activity and cytocompatibility. It was predominantly attributed to the presence of GO, which enhanced the antibacterial properties and biocompatibility of materials against E. coli, meanwhile sulfonated porous micro/nanostructures provided more sites for GO loading and promotion of cell proliferation and differentiation. Simultaneously, porous surfaces of SPEEK were fabricated by Wang et al. (2020) through the assembly of GO nanosheets, PDA nanofilms, and oligopeptides. The results indicated that the novel nano-coating with multiple functions had the potential to enhance cytocompatibility and bone formation in vivo. The application of mixed coating of GO/PDA on SPEEK samples also resulted in higher production of ROS after irradiation, in comparison to the application of single coating of either GO or PDA. The synergistic effect of photothermal/photodynamic therapy was attributed to the mechanism of antibacterial activity of GO/PDA two-dimensional nano-coating, as shown in Figures 3A,B. PDA possessed inherent near-infrared absorption capabilities, rendering it promising natural pigment for augmenting light-capturing potential of GO nanoparticles. As shown in Figure 3C, π-π stacking GO/PDA hybrid complex anchored on the surface of SPEEK has been found to generate potent antibacterial phototherapy effect through synergistic action of photothermal and photodynamic therapy. It was observed that GO impeded the proliferation of bacteria. Bacterial membrane bore mechanical stress on the sharp edge of GO, leading to cellular disintegration. Simultaneously, GO caused oxidative stress from ROS, leading to detrimental effects on the DNA and structural integrity of bacteria. Hence, the application of GO coating is considered a promising approach to enhance the cytotoxic and antibacterial properties for modified PEEK implant. Qin et al. (2021) produced a composite coating of GO, carbon fiber (CF), and PEEK (GO/CF/PEEK) using electrostatic powder spraying, which was subsequently applied onto the surface of Ti-6Al-4V alloy. Due to the potential of GO to generate ROS and antibacterial properties by destroying bacterial DNA and its expressed protein, the study found that the GO/CF/PEEK coating exhibited a remarkable inhibitory effect on S. aureus.
[image: Figure 3]FIGURE 3 | Antibacterial activities of the 2D nano-coatings with or without light: (A) The spread plate images with antibacterial efficiency, and (B) Live/Dead staining of Gram-positive/negative bacteria. (C) Schematic diagram of antibacterial phototherapy through combined photodynamic therapy and photothermal therapy (Wang et al., 2020).
Furthermore, the antibacterial activity and biocompatibility of PEEK were significantly improved by synergistic effect of photothermal catalysts and antimicrobial agents. Ouyang, et al. (Ouyang et al., 2018b) modified SPEEK by coating its surface with PDA, and then with GO/Dex-loaded liposomes to produce GO/Dex-modified SPEEK. It was demonstrated that GO and hydrophilic groups at the liposome’s edge, such as -OH and COO-, absorbed proteins via electrostatic interaction, controlled cell adhesion, and stimulated specific gene expression. Consequently, the synergistic effect of GO/Dex-loaded liposomes increased cellular adhesion and migration, as well as improved cellular biocompatibility.
It was reported that GO in the range of 100–200 nm was satisfied with the majority of the requirements of successful drug carrier. However, GO was rarely characterized by uniform particle sizes, which might have significant impact on its biocompatibility in vitro and in vivo. Meanwhile, bio-persistence of GO in the human body might have an impact on pathology and immunology (Gallo et al., 2014). As a result, the next challenges entail establishing the optimal dosage that achieves equilibrium between the therapeutic effects and nanotoxicity of GO-based formulations. Additionally, standardizing the dosage employed in GO research, and elaborating on the principle of toxicity and its remedies are necessary to yield comparable outcomes and elucidate the potential cytotoxicity effects of GO-based formulations.
2.5 Doped bioactive coating
Bioactive coating, the application of bioactive materials in the field of PEEK modification, provide interaction between PEEK and surrounding micro-environment (Barrere et al., 2003). These bioactive materials not only possess good biocompatibility and bone conductivity, but also degrade and release ions in vivo, forming a weak alkaline environment to improve cell activity and accelerate bone repair (Pan et al., 2013). Certainly, bioactive coating is helpful for antibacterial behavior via disintegrating the bacterial cell membrane.
Chen et al. (2017) applied argon plasma immersion ion implantation and hydrofluoric acid (Ar-PIII) treatment to introduce fluorine onto the surface of PEEK. It was observed that the fluorinated PEEK strengthened the activity of alkaline phosphatase (ALP), as well as promoted cell adhesion, replication, and proliferation, which was beneficial to inhibitory efficacy on Porphyromonas gingivalis, recognized as one of the primary pathogens of periodontal disease. Wang et al. (2014) created PEEK and nano-fluorinated hydroxyapatite (n-FHA) biological composites. It was indicated that PEEK/n-FHA biological composites exhibited increased cell adhesion and proliferation in vitro. Moreover, cells cultivated on PEEK/n-FHA biological composites showed increased ALP activity and cell mineralization, which substantially enhanced osseointegration capacity. Importantly, it was observed that the PEEK/n-FHA biological composites showed promise ability for reducing bacterial expansion and BBF development.
Wang et al. (2016) used a simple chemical precipitation method to deposit red Se NPs onto the surface of PEEK. The conversion of red Se NPs to gray Se NPs under heating was observed to result in a modified PEEK surface with notable antibacterial properties. After 3 days, it was demonstrated that PEEK coated with red or gray Se exhibited significant inhibition of P. aeruginosa growth in comparison to uncoated PEEK. The surface of PEEK coated with either red or gray Se resulted in reduction of its hydrophilicity and played a crucial role in the prevention of bacterial proliferation.
2.6 Surface texturing
To reduce the issues associated with excessive antibiotic usage, researchers have focused on altering the shape, size, and distribution of material surfaces to influence the biological behavior of bacteria. This approach has gained attention as an attractive option for enhancing the antibacterial properties of PEEK implant materials without the need for additional antimicrobial agents. The surface structure of the column on the cicada’s wing provided sterilization of the gram-negative bacteria, a purely physical mechanism, not a chemical process (Ivanova et al., 2012).
Wang et al. (2017) used 3D printing technology to create PEEK materials with cicada wing texture surfaces. The research findings indicated that PEEK with cicada wing surface microstructure exhibited superior antibacterial properties as compared to conventional PEEK materials in the orthopedics. The amount of Staphylococcus epidermidis discovered on the surface of PEEK also decreased by more than 37%. Following single day of cultivation, the adhesion and growth of P. aeruginosa experienced a reduction of 28%. Subsequently, after 5 days, a reduction of approximately 50% was observed. It was demonstrated that the potential of nanostructured PEEK by physical method showed impressive antibacterial properties, such as by texturing the surface of PEEK, rather than through the use of antimicrobial agents or antimicrobials.
According to Ye et al. (2019), the surface microstructure with single surface texture of cicada wing might be ineffective against gram-positive pathogens such as S. aureus. An additional bionic structure comprising willow-like ZnO nanosheets was incorporated into the existing structure to compensate for the lack of single biomimetic component. The nanosheets exhibited rapid release profile upon initial implantation and high efficacy against gram-positive bacterial infections. The advancement of dual bionic materials could potentially enhance the efficacy of clinical material designs in the future. Lu et al. (2016) implanted Zn and oxygen plasma immersion ions onto the surface of CF to modify the surface of PEEK by incorporating Zn and introducing unique micro/nanostructures. The multi-stage Zn/O structure of CF-enhanced PEEK was discovered to have excellent antibacterial properties against BBF-positive bacteria, including S. aureus and S. epidermidis. However, the antibacterial efficacy against BBF-forming gram-negative bacteria was limited. A plausible explanation was that the Zn/O-modified PEEK surface formed microstructure similar to that of bacteria. Consequently, the microstructure created micro-pits that separated and confined bacteria exhibiting positive BBF, finally minimized their contact with neighboring bacteria. This process effectively enhanced antibacterial efficacy by impeding the development of BBF.
Surface texturing represents a novel method for the production of antibacterial surfaces and an alternative to chemical-based methods. However, narrow antibacterial spectrum and slow inhibition of bacterial proliferation limit further application.
3 CONCLUSION AND FUTURE LOOK
Due to remarkable chemical stability, low biological repellency, and similar Young’s modulus comparable to human bone tissue, the application of PEEK represents the popularity of novel orthopedic material and carrier pattern. The utilization of antimicrobial modified PEEK material has been observed to effectively impede bacterial colonization and reproduction. The present study systemically summarized the methods and mechanisms employed for surface modification of PEEK and its composites for improvement of anti-infection properties in the field of bone infection. In fact, many modification ways including antibiotics, animal and plant extracts, metal ions, photothermal catalyst, bioactive coating, surface texturing and so on provided superior antibacterial behavior and osseointegration ability in the territory of designation of PEEK anti-infection orthopedic implants. The addition of antibiotics was primarily intended to achieve antibacterial effect through various mechanisms. However, the overuse of antibiotics was responsible for the development of multiple drug resistance in bacteria, while the discovery of AMPs effectively prevented the abuse of antibiotics. Because of favorable biocompatibility, low cytotoxicity, and lack of drug resistance, scientists have become increasingly concerned about AMPs in recent years. Similarly, plant polyphenols possessed antioxidation, anti-inflammatory, and bone-immunity properties, which enabled develop the PEEK-modified materials with multiple functions simultaneously. The researchers were attempting to determine the optimal dosage of biomolecules to prevent excessive adverse effects. By the judicious design of biomolecule sustained release system, it was also observed that biomolecules were increasingly employed in the surface coating. At the same time, the antibacterial properties of metal ions were gradually much attention for their ability to disrupt the bacterial cell wall, generate cell fester, and cause bacterial destruction. Furthermore, the synergistic efficacy of metal ions and drugs extremely enhanced the antibacterial properties. Furthermore, through the involvement of the photothermal catalyst’s catalytic oxidation effect and surface texture control, the material surface possessed antibacterial properties without the addition of antimicrobial agents, which has become a hot research direction for the antibacterial properties of PEEK-modified materials.
At present, the main treatment of bone infection is staged operation. To minimize the physical, psychological, and economic burden of patients, it is believed that the staged operation should evolve into a one-stage operation. This requires internal fixator to promote bone integration while being antibacterial, so the anti-infective PEEK internal fixator emerging as an effective strategy in the current research. Further, the use of two or more modified PEEK with bio-inert has been investigated to explore more possibilities. However, considering that PEEK as orthopedic implant material will coexist with natural tissues for long period, the scope and depth of its research must be expanded. It is suggested the following characteristics: 1) Strategies including strong acid sulfonation, and 3D printing make sure the enhancement of the surface roughness of PEEK, augmentation of the hydrophilicity and promotion of the adhesion of osteocyte and bacteria. 2) Establishment of optimal dose and the appropriate controlled-released system to achieve the balance between therapeutic efficacy and cytotoxicity. 3) According to the characteristics of bone infection, such as dead cavity, local infection, bone defection, and so on, multifunctional formulation with antibacterial, osteointegration, and osteogenesis is also an important future direction of modified PEEK in bone infection.
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Titanium alloys are some of the most important orthopedic implant materials currently available. However, their lack of bioactivity and osteoinductivity limits their osseointegration properties, resulting in suboptimal osseointegration between titanium alloy materials and bone interfaces. In this study, we used a novel sandblasting surface modification process to manufacture titanium alloy materials with bioactive sandblasted surfaces and systematically characterized their surface morphology and physicochemical properties. We also analyzed and evaluated the osseointegration between titanium alloy materials with bioactive sandblasted surfaces and bone interfaces by in vitro experiments with co-culture of osteoblasts and in vivo experiments with a rabbit model. In our in vitro experiments, the proliferation, differentiation, and mineralization of the osteoblasts on the surfaces of the materials with bioactive sandblasted surfaces were better than those in the control group. In addition, our in vivo experiments showed that the titanium alloy materials with bioactive sandblasted surfaces were able to promote the growth of trabecular bone on their surfaces compared to controls. These results indicate that the novel titanium alloy material with bioactive sandblasted surface has satisfactory bioactivity and osteoinductivity and exhibit good osseointegration properties, resulting in improved osseointegration between the material and bone interface. This work lays a foundation for subsequent clinical application research into titanium alloy materials with bioactive sandblasted surfaces.
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1 INTRODUCTION
Titanium and titanium alloys have become popular materials in the field of orthopedic implants because of their good mechanical properties, corrosion resistance and biocompatibility (Pobloth et al., 2018; Kaur and Singh, 2019; Li et al., 2020). The most widely used titanium alloy material in clinic is Ti6Al4V. However, with the wide application of Ti6Al4V in orthopedics, some shortcomings of Ti6Al4V have gradually emerged that have led to implant failure. For example, Ti6Al4V does not exhibit bioactivity and osteoinductivity, and releases ions on the surfaces of materials in which it is used (Panayotov et al., 2015; Xu et al., 2019; Hsu et al., 2020). Additionally, its lack of bioactivity and osteoinductivity is considered to be the main cause of implant loosening and revision surgery (Li et al., 2014; Mistry et al., 2016). Furthermore, the uptake of excess metal ions by cells can affect DNA replication and even lead to cell death; aluminum (Al) and vanadium (V) ions on the surface of Ti6Al4V have some potential toxic effects on human body. V ions can cause detrimental tissue reactions and cytotoxicity, and there is evidence that Al ions are involved in the mechanism of long-term Alzheimer’s disease (Bedi et al., 2009; Alshammari et al., 2022). Due to the above issues, limiting Ti6Al4V’s osseointegration properties, thus the osseointegration between titanium alloy materials and bone interfaces is simply unsatisfactory and can lead to total implant failure.
Good osseointegration, which refers to the direct structural and functional connection between bone and material surface, is considered to be the most important prerequisite of successful implantation (Kim et al., 2021). Good osseointegration properties of the implant material are necessary factors for achieving osseointegration, such as bioactivity and osteoinductivity. Hence, the ideal orthopedic implant material should have good osseointegration properties. However, Ti6Al4V does not meet this critical requirement by itself. Therefore, there is still a profound need to develop novel implant materials capable of good osseointegration properties.
Surface modification can be used to change the surface morphology of materials and only changes the surface properties of the material but also preserves its internal properties (Bai et al., 2018; Zhou et al., 2018; Geng et al., 2021). Because it changes the surface morphology and elemental composition of materials to some extent, surface modification is considered to be an effective method to improve the osseointegration properties of the material. In order to improve the osseointegration properties of implant materials, various surface modification techniques have been applied since the osseointegration properties of implant materials are closely related to surface morphology (surface morphological characteristics, surface roughness) and physicochemical properties (elemental composition, surface wettability) of the material (Ehlert et al., 2021; Geng et al., 2022).
In this study, we proposed a novel surface modification method using specific particles, some of which remained on the surface of substrate material after a sandblasting process. We refer to our method as a novel sandblasting surface modification process. Compared to the smooth Ti6Al4V titanium alloy commonly used in clinic, the titanium alloys treated by the novel sandblasting surface modification process not only changes the surface morphology characteristics of the material, but also changes the chemical composition ratio of the surface of the material. This may greatly affect the osseointegration properties of the material and thus the osseointegration between titanium alloy materials and bone interface, and was therefore the central focus of this study. In this study, the experimental group was the titanium alloy with bioactive sandblasted surface, while the control group was the smooth Ti6Al4V titanium alloy commonly used in clinic.
2 MATERIALS AND METHODS
2.1 Manufacture of the titanium alloy with bioactive sandblasted surfaces
The Ti6Al4V specimens treated by novel sandblasting surface modification process were labeled as the sandblasted titanium alloy group, and the Ti6Al4V specimens with just surface polishing were labeled as the smooth titanium alloy group.
2.1.1 Sandblasted titanium alloy group
To begin our novel sandblasting process, we first degreased Ti6Al4V round specimen (diameter 10 mm, thickness 2 mm, for the in vitro experiment) (Northwest Institute for Non-ferrous Metal Research, China) and Ti6Al4V square specimen (length 15 mm, width 10 mm, thickness 2 mm, for the in vivo experiment) (Northwest Institute for Non-ferrous Metal Research, China) with acetone. Each specimen surface was then treated with 2% nitric acid, 2% hydrofluoric acid, and 2% ammonium fluoride at 55°C for 30 s and then ultrasonically cleaned with deionized water. After this, the specimens were surface treated with 50 μm diameter mixed sand materials (containing silicon dioxide and a small amount of Mg and Fe) (Northwest Institute for Non-ferrous Metal Research, China) at a pressure of 0.8 MPa and a distance of 3 cm from the surface. The injection direction was an 80° angle to the surface, and the sandblasting treatment time was 60 s. In addition, after ultrasonic cleaning using distilled water for 15 min, we dried each specimen at 50°C for later use. Finally, three screw holes with diameters of 1 mm were drilled in the square specimen. The samples were sterilized by autoclaving prior to cell culture and animal experiments.
2.1.2 Smooth titanium alloy group
For the smooth-polished specimens for the control group, we once again first degreased Ti6Al4V round specimen (diameter 10 mm, thickness 2 mm, for the in vitro experiment) (Northwest Institute for Non-ferrous Metal Research, China) and Ti6Al4V square specimen (length 15 mm, width 10 mm, thickness 2 mm, for the in vivo experiment) (Northwest Institute for Non-ferrous Metal Research, China) with acetone and then each specimen surface was treated with 2% nitric acid, 2% hydrofluoric acid, and 2% ammonium fluoride at 55°C for 30 s and cleaned them with deionized water. Next, the specimens underwent 600 mesh and then 1000 mesh sandpaper grinding and polishing. In addition, after ultrasonic cleaning using distilled water for 15 min, we dried each specimen at 50°C for later use. Finally, three screw holes with diameters of 1 mm were drilled in the square specimen. The samples were sterilized by autoclaving prior to cell culture and animal experiments.
2.2 Characterization of the specimen surface
2.2.1 Surface morphology
We used scanning electron microscopy (SEM) to observe and analyze the surface morphology of the smooth titanium alloy and sandblasted titanium alloy groups under the condition of 20Kv 500 imes.
2.2.2 Surface chemical composition
To analyze the chemical compositions of the specimens, we randomly selected three different scanning areas on the surface of the two groups of specimens. We then observed and characterized the types and contents of chemical elements on the surface of the two groups using an energy dispersion spectrometer (EDS, NCA X-Act, Sirion, America) with acceleration voltage set to 15 kV. The atomic force microscope (AFM) (Dimension Icon, Bruker, America) was used to analyze the average roughness (Ra) and root-mean-square roughness (Rq) of samples in smooth titanium alloy group and sandblasted titanium alloy group, with the scanning range of 15 μm × 15 μm. In addition, X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific, America) with an Al Kα radiation source was used to analyze the elemental states on the surface of the two groups of specimens, and we used a multifunctional X-ray diffractometer (XRD, D8 ADVANCE, Bruker, Germany) with Cu Kα radiation between 2θ of 20° and 90° to analyze the phase of the two groups of specimens as well.
2.2.3 Surface wettability
The surface wettability of the two groups was assessed by the contact angle measurements (DO4222Mk1, Kruss, Germany) at ambient temperature and humidity. To take our measurements, we put 3 μL of deionized water drops on the surface of the specimen and let it stand for 5 s before detection. Water contact angle measurements were thusly obtained by repeated measurements of randomly selected areas of each specimen.
2.3 In vitro experimentation
2.3.1 Cell culture and identification
For our in vitro experiments, the ilium bone of a 2-month-old New Zealand white rabbit was washed with PBS (including double antibodies) 3 times and divided into bone blocks of about 1 × 1 × 1 mm3 in size. After washing with PBS, 0.1% type I, Ⅱ, and Ⅳ collagenase and dispase were added, and left to digest overnight at 4°C. After filtration of the above mixture, the filtrate was centrifuged at 1,000 rpm/min for 5min, the supernatant was discarded, and the precipitation was completely suspended on the culture medium. The precipitation was evenly spread in the culture flask, and the osteoblast medium (containing 10% fetal bovine serum, 1% double antibody, and 1% osteogenic growth factor) was then added. Next, we placed the culture in a 5% CO2 incubator with a constant 37°C temperature and changed the liquid every 48 h. In addition, the osteoblasts were purified by the differential adhesion method and then got the third generation osteoblasts for use. We identified osteoblasts using a modified calcium-cobalt method, and then seeded the osteoblasts that were cultured to the third generation on 6-well plate cells with a concentration of 5×104/mL. After 48 h of culture, the cell plates were fixed with 95% ethanol for 10 min and then washed with distilled water. We then immersed the cells in incubation solution (12 mL 2% barbiturate sodium, 3 mL 2% magnesium sulfate, 12 mL 3%β -sodium glycerophosphate, 20 mL 2% calcium chloride, and 22 mL distilled water), bathed them in water at 37°C for 4 h, washed them with distilled water, and then treated them with 2% cobalt nitrate solution for 4 min, fully washing them with distilled water to eliminate excess cobalt nitrate. The cells were then immersed in 1% ammonium sulfide solution for 3 min and washed with distilled water and sealed for observation after air drying.
2.3.2 Cell proliferation
The proliferation of osteoblasts on the specimens was detected using a cell counting assay kit-8 (CCK-8). To accomplish this, we co-cultured the two groups of specimens separately with the third generation osteoblasts on 24-well plates. First, 1 mL osteoblast suspension with a density of 5×104 was inoculated on the surface of the two groups of specimens placed on the 24-well plate and co-cultured for 1, 4, and 7 days. At the time of culture, the medium was removed, and the samples were washed twice with PBS and transferred to a new 24-well plate. We then added 500 µL of osteogenic medium and CCK-8 reagent (10:1 by volume) to each well and culture at 37°C for 4 h at 5% CO2 concentration. We then measured the absorbance values at 450 nm by spectrophotometry.
2.3.3 Detection of alkaline phosphatase (ALP) activity
We detected the ALP activity of the osteoblasts on the surface of the two groups of specimens by ALP detection kit (Sigma, USA). Here, the third generation osteoblasts were separately co-cultured with the two groups of specimens on 24-well plates, and 1 mL osteoblast suspension with a density of 5×104 was inoculated on the surface of the two groups of specimens for 7 days and 14 days, respectively. Cell suspension was then also prepared at 7 and 14 days of culture, respectively. Then, following the instructions of the ALP detection kit (Sigma, United States), we added 960 μL reaction buffer to the two groups of wells of the 96-well plate, and also added 20 μL pNPP solution to the two groups of wells. The mixture was then allowed to stand at 37°C for 10 min until it was evenly mixed. Next, we added 20 μL of the corresponding co-cultured osteoblast suspension to the two groups of wells and immediately detected the absorbance value at 405 nm and 30 min. We repeated this absorbance value measurement 3 times and took the average of the values so that the measured absorbance value could indirectly reflect the ALP activity of osteoblasts.
2.3.4 Detection of osteogenesis-related gene expression
Quantitative real-time reverse-transcriptase polymerase chain reaction (qRT-PCR) was used to analyze the expression of osteogenesis-related genes on the surface of the two groups of specimens quantitatively. Each specimen was first inoculated with 1 mL of cell suspensions at a density of 5×104 cells per well and co-cultured for 7 and 14 days. We extracted total RNA with TRIZOL reagent (Invitrogen) on days 7 and 14 and detected the purity of RNA by UV-vis spectrophotometer. We then reverse transcribed the complementary DNA (cDNA) from 1 μg of total RNA using a T100 Thermal Cycler (BIO-RAD, USA) with BeyoRT Ⅱ cDNA reagent containing gDNA Eraser (Beyotime Biotechnology, China). The primer sequences of the selected osteogenesis-related genes and the house-keeping gene are shown in Table 1. Finally, the expressions of the osteogenesis-related genes, including ALP, Runt-associated transcription factor 2 (RUNX2), type I collagen α1 (Col1α1), and osteocalcin (OCN), were analyzed using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the house-keeping gene for normalization and quantified by qRT-PCR according to their Ct (cycle threshold) values.
TABLE 1 | The primer sequences of the selected osteogenesis-related genes and the house-keeping gene.
[image: Table 1]2.3.5 Detection of type I collagen secretion
To detect the type I collagen secretion of osteoblasts on the surface of the two groups of specimens, we used immunocytochemical staining. First, the third generation osteoblasts were separately co-cultured with the two groups of specimens on 24-well plates, and 1 mL osteoblast suspension with a density of 5×104 was inoculated on the surface of the two groups of specimens for 7 and 14 days, respectively. After 7 and 14 days of culture, the osteoblasts were prepared as cell suspension and transplanted to cell climbing slices, and the culture was continued for 12 h. Then, we rinsed the cell climbing slices with PBS two to three times and fixed overnight with 4% paraformaldehyde solution. After the 4% paraformaldehyde solution was removed, the cell climbing slices were washed with PBS 3 more times. We then dried the cell climbing slices and used a pen to draw circles on the cover glass where the cells were evenly distributed. These circle-identified areas were then treated with PBS solution containing 10% goat serum and 0.3% Triton X-100 cell lysis solution for 2 h. Next, we added the primary antibody (anti-type I collagen antibody, dilution 1:400) to the samples and incubated them at 4°C overnight. The secondary antibody (Alexa Fluor 488 conjugated goat anti-rabbit IgG, dilution 1:500) was then added to the samples and incubated at 4°C for 50 min. After this, we washed the cell climbing slices 3 times for 5 min each time and let them dry. When the cell climbing slices were dry, we dropped DAPI dye solution into the circle-identified areas and incubated the slices for 10 min at room temperature and away from light. After that, we once again washed the cell climbing slices 3 times for 5 min each time and then dried and sealed the cell climbing slices. Finally, the cell climbing slices were observed under fluorescence microscope, and the images were collected.
2.3.6 Observation of cell growth on the specimen surfaces
We observed the growth and proliferation of osteoblasts on the surfaces of the two groups of specimens by SEM. As mentioned above, the third generation osteoblasts were separately co-cultured with the two groups of specimens on 6-well plates, and 1 mL osteoblast suspension with a density of 5×104 was inoculated on the surface of the two groups of specimens for 7 and 14 days, respectively. After 7 and 14 days of culture, the cells were fixed with a fixing solution of 2.5% glutaraldehyde and 4% paraformaldehyde for 4 h. After that, the specimens were rinsed 4 times with PBS for 20 min each time. Then, the specimens were dehydrated using a gradient series of ethanol solutions (30%, 50%, 70%, 90%, and 100%). Next, the specimens were immersed in isoamyl acetate solution for 15 min and a carbon dioxide critical point dryer was used for drying. After drying, we glued the specimens to the specimen table and then coated them by the sputter process with a metal film 50–300 Å thick. Finally, the specimens were placed under the SEM for observation.
2.4 In vivo experimentation
2.4.1 Preparation of the animal model
Our animal model preparation experiment was carried out in strict accordance with the relevant regulations of animal protection set forth in the Declaration of Helsinki and was approved by the Biomedical Ethics Committee of the Xi’an Jiaotong University Health Science Center (No. XJTULAC 2019-933). Twenty New Zealand white rabbits (2 months old; male; 2–2.5 kg) were used for the experiment, and these animals were purchased from the Animal Experiment Center of Xi ‘an Jiaotong University Medical College. The rabbits were randomly divided into the smooth titanium alloy group and the sandblasted titanium alloy group according to the random number table method, with 10 rabbits in each group.
The implantation site was the ilium of each rabbit. Firstly, pentobarbital sodium 30 mg/kg was used for intravenous anesthesia. After this, the rabbits underwent skin preparation, and the surgical area was disinfected. The skin and subcutaneous tissues were then incised, and the muscles were bluntly separated in order to expose the ilium fully. After grinding with a grinding drill, we formed a bone groove without bone cortex measuring about 15 × 10 × 2 mm3. Next, each rabbit was implanted according to its group. We then rinsed treatment area with normal saline and successively sutured all twenty incisions. After the operation, the rabbits were given subcutaneous injection of antibiotics to prevent surgical site infection, and postoperative feeding time was 8 weeks and 12 weeks. Euthanasia was performed using pentobarbital sodium 200 mg/kg intravenously at each of the two time points mentioned above.
2.4.2 Animal tissue toxicity assay
We used hematoxylin and eosin (HE) staining to detect the toxicity of titanium alloy implants in animal tissues. Twelve weeks after surgery, we collected the adjacent soft tissue of the implants, liver, spleen, and mesenteric lymph node tissues from the two groups of animal models. The tissues were then fixed in 4% paraformaldehyde for 72 h and dehydrated in a gradient of 20%–90% alcohol followed by transparent treatment with xylene. Then, an embedded wax block was fixed on the slicer and sliced with a thickness of 6 μm before drying. Sections were dewaxed by xylene and then dehydrated once again by 20%–90% alcohol gradient. The tablets were then dyed with HE in turn, dehydrated by 20%–90% alcohol gradient yet again, transparently treated with xylene, and sealed with neutral gum. We then examined the processed tissue sections under microscope and collected the images for analysis.
2.4.3 Micro-CT detection of osseointegration
At 8 and 12 weeks postoperatively, iliac bone specimens were collected from both groups of animal models. The removed iliac bone specimens were then immersed in 4% paraformaldehyde solution and fixed for 48h, and we then performed micro-CT scanning on these specimens. We analyzed the scanned data files by micro-CT (YXLON International GmbH, Germany) and analyzed the volume and density of the trabecular bone within 1 mm around the implant surface in particular. The newly-formed bone volume fraction (newly-formed bone volume/total volume×100%) within 1 mm of the implant surface was then calculated by micro-CT (YXLON International GmbH, Germany).
2.4.4 Hard tissue section detection of osseointegration
For detection of osseointegration, the iliac bone specimens were immersed in 4% paraformaldehyde solution and fixed for 48 h and afterward removed and rinsed for 2 h. Next, the specimens were immersed in gradient alcohol solution for dehydration and then embedded in methyl methacrylate. These prepared embedded tissue blocks were then sectioned, and we used Leica SP1600 microtome (Leica, Germany) to slice each target area. We used P400, P800, and P1200 sandpaper to grind and polish the slices before staining them with Van Gieson stain and observing them under optical microscope and photographing them. Our quantitative analysis of osteogenesis on each implant surface began with the random selection of 6 fields (approximately 12 mm2) on each implant surface to ensure that the selected areas of the two groups were relatively consistent in size. Finally, we used image analysis software Image-Pro Plus 6.0 to calculate the total area of trabecular bone in each field and conduct statistical analysis.
2.5 Statistical analysis
To carry out our statistical analysis, we transformed the measurement data obtained above into the form of mean ± standard deviation and used SPSS 25.0 software to conduct an independent-sample t-test for comparison between groups. We considered p < 0.05 to indicate a statistically significant test result.
3 RESULTS
3.1 Specimen presentation
In vitro experiment specimens from the smooth titanium alloy group and sandblasted titanium alloy group are shown in Figures 1A, B. In vivo experiment specimens from the smooth titanium alloy group and sandblasted titanium alloy group are shown in Figures 1C, D.
[image: Figure 1]FIGURE 1 | In vitro experiment specimens from the (A) smooth titanium alloy group and (B) sandblasted titanium alloy group. In vivo experiment specimens from the (C) smooth titanium alloy group and (D) sandblasted titanium alloy group.
3.2 Surface characterization
The surfaces of the specimens from the smooth titanium alloy under SEM is shown in Figure 2A., and the surfaces of sandblasted titanium alloy specimens under SEM is shown in Figure 2B. On the surfaces of the smooth titanium alloy group, we can see scratches in the same direction and punctate cracks and protrusions. However, the bioactive sandblasted surfaces of the sandblasted titanium alloy group show dense and irregularly distributed stacked tile-like bumps. Compared to the smooth titanium alloy group, the surface morphology of the bioactive sandblasted surfaces from the sandblasted titanium alloy group is more diverse.
[image: Figure 2]FIGURE 2 | The surfaces of the specimens from the (A) smooth titanium alloy group and (B) sandblasted titanium alloy group under SEM. EDS detection results. (C) detection area of smooth titanium alloy group; (D) detection area of sandblasted titanium alloy group; (E) EDS detection results of smooth titanium alloy group; (F) EDS detection results of sandblasted titanium alloy group.
Our EDS detection results are shown in Figure 2, Table 2, and Table 3. The surface of the specimens from the smooth titanium alloy group contained Ti, Al, and V, and the proportions of the three elements were about 87.77% Ti, 9.12% Al, and 3.10% V (Figures 2C, E; Table 2). From Figures 2D, F, and Table 3, we can see that the bioactive sandblasted surfaces from the sandblasted titanium alloy group were mainly composed of Ti, Al, V, and O and contained trace elements of Mg, Si, and Fe as well. The proportions of each element were 70.61% Ti, 9.17% Al, 2.57% V, 14.71% O, 0.97% Mg, 1.01% Si, and 0.97% Fe. This indicates that new elements were introduced into the bioactive sandblasted surface, changing the chemical composition of the titanium alloy’s surface.
TABLE 2 | Proportions of elements in surface of the specimens from the smooth titanium alloy group.
[image: Table 2]TABLE 3 | Proportions of elements in surface of the specimens from the sandblasted titanium alloy group.
[image: Table 3]The image of the AFM inspection results and the roughness values are shown in Figure 3. The surfaces of the samples in the smooth titanium alloy group and the sandblasted titanium alloy group exhibited a uniform surface structure. The surface of the samples in the smooth titanium alloy group was basically flat, but there were still scratches remaining (Figure 3A), with Rq and Ra values of 116.23 ± 10.89 and 92.7 ± 10.10 nm (Figure 3C), respectively. Regular groove-like depressions and bumps were present on the surface of the samples in the sandblasted titanium alloy group (Figure 3B), with Rq and Ra values of 386.00 ± 20.14 and 300.50 ± 6.18 nm (Figure 3C), respectively. The novel sandblasting surface modification process increased the roughness of the material surface.
[image: Figure 3]FIGURE 3 | AFM topographical images of (A) smooth titanium alloy group and (B) sandblasted titanium alloy group, with the range of 15 μm × 15 μm. (C) Roughness values (Rq and Ra) of smooth titanium alloy group and sandblasted titanium alloy group, with the range of 15 μm × 15 μm *p < 0.05.
The results of our XPS detection are shown in Figure 4A. Here we see that the bioactive sandblasted surface contained a small amount of Fe and Si because the sandblasting material contained Fe and Si. The results from our XRD analysis are shown in Figure 4B. From this figure we can see that the surfaces of the specimens from both groups were composed of α-Ti phase. Specifically, we see 2θ angles of 35°, 38°, 40°, 53°, 62°, 70°, and 76° diffraction peaks corresponding to α-Ti phase, and (100), (002), (101), (102), (2-10), (103), and (2-12) crystals, which suggests that the novel sandblasting surface modification process did not change the phase composition of the titanium alloy.
[image: Figure 4]FIGURE 4 | Analysis results of (A) XPS and (B) XRD. The detection results of contact angle from (C) the smooth titanium alloy group and (D) sandblasted titanium alloy group. (E) Analysis of contact angle between smooth group and sandblasted group. *p < 0.05.
The detection results from our optical contact angle measuring instrument are shown in Figures 4C, D. The contact angle of the surface of the smooth titanium alloy group was 85.26 ± 2.13°, and that of the sandblasted titanium alloy group was 62.03 ± 1.12°. The contact angle of the sandblasted titanium alloy group was evidently smaller than that of the smooth titanium alloy group, and indeed we found the difference between the two groups to be statistically significant (p < 0.05) as shown in Figure 4E. Because the contact angle of a material surface is inversely proportional to its hydrophilicity, we may conclude that the hydrophilicity of the surfaces from the sandblasted titanium alloy group is obviously better than those of the smooth titanium alloy group.
3.3 In vitro experimentation
3.3.1 Cell identification results
After 48 h of culture, we found a large number of osteoblasts in the field of vision under an inverted microscope, with irregular polygonal and spindle shapes, abundant cytoplasm, secreted granules, and oval nuclei, as shown in Figure 5A. After we applied the modified calcium-cobalt method, we then observed the cells in the field of vision under an inverted microscope at 200 times magnification, and saw dark-brown deposits in the cell cytoplasm, which were cobalt sulfide particles, as shown in Figure 5B. The above modified calcium-cobalt method is specific to the identification of osteoblasts. Furthermore, according to the results of modified calcium-cobalt method, the primary cultured cells were osteoblasts.
[image: Figure 5]FIGURE 5 | (A) Primary cultured osteoblasts in the field of vision under an inverted microscope. (B) Primary cultured osteoblasts identification results in the field of vision under an inverted microscope at 200 times magnification.
3.3.2 Cell proliferation
Our CCK-8 test results showed that the proliferation of osteoblasts on the surface of the two groups of titanium alloy specimens showed increased with extended incubation time, as shown in Figure 6A. Moreover, the results showed that the sandblasted titanium alloy group showed no cytotoxicity after extended incubation time. In addition, compared to the smooth titanium alloy group, the amount of osteoblast proliferation was higher in the sandblasted titanium alloy group (p < 0.05), which further suggests that the titanium alloy implants with bioactive sandblasted surfaces can promote osteoblast proliferation.
[image: Figure 6]FIGURE 6 | (A) CCK-8 test results of the smooth titanium alloy group and sandblasted titanium alloy group at the three incubation time points of 1d, 4d, and 7d. (B) The results of ALP activity detection at the two incubation time points of 7d and 14d. The mRNA relative expression levels of the four osteogenesis-related genes at the two incubation time points of 7d and 14d. (C) ALP; (D) RUNX2; (E) Col1α1; (F) OCN; GAPDH as the house-keeping gene. *p < 0.05.
3.3.3 ALP activity
The results of ALP activity detection are shown in Figure 6B., where we can see that the ALP activity increased with extended incubation time after osteoblasts were co-cultured with the two groups of titanium alloy specimens. On day 7 of the co-culture, the ALP activity of the sandblasted titanium alloy group was higher than that of the smooth titanium alloy group (p < 0.05), and on day 14 of the co-culture, the ALP activity of the sandblasted titanium alloy group was still higher than that of the smooth titanium alloy group (p < 0.05). These results suggest that the ALP activity of osteoblasts can be significantly increased by titanium alloy implants with bioactive sandblasted surfaces.
3.3.4 Expression of osteogenesis-related genes
The mRNA relative expression levels of the four osteogenesis-related genes at the two incubation time points of 7 days and 14 days are shown in Figures 6C–F. The expression levels of osteogenesis-related genes on the bioactive surfaces of the sandblasted titanium alloy group were higher than those on the surface of the smooth titanium alloy group (p < 0.05), suggesting that titanium alloy implants with bioactive sandblasted surfaces can up-regulate the expression of osteogenesis-related genes. Specifically, the ALP gene experienced the largest up-regulation among the four osteogenesis-related genes.
3.3.5 Type I collagen secretion
Figure 7. shows the results of our immunocytochemical staining. On day 7 of the co-culture, type I collagen secreted by osteoblasts was distributed on the surface of the two groups of titanium alloy specimens. In addition, the secretion levels of type I collagen from osteoblasts on the surface of two groups of titanium alloy specimens was quite similar. However, on the 14th day of the co-culture, the level of type I collagen secretion from osteoblasts on the bioactive surfaces of the sandblasted titanium alloy group was superior to those on the surfaces of the smooth titanium alloy group, and this result suggests that titanium alloy implants with bioactive sandblasted surfaces can promote the type I collagen secretion in osteoblasts.
[image: Figure 7]FIGURE 7 | The results of immunocytochemical staining of type I collagen secretion at the two incubation time points of 7d and 14d.
3.3.6 Cell growth on the specimen surface
We display the cell growth detection results under SEM with 500 power magnification in Figure 8. In Figure 8, we can see that the osteoblasts showed dendrite-like growth and signs of mineralization on the surface of the two groups of titanium alloy specimens at the 7th day of the co-culture, and the number of osteoblasts with dendritic growth on the surfaces of the sandblasted titanium alloy group was slightly more than that on the surfaces of the smooth titanium alloy group. The osteoblast growth in the sandblasted titanium alloy group was also slightly better than that of the smooth titanium alloy group.
[image: Figure 8]FIGURE 8 | The cell growth detection results under SEM at the two incubation time points of 7d and 14d.
On the 14th day of culture (Figure 8), we observed more osteoblasts on the surfaces of the two groups, and the osteoblasts were in contact with each other, indicating mineralization. However, the osteoblasts in the sandblasted titanium alloy group grew densely and joined together in a single sheet, while the osteoblasts in the smooth titanium alloy group grew sparsely and joined together into a network. Hence, the osteoblast growth of the sandblasted titanium alloy group was better than that of the smooth titanium alloy group. These results suggest that titanium alloy implants with bioactive sandblasted surfaces can better promote the adhesion, proliferation, and mineralization of osteoblasts on the implant surface than smooth titanium alloy implants.
3.4 In vivo experimentation
3.4.1 Animal tissue toxicity assay
The process of animal model preparation is shown in Figure 9. Our HE staining results are shown in Figure 10. Here, compared with the smooth titanium alloy group, the adjacent soft tissues of the sandblasted titanium alloy group were normal, and we found no yellow deposition of iron containing blood, no metal particles, and no inflammatory reaction. Furthermore, the morphology of liver, spleen, and mesenteric lymph nodes was normal and free from metal particles or inflammatory reaction. Therefore, we conclude that the titanium alloy implants with bioactive sandblasted surfaces had no toxic effects on tissue.
[image: Figure 9]FIGURE 9 | The process of animal model preparation: (A) Skin preparation; (B) Incision; (C) Exposure for this surgery; (D) Removal of bone cortex; (E) Implantation of the sample; and (F) Sew up the incision.
[image: Figure 10]FIGURE 10 | HE staining results.
3.4.2 Micro-CT detection of osseointegration
The three-dimensional reconstruction results of the two groups of titanium alloy implants and the surrounding bone tissue by micro-CT are shown in Figure 11A. Here we can see that newly-formed trabecular bone was densely attached to the surface of the two groups of titanium alloy implants, and the yellow area represents the newly-formed trabecular bone within 1 mm of the titanium alloy implant surface. The newly-formed bone volume fraction (newly-formed bone volume/total volume×100%) within 1 mm on the surface of titanium alloy implant was also analyzed, and these results are shown in Figure 11B. At the eighth week, this newly-formed bone volume fraction was 24.34 ± 0.91% in the smooth titanium alloy group and 32.15 ± 1.12% in the sandblasted titanium alloy group. At week 12, it was 32.96 ± 1.23% in the smooth titanium alloy group and 42.04 ± 1.24% in the sandblasted titanium alloy group. Unsurprisingly we found that the newly-formed bone volume fraction in the sandblasted titanium alloy group at the 8th and 12th weeks was statistically higher than that in the smooth titanium alloy group (p < 0.05). These results suggest that titanium alloy implants with bioactive sandblasted surfaces can induce more newly-formed trabecular bone formation than smooth titanium alloy implants.
[image: Figure 11]FIGURE 11 | Micro-CT detection of osseointegration (A) The results of Micro-CT detection of osseointegration at the two time points of 8 weeks and 12 weeks; (B) Analysis of newly-formed bone volume fraction at the two time points of 8 weeks and 12 weeks.
3.4.3 Hard tissue section detection of osseointegration
The observation results of hard tissue section and Van Gieson stain are shown in Figure 12A. In this figure, the black and red sections represent the titanium alloy implant sections and stained newly-formed trabecular bone, respectively. The calculation results of the area of newly-formed trabecular bone are shown in Figure 12B. At the eighth week, the area of newly-formed trabecular bone was 60361 ± 2702 μm2 in the smooth titanium alloy group and 97238 ± 2727 μm2 in the sandblasted titanium alloy group, and at the 12th week, these areas were 107027 ± 2973 μm2 and 146260 ± 3145 μm2, respectively. As with the newly-formed bone volume fraction, we once again found that at the 8th and 12th weeks area of newly-formed trabecular bone in the sandblasted titanium alloy group was statistically larger than that in the smooth titanium alloy group (p < 0.05), and these results similarly suggest that titanium alloy implants with bioactive sandblasted surfaces can induce more newly-formed trabecular bone formation than smooth titanium alloy implants.
[image: Figure 12]FIGURE 12 | Hard tissue section detection of osseointegration (A) The results of hard tissue section detection of osseointegration at the two time points of 8 weeks and 12 weeks; (B) Analysis of area of newly-formed trabecular bone at the two time points of 8 weeks and 12 weeks. *p < 0.05.
4 DISCUSSION
The question of how to improve osseointegration between the material and bone interface is a long-standing problem in modern material science and tissue engineering. Most material studies have focused on the formation of the tissue-implant interface and believe that the tissue-implant interface should remain stable under physiological load conditions. That is, the research framework is that bone tissue can adhere to and grow well on the material surface under these conditions (Weber and Fiorellini, 1992; Parithimarkalaignan and Padmanabhan, 2013; Areid et al., 2021). Due to their inherent biological inertia and stress masking, however, current smooth Ti6Al4V titanium alloy commonly used in clinic have suboptimal osseointegration properties, making it difficult to form good osseointegration with the bone interface (Qin et al., 2018; Wang et al., 2018; Wang et al., 2022). By changing the physicochemical properties and morphology characteristics of titanium alloy material surfaces, we may be able to overcome these shortcomings. In this study, we treated Ti6Al4V with a novel sandblasting surface modification process to form the novel titanium alloy material with bioactive sandblasted surface by changing the surface’s physicochemical properties and morphology characteristics.
After our novel treatment, the composition and proportion of the surface elements of our titanium alloy changed. Compared to smooth titanium alloy, the surface morphology of titanium alloy with bioactive sandblasted surfaces was more complex, with irregularly distributed stacked tile-like bumps on the surface under scanning electron microscopy. This increased the surface area of the titanium alloy and thus increased its contact area with bone tissue. In addition, the AFM results showed an increase in the roughness of the surface of the treated titanium alloy material. The hydrophilicity of the treated titanium alloy materials was also improved, and this may be related to the changes in surface element composition.
Our in vitro experiments showed that titanium alloy materials with bioactive sandblasted surfaces produced no signs of cytotoxicity, and the osteoblasts on the surfaces of these materials were more proliferative than those on smooth surface titanium alloy materials as well. We speculate that this is because the novel sandblasting surface modification process changed the chemical composition and morphology characteristics of the titanium alloy material surface.
In this study, we introduced Fe and Si elements to the material surface to change the original elemental composition and proportions of the material surface. The results of our study indicate that changing the elemental composition and proportions of the material surface and introducing Fe and Si elements contributed to the osseointegration. The results of the study by Kopova et al. (Kopova et al., 2016) showed that higher cell population densities and higher collagen yields were obtained from primary human osteoblasts cultured on Ti–35Nb–7Zr–6Ta containing 0.5Si+ 2Fe (wt.%) for 21 days compared to cells cultured on standard Ti-6Al-4V alloy. The results of the other two studies showed that the elements Fe and Si contribute to osseointegration (Mohammadi et al., 2012; Li et al., 2019). The results of our study are similar to those of the three studies mentioned above, which concluded that the introduction of the elements Fe and Si played a role in promoting osseointegration.
Surface morphology with irregularly distributed stacked tile-like bumps, larger surface contact areas, and better hydrophilicity also seem to play an important role in the result. Boyan et al. (Boyan et al., 2017) found that the adhesion of osteoblasts was closely related to the surface morphology and hydrophilicity of implant materials. Similarly, by studying the relationship between the morphology of implant material surfaces and cell proliferation, Brunot et al. (Brunot et al., 2008) found that the complexity of the surface morphology of the material appeared to be positively correlated with cell proliferation. This seems to be related to the fact that the complex surface morphology changes the original roughness and contact area of the material. Our experimental results show that a moderate increase in roughness contributes to osteoblast adhesion and proliferation. In addition, our experimental results suggest that the increased contact area of the material surface offers the possibility for more osteoblasts to adhere and proliferate on its surface. A moderate increase in the surface roughness of the material facilitates osteoblast adhesion, thereby promoting osteoblast proliferation and mineralization (Feng et al., 2003; Price et al., 2004). However, other unexpected factors such as bacterial colonization may occur along with an increase in the surface roughness of the material, as the rough surface seems to facilitate bacterial colonization. The results of one study suggest that the doped surface protects adherent osteoblasts from bacterial colonization and prevents infection prior to osteoblast colonization (Cochis et al., 2020). The relationship between biomaterial surface roughness and the risk of developing infection after biomaterial implantation will be one of our future research directions.
Previous studies have found that cell proliferation increases with an increase in the hydrophilicity of material surfaces as well (Chen et al., 2021; Yu et al., 2021). The surface contact area of material affects the adhesion and proliferation of cells on its surface, and a larger surface contact area is therefore more conducive to the adhesion and proliferation of cells (Yu et al., 2020). The titanium alloy material with bioactive sandblasted surface in our study had the surface morphology with irregularly distributed stacked tile-like bumps, a larger surface contact area, and better hydrophilicity, which are all essential for improving osseointegration between the material and bone interface. The titanium alloy materials with bioactive sandblasted surfaces indeed showed good bioactivity and osteoinductivity in our in vitro experiments.
Going further, our in vivo experiments showed that the titanium alloy materials with bioactive sandblasted surfaces exhibited no tissue toxicity. Compared with smooth titanium alloy materials, the titanium alloy materials with bioactive sandblasted surfaces induced more newly-formed trabecular bone formation as well. From the analysis of the material itself, the surfaces of the sandblasted titanium alloy materials showed dense and irregularly distributed stacked tile-like bumps, which increased the diversity of surface morphology and was conducive to osseointegration between the material and bone interface. Previous studies have shown that the complex surface morphology of materials is more conducive to the growth of newly-formed trabecular bone compared with smooth material surfaces, because osteoblasts are more sensitive to the complex surface morphology of materials and can better promote the expression of osteogenic genes to regulate the adhesion growth and mineralization of osteoblasts (Hasegawa et al., 2020).
Additionally, our novel sandblasting surface modification process not only changed the surface morphology of the original titanium alloy material, but also increased the surface contact area of the material, and this provided more space for the proliferation and growth of newly-formed trabecular bone. Finally, our novel sandblasting surface modification process also increased the hydrophilicity of the original titanium alloy material surface, which was conducive to osseointegration between the material and bone interface. Osteoblasts are more likely to adhere to and grow on surfaces with good hydrophilic properties (Lotz et al., 2017). In addition, better hydrophilicity of the material surface is conducive to regulating the proteins on the cell membrane and promoting the interaction between cells and the material surface (Sela et al., 2007; Wall et al., 2009; Park et al., 2010). Previous studies have shown that compared to material surfaces with poor hydrophilicity, material surfaces with good hydrophilicity are better at promoting cell adhesion, proliferation, and differentiation, as well as gene expression (Jimbo et al., 2008; Shibata et al., 2010; Li et al., 2012). Finally, the titanium alloy materials with bioactive sandblasted surfaces in our study showed good bioactivity and osteoinductivity in vivo, which was consistent with the results of our in vitro experiments.
5 CONCLUSION
In this study, we treated Ti6Al4V with a novel sandblasting surface modification process in order to manufacture titanium alloy materials with bioactive sandblasted surfaces. Through in vitro and in vivo experiments and mutual validation, we found that compared with the current smooth Ti6Al4V titanium alloy materials commonly used in clinic, our titanium alloy materials with bioactive sandblasted surfaces displayed satisfactory bioactivity and osteoinductivity and exhibit good osseointegration properties, resulting in improved osseointegration between the material and bone interface. This work lays a foundation for subsequent clinical application research into titanium alloy materials with bioactive sandblasted surfaces.
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In recent years, bone tissue engineering (BTE) has played an essential role in the repair of bone tissue defects. Although bioactive factors as one component of BTE have great potential to effectively promote cell differentiation and bone regeneration, they are usually not used alone due to their short effective half-lives, high concentrations, etc. The release rate of bioactive factors could be controlled by loading them into scaffolds, and the scaffold microstructure has been shown to significantly influence release rates of bioactive factors. Therefore, this review attempted to investigate how the scaffold microstructure affected the release rate of bioactive factors, in which the variables included pore size, pore shape and porosity. The loading nature and the releasing mechanism of bioactive factors were also summarized. The main conclusions were achieved as follows: i) The pore shapes in the scaffold may have had no apparent effect on the release of bioactive factors but significantly affected mechanical properties of the scaffolds; ii) The pore size of about 400 μm in the scaffold may be more conducive to controlling the release of bioactive factors to promote bone formation; iii) The porosity of scaffolds may be positively correlated with the release rate, and the porosity of 70%–80% may be better to control the release rate. This review indicates that a slow-release system with proper scaffold microstructure control could be a tremendous inspiration for developing new treatment strategies for bone disease. It is anticipated to eventually be developed into clinical applications to tackle treatment-related issues effectively.
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1 INTRODUCTION
Bone defects are common diseases caused by infection, trauma, or congenital physical problems. In the case of mild bone damage, bone defects can be cured by the regenerative ability of bone tissue. But when the bone defects exceed the critical-size defects (CSDs), bone transplants are usually required, which include autografts, allografts, and synthetic biomaterials (Bishop and Einhorn, 2007; García-Gareta et al., 2015; Tozzi et al., 2016; El-Rashidy et al., 2017; Xu et al., 2017). Autografts have been considered the “gold standard” of bone treatment due to their excellent biocompatibility, osteoinduction, and exemption of immune responses. Nevertheless, autografts might lead to some complications because of the secondary surgery (Myeroff and Archdeacon, 2011; Amini et al., 2012). Allografts are widely accessible, but are subject to immunological rejection that requires a long time to resolve. Additionally, synthetic biomaterials are readily available, but they might be corroded in the body, leading to toxic phenomena (Ding et al., 2016; Chu et al., 2018). A brand-new field of research called BTE appears to be an effective way to treat bone defects (El-Rashidy et al., 2017).
BTE constructs tissues or organs in vitro or in vivo, combining cell biology and biomaterials. For BTE, scaffolds, cells and bioactive factors are the three important elements to promote bone repair and regeneration, as shown in Figure 1. The ideal scaffolds should be biocompatible and biodegradable, have superior mechanical properties similar to those of bone transplant sites, and provide a stable three-dimensional environment to enhance cell adhesion and proliferation (Ratner et al., 2004; Meyers et al., 2008; Khaled et al., 2011). Stem cells are characterized by their ability to renew themselves and differentiate into various cell types. The presence of undifferentiated stem cells, which replace damaged differentiated cells, is essential for the success of osteoinduction (Heydarkhan-Hagvall et al., 2012; Palm et al., 2013). Bioactive factors are mostly peptides such as bone morphogenetic proteins (BMPs) which can bind to cell membrane receptors to enhance cell proliferation and differentiation (Castro et al., 2015; Ding et al., 2016; Ghorbani et al., 2021).
[image: Figure 1]FIGURE 1 | Schematic diagram of bone tissue engineering.
However, there are some limitations on bioactive factors: i) They are water-soluble signaling molecules, which cannot exist stably in aqueous solution; ii) It is challenging to maintain bioactivities over an extended period since the intrinsic half-life is short in the physiological environment; iii) The inappropriate concentration could bring various degrees of effects. The sudden release resulted in the localized high-concentration killing of cells, and the ossification was not evident at low concentrations (Srouji et al., 2011; Bhakta et al., 2012; Vo et al., 2012; Perez et al., 2014). In response to these shortcomings, a slow-release system composed of scaffolds and bioactive factors should be produced to precisely release bioactive factors to the sites of local defects and control the release sequence and release rate (Vo et al., 2012; Perez et al., 2014). By controlling the release of bioactive factors, the slow-release system could stimulate cell differentiation, enhance blood vessel formation and promote bone repair efficiently. Schliephake et al. (Schliephake et al., 2007) investigated a slow-release system of polylactic acid and bone morphogenetic protein-2 (rhBMP-2). They indicated that the slow release was possible, and the system had significant osteoinduction. Additionally, modification of the scaffold microstructure could alter the release characteristics to influence the performance of slow-release systems for bone repair.
To comprehend how the scaffold microstructure affected a slow-release system, we expounded and summarized the requirements of ideal scaffolds, preparation methods of the scaffolds, and especially some characteristics of scaffold microstructure. Next, we outlined the incorporation strategies between scaffolds and bioactive factors and the releasing mechanism of bioactive factors. Finally, we primarily elucidated the impacts of scaffold microstructure with pore shape, pore size and porosity on the release of bioactive factors.
2 BONE TISSUE ENGINEERING SCAFFOLDS
As is well known, bioactive factors need to reach the damaged sites with the appropriate bioactivity within a certain time to stimulate bone regeneration. However, this process can be unsuccessfully due to the disadvantages of bioactive factors. A legitimate way to reduce these defects is by incorporating bioactive factors into scaffolds to form a slow-release system. Furthermore, the scaffold microstructure could be modified to obtain the ideal controlled-release performance (Vo et al., 2012). The scaffold carriers should meet the following requirements (Vo et al., 2012; Arafat et al., 2014): i) superior biocompatibility and mechanical properties without physical damage; ii) appropriate biodegradability so that the scaffolds degrade with the process of bone regeneration; iii) delivery of bioactive factors to the site of the defects for controlled release.
The scaffold biomaterials include four types (Sehgal et al., 2017; Weißmann et al., 2017; Zhao S. et al., 2018; Zaharin et al., 2018; El-Habashy et al., 2021): i) biomedical metal materials (Weißmann et al., 2017; Zhao S. et al., 2018; Zaharin et al., 2018) such as stainless steel and titanium alloy; ii) bioceramics like bioactive glass, hydroxyapatite and tricalcium phosphate; iii) polymers including natural polymers like silk fibroin and chitosan, and synthetic polymers like polylactic acid, polycaprolactone and tricalcium phosphate; iv) composites such as polylactic acid-hydroxyapatite. Scaffolds are developed by combining one or more biomaterials, including nano-biomaterials, to achieve the desired performance (Al-Munajjed et al., 2008; Sicchieri et al., 2012; Zhao H. et al., 2018; Zaharin et al., 2018; Lee et al., 2019). Scaffolds are manufactured by using conventional techniques such as solvent casting, electrospinning and freeze-drying (Ferrand et al., 2014; Weißmann et al., 2017), and 3D printing technologies like stereolithography, selective laser melting and fused deposition modeling (Zhao H. et al., 2018; Lee et al., 2019). A summary of scaffold materials and techniques for BTE is provided in Table 1.
TABLE 1 | Summary of materials and techniques for BTE scaffolds.
[image: Table 1]Some scaffolds are designed to mimic bone tissue’s mechanical properties and microstructures (Wu et al., 2020). Researchers have fabricated a variety of scaffolds to investigate the impact caused by microstructures like pore shape, pore size and porosity (Moroni et al., 2006; Van Bael et al., 2012; Liu et al., 2013; Prochor and Gryko, 2020; Li et al., 2021). Among them, Bael et al. (Van Bael et al., 2012) designed six Ti6Al4V scaffolds with three distinct pore shapes (triangular, hexagonal and rectangular) and pore sizes of 500 μm and 1,000 μm. The research indicated that the differentiation of human periosteum-derived cells (hPDC) was reliant on both pore shapes and pore sizes, and hPDC proliferation was related to pore sizes. Analogously, Prochor and Gryko (2020) investigated scaffolds with five different pore shapes to evaluate the effect on osteogenic cell diffusion. There have been numerous studies done on the pore sizes of scaffolds (Liu et al., 2013; Zhao et al., 2017; De Witte et al., 2018; Diao et al., 2018; Zaharin et al., 2018; Luo C. et al., 2021; Ghorbani et al., 2021; Sun et al., 2021). Luo et al. (Luo C. et al., 2021) demonstrated that porous tantalum scaffolds with pore sizes of 400–600 μm were more appropriate to promote cell adhesion, cell proliferation and bone regeneration compared to the other porous tantalum scaffolds with pore sizes of 100–200, 200–400, and 600–800 μm. Another critical component of the scaffold microstructure is porosity (Peng et al., 2012; Wo et al., 2020; Mohammadi et al., 2021; Foroughi and Razavi, 2022; Isaacson et al., 2022; Jeyachandran et al., 2022; Wang et al., 2022). Isaacson (Isaacson et al., 2022) examined hydroxyapatite gyroid scaffolds with 60%, 70% and 80% porosities. They considered the mechanical properties of scaffolds with 60% and 70% porosities comparable to those of cancellous bone.
The scaffold was a significant component of a slow-release system. Interconnected pores were more conducive to bone regeneration, especially when the pore size for angiogenesis was greater than 50 μm (Huang et al., 2022). Previous studies have shown that the pore shapes impacted the characteristics of cells, and scaffolds with elliptic pores had tremendous potential for bone regeneration (Boccaccio et al., 2016). Hence, developing scaffolds with balanced performance is equally challenging.
3 THE MECHANISM OF BIOACTIVE FACTORS ON SLOW-RELEASE SYSTEM
Bone repair encompasses three categories of bioactive factors: inflammatory factors (such as fibroblast growth factors (FGF-II), transforming growth factor-β1 (TGF-β1), vascular endothelial growth factor (VEGF)), angiogenic factors (such as platelet-derived growth factor (PDGF) and VEGF), and osteogenic factors (such as BMPs and FGF). These bioactive factors were incorporated into scaffolds using various strategies to achieve specific release effects. Understanding bioactive factors’ releasing mechanism was crucial to the design of sustained delivery systems. This section predominantly addressed the loading nature and releasing mechanisms of bioactive factors.
3.1 The loading nature of bioactive factors
The release of bioactive factors can be controlled by incorporating them into scaffolds through non-covalent bonding, covalent bonding and particulate encapsulation (Figure 2). Non-covalent bonding is achieved via physical adsorption, affinity interaction, electrostatic interaction, hydrogen bonding, etc. (Ziegler et al., 2008; Chen et al., 2009). Covalent bonding is achieved by coupled chemical reactions with scaffold biomaterials (Schliephake, 2010; Bouyer et al., 2016). In addition, the factors were loaded into scaffolds after they had been encapsulated in nanoparticles or microspheres to control the sequence and concentration of release of growth factors (Ehrbar et al., 2007; Balasubramanian et al., 2010; Bhakta et al., 2012).
[image: Figure 2]FIGURE 2 | The loading nature of bioactive factors. (A) Non-covalent delivery. (B) Covalent delivery. (C) Encapsulated delivery.
3.1.1 Non-covalent immobilization of bioactive factors
Physical adsorption is the simplest non-covalent bonding method, in which scaffolds are immersed in the bioactive factor solution to diffuse bioactive factors into scaffolds (Ziegler et al., 2008; Chen et al., 2009). For example, Sundaray et al. (Sundaray et al., 2011) prepared the nanofibrous scaffold loading the nerve growth factor through physical adsorption to direct the growth of neurites. Mehnath et al. (Mehnath et al., 2021) produced the mesoporous bioactive glass (MBG) scaffold to treat bone metastasis cancer. The hyaluronic acid-alendronate (HA-ALN) components (bone-targeting components) enclosed the MBG nanoparticles to form a stable structure to control the drug escape. The doxorubicin (DOX) was adsorbed into the nanoparticles via Van Der Waals force, which the pores can keep the sustained release of DOX. Lee et al. (Lee et al., 2012) prepared the heparin-conjugated electrospun poly (ε-caprolactone) (PCL)/gelatin scaffolds loading platelet-derived growth factor-BB (PDGF-BB). They discovered that the non-heparinized scaffold led to the burst release of PDGF-BB because of the physical adsorption. But the heparin-conjugated scaffold had the sustained release of PDGF-BB. Bioactive factors could also be incorporated into scaffolds through intermolecular hydrogen bonding, affinity interaction, etc. Song et al. (Song et al., 2021) developed a nanofibrous composite-coated titanium implant via electrospinning to enhance bone regeneration. They prepared the electrospun fiber composites using minerals (Zn, Mg, Si) substituted hydroxyapatite (MHAP), Polyethylene Glycol (PEG)/Cissus quadrangularis (CQ) extract. Cissus quadrangularis can be used to treat various ailments such as catagma, osteoarthritis, etc. CQ extract and polymers were bonded by hydrogen bonding, and they could promote cell differentiation.
Due to their independence from scaffolds, the bioactive factors have higher bioactivity and are released by diffusion and scaffold degradation (Figure 2A). The release of bioactive factors is influenced by pore size, porosity, interconnectivity, etc. (Izadifar et al., 2014). For example, Yang et al. (Yang et al., 2023) developed a hydrogel-based scaffold combined with nanofibrous. The 3D scaffold with porous architecture and interconnected pores accelerated osteanagenesis, cell proliferation, and controlled chemical release. When the pore size of the scaffold is larger than the size of the growth factor, the growth factor could spontaneously diffuse. Otherwise, the bioactive factors diffused after the degradation of scaffolds (Censi et al., 2012). The limitations are the low loading rates and the abrupt release of bioactive factors in a preliminary period. Surface roughness, wettability, and microstructure of scaffolds can control the release and improve the loading rates of bioactive factors.
3.1.2 Covalent immobilization of bioactive factors
The second delivery strategy is incorporating bioactive factors into scaffolds in a covalent method (Figure 2B) (Kashiwagi et al., 2009; Kang et al., 2010; Schliephake, 2010; Tsurushima et al., 2010; Ehlert et al., 2011). The bioactive factors are incorporated into scaffolds covalently, or the bioactive factors are covalently loaded onto the modified scaffold surfaces via functional groups like primary amine, carboxyl, etc. The chemical binding between bioactive factors and scaffolds influenced the release of factors. The covalent delivery systems are more stable and have a longer extended-release time than non-covalent delivery systems owing to the covalent loading. Capsaicin (CAP) could kill cancer cells and promote cell proliferation. Murugan et al. (Murugan et al., 2018) loaded the capsaicin into the HAP/PXS scaffold (nano-hydroxyapatite with poly (xylitol sebacate) PXS co-polymer) to deal with osteosarcoma disease. The capsaicin was incorporated with HAP/PXS composite via intra-molecular forces of the hydroxyl group to keep the sustained release to develop bone regeneration. Prabakaran et al. (Prabakaran et al., 2021) prepared the substituted hydroxyapatite-starch-clay bio-composite and deposited it on the Ti plate. The ability of cell differentiation and Ca mineralization was more impressive due to the presence of Mg2+ and Gd3+. The research carried out by Arjama et al. (Arjama et al., 2021) demonstrates that the biomaterial of silk fibroin conjugated hyaluronic acid-hydroxyapatite hydrogel can be considered as the natural hydrogel to improve osteogenesis. The hydrogel is beneficial to entrap bioactive factors because of its exceptional mechanical properties. The anticancer drug DOX was covalently linked to polyphosphazene polymer to form the stable structure, and an amide bond was created through a chemical reaction between the secondary amine of DOX and carboxylic acid groups of polymers. The system released DOX sustainedly and controllably to inhibit the growth of bone cancer cells (Chun et al., 2009). Ham et al. (Ham et al., 2017) found a method for site-specific covalent immobilization. They immobilized azide-tagged engineered interferon-γ to control the differentiation of neural stem cells. The covalent delivery strategy improves the loading efficiency and reduces the burst release. But, the chemical binding and the mechanism of hydrolysis or enzymolysis might impair the biological activity of bioactive factors, leading to a bioactive decline. (Cross et al., 2003; Kashiwagi et al., 2009; Schliephake, 2010; Vo et al., 2012).
3.1.3 Encapsulation of bioactive factors
The particulate encapsulation is the third delivery strategy that bioactive factors are encapsulated into nanoparticles or microspheres made of biodegradable materials like gelatin and chitosan through gas foaming, solvent casting and freeze-drying, etc. (Meinel et al., 2003; Wenk et al., 2009; Lee et al., 2011) and then they are incorporated into scaffolds to repair the area of the bone defect (Figure 2C) (Chu et al., 2007; Kashiwagi et al., 2009). The release mechanism of this loading strategy involves diffusion of bioactive factors, degradation of nanoparticles or microspheres, and scaffold degradation (Lee et al., 2011; Vo et al., 2012). Zhao et al. (Zhao et al., 2021) formulated a carbon nanotube-reinforced hydroxyapatite scaffold loading gold nanoparticles. The hydroxyapatite and gold nanoparticles were bound on the surface of the carbon nanotube, and dense particles were deposited on the wired surface. The gold nanoparticles were beneficial in forming the exceptional osteoimmune microenvironment to enhance cell multiplication. This structure facilitated the proliferation and attachment of bone cells. Sumathra et al. (Sumathra et al., 2020) developed the hydroxyapatite/κ-carrageenan−maleic anhydride/casein with doxorubicin (HAP/κ-CA-MA-CAS/DOX) composite. Then the composite was deposited on the titanium (Ti) plate. The DOX could induce cell regeneration and inhibition of cancer cells. The composite increased ALP’s activity, owning to DOX’s presence. The release system could provide enduring assistance in the self-repair and regeneration of bone affected by cancer cells due to the sustained release of the anticancer drug (DOX). Cells could not proliferate continuously because of the short half-life of growth factors. So, Jiang et al. (Jiang et al., 2018) use polycaprolactone (PCL) nanofibers and VEGF-encapsulated gelatin particles to prepare the sustained-release system. The system can release the growth factors stably to induce the differentiation of mesenchymal stem cells to endothelial cells.
The use of nanoparticles or microspheres in scaffolds has several advantages: i) nanoparticles or microspheres with small size, large specific surface area, and high porosity are more favorable to cell adhesion and proliferation and enormously improve loading rates of bioactive factor; ii) reduce bioactive factor degradation by enzymes and improve bone regeneration efficacy; iii) the strategy can load multiple types of bioactive factors simultaneously and regulate their release (Vo et al., 2012). In recent years, a growing number of scientists have focused on the indirect delivery systems in bone tissue engineering attributable to these evident benefits (Kim and Tabata, 2015; Wang et al., 2015; Li et al., 2020).
3.2 The releasing mechanism of bioactive factors
The bioactive factors were loaded into scaffolds via non-covalent bonding, covalent bonding and particulate encapsulation, and they were released through diffusion, degradation, etc. In order to promote bone regeneration, understanding the release mechanisms of bioactive factors are essential for preparing and optimizing sustained-release systems. The release mechanism mainly included diffusion, degradation and stimulus responsiveness involving pH, temperature and enzymes (Figure 3). I would introduce these mechanisms in detail.
[image: Figure 3]FIGURE 3 | The releasing mechanism of bioactive factors. (A) Stimuli-responsive mechanism: pH, Temperature, Enzymes. (B) Degradation mechanism. (C) Diffusion mechanism.
3.2.1 pH-responsive mechanism
The pH-responsive mechanism was important in controlling the release of factors (Figure 3A). Different acidic or alkaline environments can influence the release of bioactive factors due to the different environments of organs, tissues, and cells (Shi et al., 2019; Lavanya et al., 2020; Zhang et al., 2021). This response was achieved by absorbing or releasing protons to change biomaterials’ deswelling, contraction, and other characteristics (Zhu and Chen, 2015). The weak polyelectrolyte poly (allylamine hydrochloride) can increase osmotic pressure when the pH decreases, leading to the diffusion of bioactive factors. The pH-responsive sustained release system was developed by Porta-i-Batalla et al. (Porta-i-Batalla et al., 2016) that tubular nanoporous anodic alumina membranes coated with polyelectrolytes. The burst release of DOX loading into scaffolds at pH 5.2 was faster than that at pH 7.4. The DOX released 90% within 24 h at PH 5.2, while the DOX released 30%–40% within 24 h at pH 7.4. Some sustained systems could alter the release rate of bioactive factors via PH variation. Matsusaki et al. organized the pH-responsive sustained release system with poly (γ-glutamic acid) (γ-PGA) and 72% sulfonated γ-PGA (γ-PGA-hetero-gels) loading fibroblast growth factor-2 (FGF-2). The system successfully controlled the release of (FGF-2) due to the sensitive deswelling properties at pH 2.0–6.0 (Matsusaki and Akashi, 2005).
3.2.2 Temperature-responsive mechanism
Temperature-responsive sustained release system regulated the release rate by altering the temperature (Figure 3A). Thermo-responsive materials had reversible phase transitions with a specific temperature range. As an example, when the temperature rose to a specific temperature, deswelling properties changed for the thermally sensitive polymers to alter the release rate of bioactive factors (Dang et al., 2006; Izadifar et al., 2014). Wei et al. prepared thermosensitive micelles of a star block copolymer to control drug delivery. The copolymer comprised a hydrophobic PMMA arm and hydrophilic poly (N-isopropyl acrylamide) (PNIPAAm) arms. The PNIPAAm displayed a thermos-responsive phase transition at about 33°C. Based on this, the copolymer significantly enhanced drug release (Wei et al., 2007). The temperature-responsive drug delivery system was made by Zhu et al. with SBA-15/poly (N-isopropyl acrylamide) composite loading gentamicin. The gentamicin release experiment demonstrated the nature of temperature-responsive controlled release. (Zhu et al., 2009).
3.2.3 Enzymes-responsive mechanism
The mechanism by which enzymes specifically respond to bioactive factors or target compounds is known as the enzyme-responsive mechanism (Figure 3A). The covalent binding-based controlled release systems often utilize hydrolysis or enzymolysis mechanism to regulate the release (Lavanya et al., 2020). Some biomaterials are enzyme-sensitive polymers that would alter the degradation of carrier materials to control the release of factors after adding enzymes. Some enzymes controlled the release by cleaving the bonds between the biomaterials and bioactive factors (Rezaei et al., 2022). Patel explored the controlled release of BMP-2 from gelatin in vitro and in vivo. The extent of gelatin crosslinking could influence the degradation of collagenase, and the addition of enzymatic increased the release rate of BMP-2. The release rate could be controlled by altering the extent of gelatin crosslinking. In addition, basic gelatin decreased the release rate. The enzymatic degradation and acid-base condition affected the sustained release (Patel et al., 2008). Phelps et al. developed polyethyleneglycol-based bioartificial hydrogel matrices. The presence of proteases promoted the degradation of scaffolds to release bioactive factors to facilitate vascular regeneration therapy (Phelps et al., 2010).
3.2.4 Degradation mechanism
The degradation of carrier materials is another release mechanism of bioactive factors. The bioactive factors would be released when biological materials underwent hydrolysis or other types of degradation (Figure 3B). The degradation rate of biological materials influenced the sustained-release rate of bioactive factors (Nguyen and Alsberg, 2014; Rezaei et al., 2022). The researchers should select appropriate biomaterials for controlling the release. Krishnan et al. (Krishnan et al., 2020) prepared a fibrous scaffold (silica coated nanohydroxyapatite–gelatin reinforced with poly-L-lactic acid yarns) loading vancomycin for the treatment of osteomyelitis because of methicillin-resistant Staphylococcus aureus in rat models. The two loading strategies were done to investigate the effectiveness of treatment. That one was the vancomycin was loaded during the synthesis of the scaffold, and another was the vancomycin was added after the completion of a scaffold. The drug was released continuously by the degradation of the scaffold to encourage bone regeneration, and the effect of sustained-release was no difference between the two types of scaffolds. Verheyen et al. (Verheyen et al., 2010) developed a hydrogel scaffold and released VEGF via hydrogel degradation. The appropriate degradation of biomaterials could be able to maintain sustained release.
3.2.5 Diffusion mechanism
The diffusion mechanism was involved in most sustained systems (Figure 3C). The bioactive factors were released from the porous structure of bioactive materials by diffusion from high concentration to low concentration (Davis and Leach, 2011; Ramburrun et al., 2014; Sabaghi et al., 2023). The diffusion rate was influenced by pore size, porosity, interconnectivity, etc. Whang et al. (Whang et al., 2000) investigated the impact of pore size on release kinetics with pore sizes ranging from 7 to 70 μm. The release mechanism of rhBMP-2 from dimensional scaffolds was diffusion, and the release rate was controlled by the pore sizes. Dexamethasone was encapsulated in hydrogels and released from hydrogels by diffusion. The release rate could be controlled by altering the crosslinking level (Kim et al., 2011). Berchane et al. (Berchane et al., 2007) prepared piroxicam-loaded PLG microspheres through emulsion technique. The research showed that the release rate was impacted by diffusion, polymer degradation and pore size. The diffusion mechanism was important to control the release rate of bioactive factors.
4 THE EFFECTS OF SCAFFOLD MICROSTRUCTURE ON SLOW-RELEASE SYSTEM
The improved scaffold microstructure can optimize the release rates of bioactive factors to produce a sustained-release impact. For future scientific research, it is essential to comprehend the relationship between the release rate of bioactive factors and scaffold microstructure. The impacts of scaffold microstructure on slow-release systems are described below.
4.1 The effects of pore shape of scaffolds on the slow-release system
In the slow-release system, the pore shapes of scaffolds may impact the release of bioactive factors. In 1999, Jin et al. (Jin et al., 2000) produced three different pore-shaped hydroxyapatite systems with pore sizes of 100–200 μm to investigate the condition of bone formation, which were the honeycomb-shaped hydroxyapatite (HCHAP) system, the porous particles of hydroxyapatite (PPHAP) system and the porous blocks of hydroxyapatite (PBHAP) system (Figure 4).
[image: Figure 4]FIGURE 4 | Three microscopic pore shapes of scaffolds. (A) HCHAP scaffold with 110 μm pore size. (B) PPHAP scaffold with average150 μm pore size. (C) PBHAP with average 150 μm pore size. Reproduced with permission from (Jin et al., 2000).
BMP-2, a widely investigated growth factor, can increase alkaline phosphatase activity (ALP) and promote osteocalcin expression in a dose-dependent manner (Luvizuto et al., 2011; Kim et al., 2013; Li et al., 2015). Hence, the ALP activity and expression of osteocalcin can be used to evaluate the bioactivity and the slow-release effect of BMP-2. In biochemical analysis, the ALP activities and the osteocalcin content of all hydroxyapatite systems contain similar characteristics: i) ALP activities were increased from one to 2 weeks and decreased from three to 4 weeks, peaking in the second week (Figure 5A); ii) osteocalcin content was increased from one to 4 weeks, peaking in the fourth week (Figure 5B). The ALP activities of the HCHAP system were four times greater than those of the PBHAP system in the second week (Figure 5C), and the HCHAP system contained the highest osteocalcin content compared to the other systems (Figure 5D).
[image: Figure 5]FIGURE 5 | ALP activity and osteocalcin content in sustained systems. (A) Change of ALP activities in four samples in 4 weeks. (B) Change of osteocalcin contents in the PPHAP system in 4 weeks. (C) ALP activities in four samples at the second week. (D) Osteocalcin contents in four samples at the fourth week. (* indicates p < 0.05; # indicates p < 0.01). Reproduced with permission from (Jin et al., 2000).
According to histologic observations, different types of bone formation can be seen. Simply put, the bone and cartilage were not formed in the first week, then discovered in the second week and continued to be formed in the PPHAP and PBHAP systems. In the HCHAP system, cartilage first developed in the tunnels and HCHAP particles, and in the second week, bone replaced the cartilage that had developed on the surfaces of the tunnels and HCHAP particles. The pore shapes influenced vascularization and oxygen diffusion, further affecting bone formation (Kuboki et al., 1995; Takita et al., 1997; Kuboki et al., 1998).
In the HCHAP system, the ALP activity and osteocalcin content were the highest. That meant the effect of rhBMP-2 on osteoinduction was better compared to those of other systems, and the bone formation depended on the pore shapes of the carriers. However, the difference in ALP activity and osteocalcin content between the HCHAP system and the PPHAP system was minimal, which led them to surmise that the pore shapes of carriers might have little impact on the release of bioactive factors.
Based on the literature evaluations, the pore shapes of scaffolds were not the only variable in recent studies. Table 2 illustrated that pore shapes of scaffolds might have little influence on the slow release of bioactive factors. This discovery resembled a previous study (Van Bael et al., 2012).
TABLE 2 | Selected examples of slow-release systems possessing various pore shapes.
[image: Table 2]For slow-release systems, the fibrous scaffolds can be obtained through electrostatic spinning, while porous scaffolds with round, triangular, and other pore shapes can be produced by 3D printing, heat treatment, and other methods. Although pore shapes may have no immense significance on the sustained release of bioactive factors, they do affect mechanical properties and cell differentiation (Moroni et al., 2006; Amirkhani et al., 2012; Boccaccio et al., 2016; Zhao D. et al., 2018; Zhang et al., 2020; Diez-Escudero et al., 2021). Zhao et al. (Zhao D. et al., 2018) fabricated porous titanium scaffolds by selective laser melting with different pore shapes (tetrahedron and octahedron) and pore sizes (500 μm and 1,000 μm). The octahedron scaffolds exhibited outstanding static mechanical properties, and the scaffolds with a pore size of 1,000 μm were more suitable for cell proliferation. Similarly, Boccaccio et al. (Boccaccio et al., 2016) investigated the effect of pore shapes on osteogenesis by numerical optimization methods and a computational mechano-regulation mode. The scaffolds with rectangular pores could produce more bone than those with square pores. Similarly, scaffolds with elliptic pores could form more bones compared to scaffolds with circular pores.
In this section, for slow-release systems, the pore shapes of scaffolds might bear limited significance in the release rates of bioactive factors. Still, they might influence mechanical properties, cell differentiation, bone formation, etc. Scaffolds with elliptical pores might be more conducive to bone formation, comparable to the pore shapes in human bones.
4.2 The effects of pore size of scaffolds on the slow-release system
Scaffolds with large pore sizes promote bone formation, and scaffolds with small pore sizes facilitate the transport of nutrients. The relationships between the release rates of bioactive factors and the pore sizes of scaffolds are shown in Table 3.
TABLE 3 | Selected examples of slow-release systems possessing various pore shapes.
[image: Table 3]In 1997, Eichi Tsuruga et al. (Tsuruga et al., 1997) investigated the effects of systems with different pore sizes on bone formation, which was the first demonstration that the pore sizes of carriers could influence cell differentiation. The researchers fabricated five porous hydroxyapatite scaffolds with pore sizes of 106–212, 212–300, 300–400, 400–500 and 500–600 μm with the same porosity (70%). They compared the ALP activities in the second week and osteocalcin contents in the fourth week with different pore sizes according to the biochemical analysis of implanted ceramics with a pore size of 106–212 μm. The ALP activities and the osteocalcin contents of the porous hydroxyapatite system with a pore size of 300–400 μm were 3.5 times and 2.0 times more than the system with a pore size of 106–212 μm, respectively.
Non-porous implants can neither develop cartilage nor osteogenesis, while small-porous implants can only form cartilage. Meanwhile, vascularization was the principal factor for BMP-induced ossification, which suggests the pores should be larger than the diameter of the capillary. Wang et al. (Wang et al., 2016) also demonstrated this point that the sizes of optimum macropores for neovascularization were 50–350 μm.
To sum up, it was considered that the implants with pore sizes of 300–400 μm were an applicable option that the slow-release systems had the highest ALP activities and osteocalcin contents analogous to some studies (Murphy et al., 2010; Murphy and O’Brien, 2010). The scaffolds with small pore sizes (90–150 μm) could promote cell and protein adhesion, whereas large pore sizes (>300 μm) could promote bone formation and blood vessel formation (Murphy et al., 2010; Murphy et al., 2010).
The point that the pore sizes of scaffolds impacted the release of bioactive factors could also be confirmed by simulation. Sun et al. (Sun et al., 2013) developed a 3D model to discover the effect of pore sizes on release rates of bioactive factors. They then carried out experiments to verify the simulation results. Experiments supported the simulation results that the release rate of bioactive factors in scaffolds with a small pore size (480 μm) was faster than in scaffolds with a large pore size (720 μm). The mechanism was explained by stating that more bioactive factors were required to be released into the environment in scaffolds with large pore sizes to reach a similar concentration as in scaffolds with small pore sizes. Like several other reports, the simulation also discovered that porosity had a stronger impact on angiogenesis and osteogenesis than pore size, which is more significant for releasing bioactive factors (Fisher et al., 2002; Karageorgiou and Laplan, 2005). In this study, the ideal pore size for releasing bioactive factors in the simulation model was 540 μm.
Nevertheless, some researchers considered that scaffolds with larger pore sizes were more beneficial for slow release (Taniguchi et al., 2016; Szustakiewicz et al., 2021; Qin et al., 2022). Qin et al. (Qin et al., 2022) specialized in the system with 3D-printed bioceramic scaffolds with similar porosity but different pore sizes (480 µm、600 µm、720 µm) (Figure 6A). The ion release rate of the system with a pore size of 720 µm was lower than that of the other systems (Figure 6B). In this research, the scaffold with a pore size of 600 µm provided a satisfactory biological microenvironment in which the osteocytes had the best reproduction and bone was uniformly dispersed. Additionally, Taniguchi et al. (Taniguchi et al., 2016) did a series of experiments to support this point that the scaffold with a pore size of 600 µm was more suitable.
[image: Figure 6]FIGURE 6 | Release pattern of bioactive factors in slow-release systems. (A) Microscopic structures of CSi-Mg6 scaffolds with different pore sizes prepared by digital light processing-based three-dimensional printing technique. (B) Pattern of Ca, Mg, Si release, mass decrease in CSi-Mg6 scaffolds with different pore sizes. Reproduced with permission from (Qin et al., 2022).
Some researchers investigated the effect of nanopores on slow-release systems. For instance, to investigate the bioactivity of growth factors, Samer et al. (Srouji et al., 2011) prepared core-shell fiber systems with different pore sizes using a co-electrospinning process.
The release of mats S1 and S2 with small pore sizes (400 ± 80 nm and 450 ± 77 nm) approached 12%–15% in 27 days, with a burst release of 5% in the first 4 h. And the release of mats S3 with a large pore size (500 ± 90 nm) approached 28% in 27 days, with a burst release of 18% in the first 4 h. While the release of mat S4 with a maximal pore size (650 ± 63 nm) approached 76% in 27 days and a burst release of 67% in the first 4 h. This experimental phenomenon demonstrated that the release speed with large nanopores was faster than that with small nanopores. The release pattern indicated that the release mechanism was related to desorption and was similar to the process described by Srikar et al. (Srikar et al., 2008). According to the diffusion equation (Deff = Dbk(t)/psp) reported by Gandhi et al. (Gandhi et al., 2009), the diffusion speed increased with increasing pore size corresponding to the experimental result. Meanwhile, the slow-release systems had more significant ALP activity than fast-release systems, and the amount of new bone formation in slow BMP-2 releasing systems was 1.375 folds that of fast BMP-2 releasing systems.
Similarly, Wang et al. (Wang et al., 2017) also demonstrated that the diffusion speed expanded with the increase of pore sizes. They fabricated surface porous tissue engineering scaffolds through cryogenic 3D plotting (Figure 7A). The scaffold micropores changed from a diameter of 5.2 ± 0.9 µm to 35.2 ± 13.9 µm while a burst release of BMP-2 changed from 17% to 40% in the initial 24 h, and a sustained release of BMP-2 varied from 53% to 84% within 30 days (Figure 7B).
[image: Figure 7]FIGURE 7 | Release pattern of bioactive factors in slow-release systems with different pore sizes. (A) Schematic of P (DLLA-co-TMC) scaffold with different pore sizes. (B) Release pattern of BMP-2 in scaffolds with different pore sizes prepared with different water content emulsions. Reproduced with permission from (Wang et al., 2017).
In slow-release systems, the macropores could stimulate the formation of blood vessels and cell proliferation and migration, while micropores could promote the release of nutrients. The slow-release systems with simplex pore size impact the release rate of factors and ALP activity. Slow-release systems containing macropores and micropores might be more appropriate. Wang et al. (Wang et al., 2016) developed four PLLA slow-release systems, including macropores (50–350 µm) and micropores (100nm-10 µm). The slow-release system with macropores and micropores provided a more favorable microenvironment for protein adsorption and cell proliferation than the other three slow-release systems with single-pore scaffolds.
The release rates of bioactive factors might increase with the increase of pore sizes in scaffolds with small pore sizes (nano-sized pores to tens of microns pores) and might decrease with the addition of pore sizes in scaffolds with large pore sizes (hundreds of microns pores). The reason could be that a sufficiently high concentration of bioactive factors was required to fill the pores first in scaffolds with larger pore sizes. Through investigation, it was discovered that the slow-release system with a large pore size (about 400 μm) might be more conducive to the slow release of bioactive factors to form bone. It seemed more acceptable to have both macropores and micropores in the scaffolds for a slow-release system.
4.3 The effects of porosity of scaffolds on slow-release system
The porosity of human cancellous bone ranges from 50% to 90%, implying that porosity beyond 50% is the essential element for cell proliferation and osteogenesis in bone tissue engineering (Batool et al., 2021; Oliveira et al., 2021). The following formula calculates porosity:
[image: image]
Where (p), (V0), (V1) and (V2) represent porosity (%), the initial volume of solvent (mL), the volume of solvent after the scaffold immersed (mL) and the volume of solvent after the scaffold removed (mL), respectively.
The porosity of scaffolds was generally above 70% and most were between 70% and 80%, with which the slow-release systems could regulate the release rates of bioactive factors to achieve the slow-release effect, as shown in Table 4.
TABLE 4 | Selected examples of slow-release systems possessing various porosity.
[image: Table 4]The porosity and release rates might have a favorable correlation. Cui et al. (Cui et al., 2021) produced three types of slow-release systems with different porosities through three different techniques SSE 3D printing, FDM 3D printing, and a traditional approach (CON). The porosity of the scaffold prepared by CON was the largest at 64.96%. The drug release rate was also the fastest (Figure 8) compared to the other methods, and the mechanical properties and pore sizes also influenced the release. This discovery was similar to the research investigated by Qin et al. (Qin et al., 2022).
[image: Figure 8]FIGURE 8 | The situation of porosity and drug release of three slow-release systems (A) The porosity of the three scaffolds fabricated via three methods. (B) Drug release pattern in scaffolds with three different porosities. Reproduced with permission from (Cui et al., 2021).
Similarly, Cheng et al. fabricated Ti-6Al-4V scaffolds by laser sintering with porosity varying from 15% to 70%. They discovered that when the porosity grew, the total amount of bioactive factors also did so, and the effect on osteogenesis was best in the system with the highest porosity (Cheng et al., 2014). In addition, the scaffolds with larger pore sizes might have larger porosities (Fu et al., 2010; Sobral et al., 2011; Liu et al., 2013; Cheng et al., 2014; Diao et al., 2018; Zaharin et al., 2018; Lee et al., 2019; Wo et al., 2020). But it does not mean the phenomenon is typical. For example, the discrepancy in pore size is apparent, but the difference in porosity is minimal (Al-Munajjed et al., 2008; Park et al., 2019). Amir A et al. (Al-Munajjed et al., 2008) fabricated hyaluronan-collagen scaffolds with three different pore sizes (302.5, 402.5 and 525.0 μm) but similar porosities (94.0%, 94.0% and 95.0%). The slow-release systems can have the same porosities but different pore sizes by 3D printing and other methods (Wo et al., 2020).
For efficient sustained release, the porosity was typically between 70% and 80%, and the porosity was independent of the pore size. Additionally, we observed that the release rate and amount of bioactive factors might increase when porosity increased.
4.4 The effects of other aspects on slow-release system
The release rates of bioactive factors could be impacted by a variety of aspects, not just the scaffold microstructure, including the common action of diverse bioactive factors, the encapsulation methods, pore interconnectivity and external factors (Hu et al., 2014; Rahman et al., 2014; Porta-i-Batalla et al., 2016; Bose et al., 2019; Kim et al., 2020; He et al., 2021; Hu et al., 2021).
The interconnectivity of pores plays a vital role in cell growth, migration, transport of nutrients and release of bioactive factors. There is a specific correlation between porosity and pore interconnectivity. In general, under the premise of satisfying mechanical properties, higher porosity is conducive to improving the interconnectivity of pores. The higher porosity and interconnectivity of pores benefit cell migration, transport of nutrients, and release of bioactive factors to stimulate bone regeneration. Wenk et al. (Wenk et al., 2009) prepared the silk fibroin scaffolds loading the insulin-like growth factor I, and the scaffolds possessed the nature of interconnectivity of pores. The method can increase the interconnectivity of pores to control the release of factors, in which the porogen was eluted with hexane and silk fibroin was transformed into water-insoluble conformation via methanol or water vapor. The porous polyethylene glycol diacrylate hydrogel system loading vascular endothelial growth factor (VEGF) was prepared. The performance of highly interconnected pores and favorable porosity is enough to release VEGF and promote angiogenesis (Oliviero et al., 2012). Kundu et al. (Kundu et al., 2011) organized antibiotic-loaded bioactive glass porous scaffolds to treat osteomyelitis. The vacuum infiltration and freeze-drying methods were used to load the drug onto scaffolds. The scaffold with 60%–65% porosity, 60 µm pore size, and high interconnectivity was ideal. The system with 49% antibiotic adsorption positively impacted bone formation. The efficient interconnectivity could promote the transport of nutrients and the release of bioactive factors to achieve the purpose of bone regeneration.
Some researchers incorporated one bioactive factor into microspheres and combined them with biomaterials to form scaffolds to achieve the slow-release effect (Fei et al., 2008; Chen et al., 2010; De Witte et al., 2018). Fei et al. (Fei et al., 2008) researched a novel composite slow-release system of bone grafts made of calcium phosphate cement (CPC) and PLGA microspheres that are loaded with rhBMP-2. Compared to the CPC system, the composite system properly extended the release of rhBMP-2 such that the composite system had an initial release of 4.9% in 24 h and a prolonged release for 28 days. Some researchers have encapsulated two bioactive factors into a slow-release system to release bioactive factors sequentially to achieve the slow-release effect (Schmidmaier et al., 2003; Raiche and Puleo, 2004; Yilgor et al., 2009; Lim et al., 2010). Lim et al. (Lim et al., 2010) developed a delivery system for BMP-7 and TGF-β2 where BMP-7 and TGF-β2 were loaded into gelation alginate and polyion complex nanoparticles, respectively. The release rates of dual growth factors (BMP-7: 36% and TGF-β2: 16%) in the nanoparticle/hydrogel system were much slower than the respective release rates (BMP-7: 70% and TGF-β2: 50%). External factors were also vital for the release rates (Hu et al., 2014; Porta-i-Batalla et al., 2016; Kim et al., 2020; Park et al., 2021). Porta et al. examined the different release models of doxorubicin at PH 5.2 and 7.4 with a faster release rate at PH 5.2. The various situations emphasize the significance of comprehensive consideration for a suitable slow-release system.
5 CONCLUSION AND FUTURE PROSPECTS
Slow-release systems improve the limitations of bioactive factors to promote further bone repair, which develops the application of BTE. Hence, slow-release systems play an irreplaceable role in BTE. This review first summarizes the requirements and preparation methods of ideal scaffolds, followed by some characteristics of scaffold microstructure. Subsequently, the loading nature and releasing mechanism of bioactive factors were described. The bioactive factors were incorporated into scaffolds with non-covalent or covalent bonding. In addition, in the third delivery strategy, the bioactive factors were encapsulated into nanoparticles or microspheres and loaded into scaffolds. The releasing mechanism contained diffusion, degradation and stimulus responsiveness involving pH, temperature and enzymes. Finally, this review primarily epitomized the impacts of scaffold microstructure, including pore shape, pore size and porosity on slow-release systems with bioactive factors for bone repair.
The pore shapes of scaffolds might have minimal influence on the release rates of bioactive factors but significantly influence the mechanical properties of slow-release systems and bone differentiation. Previous studies have shown that pores are the basic requirement for producing bone (Tsuruga et al., 1997) that elliptic pores have an enormous potential for osteogenesis (Boccaccio et al., 2016). Blood vessels could develop when the pore sizes were larger than 50 um, and the slow-release systems with large pore sizes (about 400 µm) might have more potential to control the release rates of bioactive factors. The regular distribution of pore sizes from nanometer to micron is more conducive to bone regeneration. In terms of porosity, the porosity of scaffolds was generally beyond 70%, and most were between 70% and 80%. When the porosity is relatively high, the release rates of bioactive factors might be relatively fast. Furthermore, there is no strong correlation between the porosity and the pore size in the slow-release systems.
We realized that it was challenging to prepare a suitable sustained-release system. The bioactive factors loaded into scaffolds with non-covalent bonding, especially physical adsorption, would have burst release in the preliminary period. This type of system had the property of burst release in the initial stage and slow release in the later stage. It is not conducive to the stable release of bioactive factors and the regeneration of bone tissue. The bioactive factors loaded into scaffolds with covalent bonding, such as primary amine, carboxyl, etc., would be more effective in reducing burst release in the preliminary period and maintaining sustained release in the whole process. This kind of system could better sustain the release of bioactive factors and promote bone tissue regeneration. Also, the bioactive factors loaded into scaffolds with particulate encapsulation could control the release of bioactive factors. The nanoparticles or microspheres with small sizes and large specific surface areas could be more advantageous for releasing factors. We realized that the system with about 400 µm pore size and about 70%–80% porosity might be more potential to control the release rates of bioactive factors. We considered that the system in which bioactive factors were loaded into scaffolds covalently with about 400 µm pore sizes with 70%–80% porosity and the system in which bioactive factors were encapsulated into particles and then loaded into scaffolds could be more possible to retain long-term steady release of bioactive factors. But the release rate could also be influenced by many other elements, including pH, temperature, the concentration of bioactive factors, etc. We should consider various aspects more deeply to get a relatively perfect sustained system.
Several issues still need to be resolved in the future, although the slow-release systems have significantly advanced bone regeneration. The first challenge is related to bioactive factors in slow-release systems. Due to the complexity of the process, various bioactive factors with different efficacies are involved in bone regeneration. But the research on the slow-release systems involving multiple bioactive factors to simulate the natural healing cascade is limited to a limited number of studies, which needs to be further performed. Another is the translation of scientific research into clinical applications. Most research experiments have been conducted on animals such as mice or rabbits, but their applicability to the human body needs to be clarified. I suggest that scientists conduct human osteoblast experiments on amphibians to expand the potential for clinical applications. Slow-release systems have brought us great inspiration in the treatment of bone diseases. More and more scientific research on slow-release systems will be transformed into clinical applications to address therapeutic issues excellently in the future.
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In musculoskeletal surgery, the treatment of large bone defects is challenging and can require the use of bone graft substitutes to restore mechanical stability and promote host-mediated regeneration. The use of bone allografts is well-established in many bone regenerative procedures, but is associated with low rates of ingrowth due to pre-therapeutic graft processing. Cold physical plasma (CPP), a partially ionized gas that simultaneously generates reactive oxygen (O2) and nitrogen (N2) species, is suggested to be advantageous in biomedical implant processing. CPP is a promising tool in allograft processing for improving surface characteristics of bone allografts towards enhanced cellularization and osteoconduction. However, a preclinical assessment regarding the feasibility of pre-therapeutic processing of allogeneic bone grafts with CPP has not yet been performed. Thus, this pilot study aimed to analyze the bone morphology of CPP processed allografts using synchrotron radiation-based microcomputed tomography (SR-µCT) and to analyze the effects of CPP processing on human bone cell viability and function. The analyzes, including co-registration of pre- and post-treatment SR-µCT scans, revealed that the main bone morphological properties (total volume, mineralized volume, surface area, and porosity) remained unaffected by CPP treatment if compared to allografts not treated with CPP. Varying effects on cellular metabolic activity and alkaline phosphatase activity were found in response to different gas mixtures and treatment durations employed for CPP application. It was found that 3 min CPP treatment using a He + 0.1% N2 gas mixture led to the most favourable outcome regarding a significant increase in bone cell viability and alkaline phosphatase activity. This study highlights the promising potential of pre-therapeuthic bone allograft processing by CPP prior to intraoperative application and emphasizes the need for gas source and treatment time optimization for specific applications.
Keywords: allografts, cancellous bone, cold atmospheric pressure plasma, plasma medicine, synchrotron radiation computed tomography, mesenchymal stromal cells
1 INTRODUCTION
The treatment of large segmental bone defects is challenging and requires specialized surgical procedures and the employment of transplant materials. While many different natural and synthetic materials have been proposed for the treatment of large segmental defects, bone matrix itself still provides the most promising outcomes (Schulze et al., 2023). In this context, autologous bone grafts are still considered the gold standard (Sohn and Oh, 2019; Rothweiler et al., 2022). However, this procedure is limited in the quantity of graft material available and is accompanied by higher donor-site morbidity and infection due to the need for a second surgical site (Fillingham and Jacobs, 2016; O'Brien, 2011). Therefore, bone allografts have emerged as a favorable therapeutic option in bone regeneration (Campana et al., 2014; Baldwin et al., 2019). Allografts can be harvested from cadaveric sources or from material that is routinely discarded in orthopedic surgeries and thus available in higher quantities than autologous grafts. In orthopedic surgery, bone grafting is used in many indications such as septic and aseptic revision arthroplasty, spine surgery, bone plastics after tumor resections, or in case of osteotomies addressing skeletal deformities (Brydone et al., 2010; Gillman and Jayasuriya, 2021). The number of bone allografting procedures in Germany has increased by 74% over the last decade (Rupp et al., 2022). However, allogeneic bone grafts need to be deproteinized and sterilized to prevent immunogenic reactions and disease transmission (Fretwurst et al., 2014; Fillingham and Jacobs, 2016). This affects the ingrowth rates of allografts into the foreign bone, which are reported to range between 40% and 80%, depending on the exact type of pre-therapeutic graft processing such as decellularization by H2O2 or nuclear irradiation (Blokhuis and Lindner, 2008; Scheinpflug et al., 2018). The graft processing is necessary to reduce the bone grafts’ antigenicity and infection risks by, e.g., HIV, HBV, or HCV (Boyce et al., 1999; Ahmed et al., 2023). Depending on the type of these processing procedures, the graft materials’ cellularization potential, osteoconductivity, osteoinductivity, and mechanical properties can be affected negatively (DePaula et al., 2005; Lei et al., 2015; Mansor et al., 2023). Thus, innovative allograft processing strategies are needed to restore bone allograft characteristics and improve patient care. Cold physical plasma (CPP), characterized by the generation of a plethora of short-lived oxygen (O2) and nitrogen (N2) species around body temperature, could be a promising tool for innovation in manufacturing process of bone allografts (von Woedtke et al., 2020; Nonnenmacher et al., 2023). Thermal plasma spraying (>1,000°C) is already employed in the processing of the orthopedic metal implants to enhance osteoconductivity and for minimizing the risk of implant loosening (Killinger et al., 2021; Ratha et al., 2021). In contrast to thermal plasma spraying, CPP enables material processing at physiological biocompatible temperatures, which is important to maintain or improve osteoconductive properties of bone allografts (Weltmann et al., 2010; Nonnenmacher et al., 2023). Preclinical studies on CPP-processed titanium surfaces revealed that this surface processing improves biocompatibility by enhancing cell spreading and adhesion of musculoskeletal cells cultured on the respective material (Duske et al., 2012a; Canullo et al., 2013). Albeit plasma treatment is usually performed on surfaces, various examples from literature have demonstrated the feasibility of using CPP on 3D scaffolds with porous structures (Hadjizadeh and Doillon, 2010; Canal et al., 2016; Sardella et al., 2017). Furthermore, it was demonstrated that CPP processing of synthetic and natural porcine cancellous and cortical bone grafts resulted in increased protein absorption and cell adhesion of murine osteoblasts (Canullo et al., 2018). In this context, the gas source employed for CPP generation is critical for the biological effects observed and thus needs careful optimisation for each application scenario (Fischer et al., 2022; Nonnenmacher et al., 2023).
However, studies that focus on analyzing morphological parameters of bone are needed in the preclinical evaluation of pre-therapeutic bone allograft processing by CPP. It is important that the postprocessing of allogeneic bone grafts by CPP would not lead to changes in the biomaterial morphology that might subsequently alter its performance after implantation (Brydone et al., 2010). Therefore, this pilot study aimed to analyze 3D porous bone allografts after CPP processing by synchrotron radiation-based microcomputed tomography (SR-µCT). The parameters analyzed in terms of morphology were total tissue volume (TV), mineral volume (BV), bone surface (BS), bone porosity (Po), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp). In order to address clinical practicability, CPP processing was performed using the certified medical plasma jet kINPen and the clinically approved gas Argon (Ar). The effect of CPP application was investigated regarding bone cell viability and function by seeding human mesenchymal stromal cells (hMSCs) on CPP treated allogenic bone and investigated for their metabolic and alkaline phosphatase (ALP) activity. hMSCs are key players in bone regeneration and homeostasis (Scheinpflug et al., 2018).
In addition, different gas mixtures and treatment times were employed to optimise CPP application. We hypothesized that important morphological parameters are not adversely affected by CPP treatment of autologous bone grafts and that optimization of the plasma feed gas mixture can help increase bone cell viability and osteogenic function.
2 MATERIALS AND METHODS
2.1 Allogeneic bone preparation
The C + TBA provided human spongiosa plates for this research project treated with the proprietary Allotec process. Cylinders (6 mm height, 5 mm diameter) were punched out from these plates in the laboratories of the University Medicine Greifswald (Clinic for Orthopedics) under sterile conditions after overnight rehydration in phosphate-buffered saline (PBS). The cancellous grafts were collected from living donors that underwent hip replacement surgery. The tissue was cut into plates and treated in an ultrasonic bath with WFI to remove remaining fat, blood, donor cells, and pathogens. After sonication, the cancellous bone was washed with diethyl ether, ethanol in different concentrations, and 3% hydrogen peroxide to denature soluble proteins and remove any remaining pathogens. Lyophilization was performed to dry the tissue while retaining the morphological characteristics of the tissue, resulting in a water content of ≤10%. Gamma irradiation of the tissue was performed for final sterilization, and allogeneic bone samples were stored at room temperature until they were used in the experiment.
2.2 Exposure to cold physical plasma
The atmospheric pressure argon plasma jet kINPen (neoplas MED, Greifswald, Germany) was utilized. Details on its applications and safety profiles as well as construction and technical design were described previously (Bekeschus et al., 2016; Reuter et al., 2018). Argon gas (Air Liquide, Bremen, Germany; two standard liters per minute) was excited by a high-frequency electrode inside the jet to generate reactive O2 and N2 species (ROS and RNS) after expulsion to ambient air. The jet was attached to a xyz-motorized precision controller stage (CNC, Bremen, Germany), hoovering the gas plasma above the center of each well for the set time. Each scaffold was treated for 5 min with argon-derived CPP for SR-µCT analyzes. For cell culture experiments each scaffold was treated for one, three or 5 min with CPP derived from different gas mixtures. Ar and Helium (He) gas (Air Liquide, Bremen, Germany; two standard liters per minute) were used as carrier gases and mixed with up to 2% of either O2 or N2 gas (Air Liquide, Bremen, Germany; two standard liters per minute) to generate CPP.
2.3 Testing for sterility after exposure to CPP
To ensure the sterility of scaffolds after punching and CPP treatment, a test for bacterial growth was perfomed. Scaffolds were incubated in 5 mL LB medium for 24 h at 37°C on an orbital shaker. Tubes containing only LB medium served as negative controls while, CPP-treated scaffolds that were deliberately contaminated served as positive controls. After incubation time, 3 × 100 µL of LB media were transferred into a 96 well multititer plate for subsequent absorbance measurements at 600 nm using a multiplate reader (TECAN M200, Tecan, Switzerland).
2.4 Synchrotron radiation-based microcomputed tomography
Samples were scanned using SR-µCT at the Anatomix beamline at the Synchrotron Soleil in Paris at a naïve state (t1) and after surface CPP treatment (t2) (Weitkamp et al., 2017; Weitkamp et al., 2022). The central energy of the polychromatic (“pink”) X-ray beam was set to 40 keV and the voxel size was 3.07 µm. Each scan was done with a slight offset of the rotation axis with respect to the detector field of view, to increase the diameter of the reconstructed volume. For each scan, between 3,000 and 4,000 projections, depending on the rotation axis offset, were acquired with 50 ms exposure per projection. Tomographic reconstruction was performed using a Python-based configuration tool written at SOLEIL and calling the reconstruction program PyHST2 developed at the European Synchrotron Radiation Facility (ESRF) (Mirone et al., 2014). A phase-retrieval filter of Paganin type was used, with the parameter “Paganin length” in PyHST2 set to 138 µm (Paganin et al., 2002).
2.5 Data processing and analyzes
A registration of regions of interest of the t1 and t2 volumes was done using the affine registration plug-in installed in Avizo 2019.3 (Thermo Fisher Scientific, Waltham MA, United States). The mineralized bone was segmented using a workflow implemented in Matlab 2022a (The MathWorks, Natick MA, United States). In a first step, the gray value datasets were binarized using a simple Otsu threshold. The obtained bone mask was dilated with a spherical structuring element with a radius of 3 voxel and applied to the gray value data. This masked dataset was thresholded using a 1.5-fold Otsu-value. To omit small broken bone fragments, the bone mask was eroded with a spherical structuring element with a radius of 3 voxel and each component was labeled. Only the biggest component was extracted and dilated with a spherical structuring element with a radius of 3 voxel to retain the original morphology. For each dataset TV (all voxels within the volume of interest), BV (voxels assigned as mineralized bone), Po (100×MV/TV), BS, Tb.Th (number of spheres within BV) and Tb.Sp (Number of spheres outside BV) were extracted. The BS was calculated by dividing the difference between the dilated and the eroded bone mask by 2 (Otto et al., 2022). The trabeculae were measured by a sphere fitting algorithm. The weighted means and corresponding standard deviations were calculated for Tb.Th and Tb.Sp. To calculate the bone turnover, the t1 and t2 binarized datasets were coregistered and analysed such that theresorbed bone was assigned to a pixel value of 1, formed bone to a pixel value of 2, and constant bone had a pixel value of 3.
2.6 Cell seeding on allogenic bone scaffolds and investigation of viability and osteogenic function
Human bone-marrow derived mesenchymal stromal cells were isolated from metaphyseal bone marrow of one patient undergoing primary hip arthroplasty due to osteoarthritis as described previously (Fischer et al., 2022). Ethics approval (BB 160/20) was obtained from the local independent ethics committee (IEC) of the University Medicine Greifswald according to the World Medical Association Declaration of Helsinki. The donor (female, 49 years old) gave written informed consent.
The bone model used in this work is based on a previously published study (Schoon et al., 2020). In brief, hMSCs were cultured to passage two, trypsinated and seeded on CPP-treated or control bone scaffolds (three scaffolds in each group) with 6 mm height, 5 mm diameter. The scaffolds were placed in a 96-well ultra low attachement plate (Sigma Aldrich, St. Louis, MO, United States) for cell seeding. 3 × 105 hMSCs suspended in 200 μL of cell culture media—DMEM low glucose (PAN Biotech, Aidenbach, Germany), 10% fetal bovine serum (FBS, Sigma Aldrich, St. Louis, MO, United States), 100 U/mL penicillin (Gibco, Waltham, Massachusetts, United States), 1% 100 μg/mL streptomycin (Gibco), 1% 2 mM L-alanyl-L-glutamine (GlutaMAX, Gibco, Waltham, Massachusetts, United States)—were pipetted onto the bone scaffolds followed by incubation for 2.5 h under standard cell culture conditions (37°C, 5% CO2). Next, the bone scaffolds were turned around by 180° to ensure uniform cell seeding. After another 2.5 h of incubation, the bone scaffolds were transferred to a 24-well flat bottom plate (Sigma Aldrich, St. Louis, MO, United States) and cultured under standard cell culture conditions in 1,000 μL of cell culture media for 7 days in total.
The cellular metabolic activity was measured on day four and day seven using a resazurin-based assay (PrestoBlue, Invitrogen, Waltham, Massachusetts, United States) according to the assay manual with slight modifications for 3D porous bone scaffols. In brief, a 1:10 mixture of assay reagent and cell culture media was prepared and 400 µL of that mixture were transferred into 2 mL Eppendorf tubes. The cell-laden scaffolds were introduced into the Eppendorf tubes followed by 1 h incubation at 37°C and 800 rpm rotation speed on a thermoblock. After incubation time, the scaffolds were removed from the tubes and 3 × 100 µL of the reagent mixture were transfereed into the wells of a 96-well multititer plate for subsequent fluorescent measurements at 560/590 nm (Ex/Em) on a multiplate reader (TECAN M200, Tecan, Switzerland) according to the manufacturers’ instructions. After quantifying the metabolic activity at day 4 the expansion media was exchanged.
Following this, the cellular ALP activity was analyzed by colorimetric quantification as described earlier with modifications for 3D porous cell-laden scaffolds (Rakow et al., 2016). In detail, scaffolds were washed with 500 µL alkaline phosphatase (AP)- buffer in a 2 mL eppendorf tube. After AP-buffer was removed, a mixture of 250 µL AP- buffer with 250 µL p-nitrophenyl phosphate (pNPP) was added into the Eppendorf tube containing the scaffold, followed by 10 min. Incubation at 37°C and 500 rpm in a thermoblock. After incubation time passed, the reactions was stopped by adding 500 µL 1 M NaOH. For determination of ALP activity, 3 × 100 µL of the reagent mixture were transfereed into the wells of a 96-well multititer plate for subsequent absorbance measurements at 405 nm on a multiplate reader (TECAN M200, Tecan, Switzerland).
2.7 Statistical analysis
No samples or technical replicates were excluded from the statistical analyses. Sample size was not predetermined by statistical methods. Randomization was not applied, and the investigators were not blinded to group allocation during the experiment. GraphPad PRISM 9.0 (GraphPad Software inc. La Jolla, CA, United States) was used for exploratory statistical analysis and descriptive data plotting. Trabecular morphological characteristics were investigated by analyzing Tb.Th and Tb.Sp values of control and CPP treatment group at t1 using an unpaired Student’s t-test (n = 3). The morphological parameters, TV, BV, BS, and Po were determined at t1 and t2 for both the control and the CPP treated group and data from the two time points was compared and analyzed using a paired Student’s t-test (n = 3). A normal distribution of data regarding metabolic and ALP activity was assumed and a one-way ANOVA with Dunn’s post hoc test was performed (n = 6).
3 RESULTS
3.1 Synchrotron radiation-based microcomputed tomography allowed for evaluation of trabecular morphology prior to CPP-treatment
The porous 3D allogenic bone scaffolds for subsequent CPP treatment were prepared by punching 3D cylinders out of human spongiosa plates (Figures 1A, B). CPP treatment was found to be feasible by using a clinical argon plasma jet, as demonstrated by visible penetration of these porous scaffolds by the plasma flame (Figure 1C; Supplementary Video S1). To ensure the sterility of CPP treated allogenic bone, the absence of microbial contamination after incubation in bacterial growth medium for 24 h was confirmed (Figure 1D). For further experiments, the treatment with CPP was conducted using a automated XYZ-stage that facilitated reproducible and non-distructive treatment of multiple scaffolds under sterile conditions (Figure 1E).
[image: Figure 1]FIGURE 1 | Preparation of allogeneic bone scaffolds. (A) Shown is a plate of trabecular allogeneic bone with a height of 5 mm after rehydration. (B) Cylindric pieces with a diameter of 6 mm were punched out from the plate. (C) The CPP flame is able to penetrate porous allogenic bone scaffolds. (D) No bacterial growth was found after 24 h, thus confirming sterility of the CPP treated scaffolds. (E) CPP treatment (t2) was performed in a multi-well plate using a clinical-grade device (kINPen). (D: Student’s t-test, paired, n = 3).
To evaluate the effect of CPP treatment on the morphology of allogenic bone grafts, three scaffolds were treated with carrier gas only to serve as controls and three scaffolds were CPP-treated (Figure 1). The carrier gas employed was Ar since it is approved for clinical use of CPP and thus represents relevance in the context of allogenic bone processing. 5 min plasma treatment was chosen as the maximum duration to investigate whether CPP application can influence the morphology of allogeneic bone grafts. To evaluate morphological parameters, the scaffolds were analyzed by SR-µCT before (t1) and after (t2) CPP treatment. A 3D reconstruction was done for all analyzed bone scaffolds at t1 (Figure 2A). In addition, Tb.Th and Tb.Sp were calculated for these scaffolds at t1. No significant differences between Tb.Th. Mean values were found between the CPP-treated group and their respective controls, while Tb.sp mean values were found to be significantly higher for the scaffolds that are meant to be treated CPP (Figure 2B). Albeit this parameter varies between the two groups, the actual difference of 113,9 ± 34,08 µm is rather small and still allows for comparison of these two groups. The scanned scaffolds were then used for control and CPP treatment and subsequent evaluation of additional morphologic parameters at t1 and t2.
[image: Figure 2]FIGURE 2 | SR-µCT prior to CPP treatment for basic scaffold characterization. (A) Shown are the cropped regions of the reconstructed volumetric µCT data prior to CPP treatment (t1). (B) Tb.Th and Tb.Sp were determined prior to CPP treatment (t1) for all scaffolds. (Student’s t-test, unpaired, n = 3, *p < 0.05).
3.2 Bone morphological parameters were not altered by cold physical plasma treatment
After CPP treatment (t2), the TV was not altered in comparison to the initial bone volume, while comparison of the BV and BS between t1 and t2 indicated no changes for this parameter in response to CPP treatment (Figures 3A, B; Table 1). Comparing the BS between the two different time points for each group indicated no changes in the control group nor the CPP treated group (Figure 3B). The analysis showed small interindividual differences in Po in both study groups (Figure 3A; Table 1). There were no alterations in the Po comparing t1 and t2, and no CPP treatment induced changes (Figure 3B). Taken together, the quantification and comparison of main morphological bone parameters revealed no alterations between the two time points, indicating that CPP treatment did not induce alterations of these morphological bone parameters, within the limits of resolution of the imaging setup with a pixel size of 3 µm that was used for the study. Co-registration of t1 and t2 volumes of CPP treated scaffolds was conducted to quantify and visualise TV increase or decrease (Figure 3C). In summary, a 5 min long Ar-based CPP treatment did not induce measurable alterations in the investigated morphological parameters.
[image: Figure 3]FIGURE 3 | The influence of CPP treatment on morphological parameters of allogeneic bone. (A) Shown are morphological bone parameters for control and CPP treatment group. SR-µCT scans were performed prior to (t1, white bars) and after (t2, black bars) CPP treatment. (B) Shown are the values of the respective morphological parameters after normalization of t1 to t2. (C) Registration of volumetric reconstructions at t1 and t2 allows for the detection of TV loss (blue) and gain (green). The differences between t1 and t2 did not exceed the expected registration error. [(A,B) Student’s t-test, paired, n = 3].
TABLE 1 | Summary of morphological bone parameters.
[image: Table 1]3.3 Optimisation of CPP gas source to ensure survival and osteogenic function of bone forming cells
Next, we investigated whether CPP treatment of the bone affected cell ingrowth, survival and function since these parameters influence the overall outcome of allogenic bone transplantation. The effect of CPP treatment on cells and tissues strongly depends on gas composition and treatment time. It was therefore investigated how these parameters affect cell survival and osteogenic function of hMSCs. For this, different gas compositions were used for CPP treatment with a duration of 1, 3 and 5 min of allogenic bone scaffolds prior to cell seeding. Based on a previously established bone model, MSCs were then seeded on the treated scaffolds and cultured for 7 days in total (Schoon et al., 2020). Investigation of metabolic activity after 4 and 7 days revealed that 1 min Ar-based CPP treatment negatively affected cell viability, as indicated by significantly reduced metabolic activity on day 4 and 7 for Ar-based gas mixtures with O2. In contrast, He-based CPP treatment of allogenic scaffolds did not significantly alter cell viability, while addition of N2 provided the most favourable outcome (Figure 4A). Furthermore, ALP activity was investigated as a marker for matrix mineralization that is vital for bone formation and found to be unchanged for He-based CPP, while using Ar seems to influence this parameter negatively (Figure 5A). Due to its negative influence on cell viability and function, Ar-based CPP was not further investigated in favour of He as a carrier gas. In a next step, a 3-min-long CPP treatment using different He-based gas mixtures with N2 were tested. Metabolic and ALP activity were both found to be significantly elevated after 4 and 7 days when scaffolds were treated with He supplemented with 0.1% N2 (Figures 4B, 5B). Prolonging the CPP treatment time to 5 min prior to cell seeding did not result in significantly enhanced outcomes in terms of metabolic activity or osteogenic functions (Figures 4C, 5C). In summary, a 3-min CPP treatment with a mixture of He + 0.1% N2 had the most favourable outcome in terms of significantly elevated viability and osteogenic function of hMSCs and should thus be further investigated for the processing of allogenic bone grafts rather than utilizing Ar-based CPP.
[image: Figure 4]FIGURE 4 | Optimisation of CPP gas source and treatment time prior to seeding with human mesenchymal stromal cells. (A) Scaffolds were treated by CPP using different carrier gases. The CPP treated scaffolds where then seeded with mesenchymal stromal cells, followed by investigation of metabolic activity after 4 and 7 days (B) Carrier gas sources were refined and CPP treatment time was prolonged to 3 min. After subsequent cell seeding, metabolic activity was determined after 4 and 7 days. (C) Based on previous results, CPP treatment time was prolonged to 5 min while only 5 carrier gases were tested. Metabolic activity of mesenchymal stromal cells seeded onto the CPP-treated scaffolds was determined after 4 and 7 days. [(A–C) one-way ANOVA, multiple comparisons, n = 6, *p < 0.05, **p < 0.005].
[image: Figure 5]FIGURE 5 | Optimisation of CPP gas source and treatment time to improve osteogenic function of human mesenchymal stromal cells (hMSCs). (A) Shown is the ALP activity as a measure of osteogenic function after CPP treatment for 1 min with varying gas sources. (B) Since viability was found to be reduced when Ar based gas sources are used, a 3 min treatment time was performed using an He based carrier gas. (C) After prolonging the treatment time to 5 min, hMSCs were seeded onto the scaffolds and their ALP activity was determined after 7 days. [(A–C) one-way ANOVA, multiple comparisons, n = 6, *p < 0.05].
4 DISCUSSION
The aim of this study was to analyze the feasibility of CPP treatment for pre-therapeutic allogeneic bone graft processing by evaluating whether CPP alters morphological bone properties or influences hMSC viability and function. The morphological parameters investigated were Tb.Th, Tb.Sp, TV, BV, BS, and Po. Overall the CPP treatment for 5 min showed no alteration in the analyzed bone parameters by comparison of pre- and post-treatment SRµCT scans. A deviation of morphological parameters between different scaffolds was expected as it is representative of donor and harvest site-dependent differences of bone (Goldman et al., 2003; Donnelly et al., 2012). The treatment with CPP had no measurable influence on the morphological parameters investigated, which is a prerequisite for further implementation of CPP in the processing of allogeneic bone for clinical applications. In addition, we found that optimising the CPP gas source led to significantly better outcomes regarding hMSC viability and osteogenic function. We determined that a 3 min CPP treatment of allogenic bone resulted in elevated metabolic activity of hMSCs, while ALP activity was also enhanced under these conditions. Our data thus emphasized the need for careful optimization of treatment time and carrier gas prior to CPP application in a given context. The current work indicates the positive effects of CPP treatment on allogenic bone and therefore encourages the use of CPP for graft processing. CPP might be employed for sterilization and surface modification to allow for better cell attachment and the addition of biomolecules to enhance the therapeutic value of the allogeneic bone graft (Coelho et al., 2012; Hui et al., 2020a; Tan et al., 2021; Nonnenmacher et al., 2023). It is well described that CPP shows antimicrobial effects against a range of pathogens, including those that are challenging to eradicate due to biofilm formation (Soler-Arango et al., 2019; Benčina et al., 2021; Scholtz et al., 2021). These effects are attributed to the formation of ROS and RNS and a disturbance of cell membrane integrity due to CPP treatment (Pompl et al., 2009). In the context of processing allogeneic bone, CPP might pose a reasonable alternative to established methods, such as irradiation, that are reported to affect the mechanical properties of the graft (Nguyen et al., 2007). Yet, to further prove the suitability of CPP for sterilization, mechanical properties, in addition to morphological ones, need to be investigated for treated allogeneic bone. Surface treatment with CPP has already been utilized on various metallic, synthetic, and natural bone grafts and demonstrated positive effects on the adhesion and proliferation of musculoskeletal cells (Wang et al., 2016; Tominami et al., 2017; Canullo et al., 2018; Wang et al., 2019; Hui et al., 2020b). CPP treatment is reported to temporarily increase the concentration of reactive oxygen species on the surface of tissue culture vessels made of polystyrene (PS), leading to an increased overall wettability. In addition, CPP treatment is also reported to change the overall charge of PS surfaces, which facilitates the adsorption of proteins that increase cell adhesion (Lerman et al., 2018). Both mechanisms might also be beneficial for the surface activation of allogeneic bone grafts, as an increase in wettability was reported for various implant materials (Duske et al., 2012b; Karaman et al., 2018a; Yang et al., 2018). Due to the low temperature in which CPP operates, coating of biomolecules is also possible using this technique and would allow for directed surface modifications (Yoshinari et al., 2011; Tan and Al-Rubeai, 2019; O'Neill et al., 2021). For example, CPP-assisted coating with proteins and peptides such as collagen I or Arg-Gly-Asp (RGD) peptides has been shown to increase the proliferation of musculoskeletal cells on metallic and polymeric surfaces (Mörke et al., 2017; Karaman et al., 2018b). Therefore, CPP treatment of allogenic bone has various potential applications. Yet, the effect of CPP on cellular ingrowth, viability and function would need further research prior its implementation for allogenic bone processing. The optimization of gas source and treatment time would also need careful consideration and should be followed by morphological investigations using the exact conditions that match later applications with the aim of enhanced cellular response. Albeit the present study demonstrates overall feasibility of CPP treatment for allogenic bone scaffolds, it is limited by not including investigations on the topographical and structural level. For investigation of overall topography that also impacts the osseointegration of implants, methods that provide high spatial accuracy such as scanning electron microscopy or confocal laser scanning microscopy should be employed (Hou et al., 2022; Liu et al., 2023). On the structural level, investigations in terms of integrity and organization of collagen fibrils should be performed by using methods such as Raman confocal microscopy or second harmonic imaging (Chen et al., 2012; Schrof et al., 2014; Couture et al., 2015). Furthermore, it would need to be asserted that the immunogenicity profile of the allogenic bone scaffolds is not altered, to avoid rejection of the graft by the host (Huzum et al., 2021; Sharifi et al., 2022; Kasravi et al., 2023). In summary, CPP treatment of allogenic bone has high potential to improve clinical outcomes after grafting but needs further investigations regarding topography, structure and immunogenicity.
5 CONCLUSION
CPP treatment did not alter the morphological properties of allogeneic bone grafts and might therefore be employed for processing prior to their clinical use. In addition, careful optimization of the employed carrier gas can help to enhance the biological response after grafting and thus the clinical performance. Due to the many advantageous characteristics of CPP and the possibility for surface modifications, CPP treatment is a promising tool for the processing of allogenic bone.
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Healing of severe fractures and bone defects involves many complex biological processes, including angiogenesis and osteogenesis, presenting significant clinical challenges. Biomaterials used for bone tissue engineering often possess multiple functions to meet these challenges, including proangiogenic, proosteogenic, and antibacterial properties. We fabricated lithium and cobalt co-doped mesoporous bioactive glass nanoparticles (Li-Co-MBGNs) using a modified sol-gel method. Physicochemical analysis revealed that the nanoparticles had high specific surface areas (>600 m2/g) and a mesoporous structure suitable for hydroxyapatite (HA) formation and sustained release of therapeutic ions. In vitro experiments with Li-Co-MBGNs showed that these promoted angiogenic properties in HUVECs and pro-osteogenesis abilities in BMSCs by releasing Co2+ and Li+ ions. We observed their antibacterial activity against Staphylococcus aureus and Escherichia coli, indicating their potential applications in bone tissue engineering. Overall, our findings indicate the feasibility of its application in bone tissue engineering.
Keywords: bone regeneration, mesoporous bioactive glass nanoparticles, lithium, cobalt, osteogenesis, angiogenesis
1 INTRODUCTION
Bone defects caused by trauma, tumors, infections, and genetic malformations have always been a significant challenge for clinicians (O'Keefe and Mao, 2011). Conventional bone graft strategies (e.g., autografts and allografts) frequently yield favorable therapeutic effects, but they have limitations such as insufficient donor tissue, morbidity, surgical complications, pathophoresis, and immunological rejection (Ho-Shui-Ling et al., 2018; Perez et al., 2018). Bone tissue engineering (BTE) has attracted increasing attention as an alternative bone-grafting method because of its tunable physicochemical properties and low immunogenicity (El-Rashidy et al., 2017). The purpose of BTE is to generate new bone tissue with normal function using a combination of biomaterials, bioactive molecules, and cells (Zhang et al., 2022a). Despite the remarkable progress of BTE, current biomaterials are still limited by their insufficient biological capabilities. Bone regeneration is a complex and intricate process that cannot be achieved by current biomaterials alone. Therefore, novel biomaterials with multiple biological properties are urgently needed.
Bioactive glasses (BGs) are promising biomaterials for BTE. They are mainly based on silica networks consisting of calcium and phosphate oxides, which endow them with osteoconductivity, biodegradability, mineralization, and interfacial bonding capabilities, making them suitable for bone fracture repair and bone tissue regeneration applications (Wu and Chang, 2014; Kurtuldu et al., 2021a). Mesoporous BGs (MBGs) combine the properties of conventional BGs with ordered mesoporous structures, exhibiting an enlarged specific surface area with better biodegradability and mineralization capability, making them ideal drug/growth factor carriers and paving the way for biomedical applications (Pontremoli et al., 2018; Kurtuldu et al., 2021b). Mesoporous BG nanoparticles (MBGNs) are nanosized, which further increases their specific surface area and makes them suitable bioactive fillers for composite biomaterials, suggesting that they can potentially be used in BTE (Kurtuldu et al., 2021a; Zhang et al., 2022b). In addition to the structural characteristics of MBGNs, whose components can be tailored to enhance their biological functions, various therapeutic ions have been incorporated into MBGNs, resulting in desirable biological properties (Wu and Chang, 2014; Westhauser et al., 2021a).
Therapeutic ions lithium (Li) and cobalt (Co) have attracted significant attention owing to their unique biological properties. Li can enhance the proliferation and osteogenic differentiation of bone marrow stromal cells (BMSCs), upregulate osteogenesis-related gene expression, and inhibit osteoclast growth and macrophage osteoclastogenesis, thereby promoting bone formation (Khorami et al., 2011; Han et al., 2012; Wu et al., 2014; Pan et al., 2018). Consistently, a clinical trial demonstrated that Li can preserve or enhance bone mass (Zamani et al., 2009). In addition, Li upregulates the expression of proangiogenic genes in BMSCs and human umbilical vein endothelial cells (HUVECs), promotes BMSC-EC communication, and ultimately enhances angiogenesis (Haro Durand et al., 2017; Liu et al., 2019). Li has been successfully incorporated into BGs and demonstrated pro-osteogenic and pro-angiogenic abilities in vitro and in vivo (Khorami et al., 2011; Wu and Chang, 2014; Wu et al., 2014; Miguez-Pacheco et al., 2016; Liu et al., 2019). Co has also attracted significant interest as another therapeutic ion widely used in orthopedics as a component of Co-based biomaterials such as the Co-28Cr-6Mo casting alloy, which is used in artificial joint prostheses. Co may provoke cytotoxicity or oxidative stress in cells at high concentrations, but it could positively affect the expression of vascular endothelial growth factor (VEGF) within adequate doses via the stabilization of protein level hypoxia-inducible factor 1-α (HIF-1α), which could subsequently enhance angiogenesis (Yuan et al., 2003; El-Fiqi and Kim, 2021; Laia et al., 2021). Co has been shown to yield excellent antibacterial effects against gram-positive and -negative bacteria while maintaining good biocompatibility at appropriate concentrations (Duan et al., 2022). Over the years, Co has been incorporated into various biomaterials, including BGs, and demonstrated excellent pro-angiogenic and antibacterial abilities in vitro and in vivo (Wu et al., 2012; Boldbaatar et al., 2019; Deng et al., 2019; Zheng et al., 2019). However, to the best of our knowledge, no studies have reported the fabrication of Li and Co co-doped MBGNs (Li-Co-MBGNs) or their combination to achieve synergism, although these two ions have become research hotspots in bone tissue engineering.
In this study, we aimed to simultaneously synthesize Li- and/or Co-doped MBGNs with multiple biological functions, including antibacterial activity and the stimulation of osteogenesis and angiogenesis. Additionally, their mesoporous structure may make them suitable carriers of therapeutic drugs/growth factors, or bioactive fillers for bone repair and regeneration applications. To this end, we adopted a sol-gel method using cetyltrimethylammonium bromide (CTAB) as a template reagent and directly added metallic precursors to the synthesis system during the synthesis process. The synthesized MBGNs were comprehensively characterized in terms of morphology, microstructure, composition, in vitro bioactivity, and dissolution behavior. We further evaluated the effects of Li and/or Co incorporation on bacterial growth and various in vitro biological responses of the cells, including cytocompatibility, osteogenesis, and angiogenesis.
2 MATERIALS AND METHODS
2.1 Nanoparticle synthesis
Li-Co-MBGNs were fabricated using the sol-gel method as described in previous studies (Xin et al., 2017; Zhang et al., 2018; Neščáková et al., 2019; El-Fiqi and Kim, 2021; Rahmani et al., 2021). Solution A was prepared by dissolving 1.5 g of CTAB (Aladdin, Shanghai, China) in Tris-HCl buffer solution (pH = 8.0) while agitating continuously at 60°C. Then, 13.22 mL of tetraethyl orthosilicate (TEOS) was added to solution A under constant agitation. Following that, 3.80 g of calcium nitrate tetrahydrate (Ca(NO3)2·4H2O), 1.16 mL of triethyl phosphate, 0.36 g lithium chloride, and 0.22 g cobalt chloride (CoCl2) were sequentially added to the above solution. All precursors were added at predetermined molar ratios. The clear solution progressively became opaque after 16 h of vigorous stirring because of the formation of a white precipitate. A white precipitate was obtained after 8 min of centrifugation at 11,000 rpm, followed by three cycles of alternate rinsing with deionized water and ethanol. The resulting powder was desiccated under vacuum at ambient temperature for 24 h and sintered in air at 650°C for 3 h (2°C min−1) to remove CTAB and organic components and obtain Li-Co-MBGNs. MBGNs, Li-MBGNs, and Co-MBGNs were fabricated using the same method but without Li and/or Co. The nominal compositions of the four types are listed in Supplementary Table S1. We focused on the synergistic effects of Li and Co on angiogenesis, osteogenesis, and antibacterial activity, and fixed doping conditions for Li and Co were selected based on preliminary results (Wu et al., 2012; Moghanian et al., 2017).
The un-doped, Li-doped, Co-doped, and Li-Co-doped MBGNs are denoted as uMBGNs, Li-MBGN, Co-MBGN, and Li-Co-MBGN, respectively, and all bioactive glass nanoparticles are hereafter denoted as MBGNs.
2.2 MBGN characterization
The morphology was examined using field-emission scanning electron microscopy (GeminiSEM 500, ZEISS, Germany) before and after immersion in simulated body fluid (SBF). Five mg of MBGNs were dispersed in 5 mL of ethanol. MBGN powder underwent a gold-coating process using a sputtering technique (carbon coater MC1000, Hitachi, Japan). Transmission electron microscopy (TEM) (Talos L120C, Thermo Scientific, Czech Republic) was used to characterize the morphology and structure. Phase composition, both prior to and subsequent to immersion in SBF, was determined by X-ray diffraction (XRD) (XRD-6100, Shimadzu, Japan), using Cu Kα radiation in the 2θ range of 10°–80°. The step size and dwell time were set at 0.010° and 1°/min, respectively. Fourier transform infrared spectroscopy (FTIR) spectra were recorded on a Perkin Elmer 100 serial spectrophotometer equipped with universal attenuated total reflectance (ATR) in the range of 400–4000 cm-1 with a resolution of 4.0 cm-1. N2 adsorption-desorption measurements were performed using an ASAP2460 instrument (Micromeritics, United States). Prior to analysis, samples were subjected to vacuum outgassing at 150°C for 5 h. The Brunauer–Emmett–Teller (BET) method was used to determine the surface area, and the Barrett-Joyner-Halenda (BJH) method was employed to calculate the pore size. Solid Nuclear Magnetic Resonance (NMR; AVANCEIII/WB-400, Switzerland) was used for 29Si MAS NMR spectroscopy, and the degree of condensation (Dc) was calculated using the following formula:
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2.3 Bioactivity assays
MBGNs were immersed in SBF, and HA crystals formed on their surface at predetermined time points (Neščáková et al., 2019). SBF was prepared as described previously (KokuboT et al., 2006), and aliquots containing 75 mg of MBGNs were submerged in 50 mL of SBF. On days 3 and 7, scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD) were used to assess surface HA layer formation.
2.4 Ion-release profiling
MBGNs were soaked in SBF (1.5 mg/mL). On days 1, 3, and 7, the supernatants were collected, and concentrated HNO3 was added to ensure complete dissolution. Ion concentrations were measured using ICP-OES (ICPS-9000, Shimadzu, Japan) after appropriate dilutions.
2.5 Antibacterial assays
The spread-plate method was used as described previously (Ding et al., 2021). The detailed steps are provided in the Supplementary Material.
2.6 Preparation of MBGN extracts
Elution tests were performed according to the International Standard Organization (ISO 10993-5). Samples at 1, 5, and 10 mg/mL concentrations were immersed in α-minimum essential media (α-MEM) and shaken at 37°C for 24 h, then clarified at 1800 rpm for 10 min, and the supernatant was collected and sterilized through a 0.22 μm filter. The culture medium supplemented with the extract was obtained using this process.
2.7 Cell culture
Human bone marrow stromal cells (hBMSCs) and human umbilical vein endothelial cells (HUVECs) were acquired from the China Center for Type Culture Collection (Wuhan University) and maintained at 37°C in a humidified 5% CO2 atmosphere in α-MEM (Sigma). To evaluate the effects of MBGNs on cellular behavior, α-MEM was replaced with conditioned medium containing MBGN extracts.
2.8 Cell proliferation assay
Proliferation was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Cell Proliferation and Cytotoxicity Assay Kit (Beyotime, Shanghai, China) following the manufacturer’s protocol. The detailed steps are provided in the Supplementary Material.
2.9 Cell adhesion assays
The MBGNs were pressed into bioactive glass tablets (BGTs) (5 mm diameter, 2 mm thickness) using a bolt press and hydraulic die. Prior to cell seeding, BGTs were sterilized at 120°C for 1.5 h. The hBMSCs were seeded onto the BGTs in α-MEM at a density of 1×104 per well, followed by incubation under standard conditions (5% CO2 at 37°C) for 3 days. BGTs were washed with PBS, fixed with 2.5% glutaraldehyde in PBS for 2 h, and dehydrated in graded ethanol (50%, 70%, 90%, 95%, and 100%). Before the SEM observation, the dried BGTs were coated with a thin layer (approximately 10 nm) of gold via sputtering (Carboncoater MC1000, Hitachi, Japan) to make them conductive. The morphology of the attached cells on the surface was observed using SEM.
2.10 Osteogenic differentiation
Differentiation of hBMSCs was evaluated using alkaline phosphatase (ALP) staining, ALP activity detection, and alizarin red staining (ARS). ALP staining was performed as previously described (Wu et al., 2012) using an ALP staining kit (Beyotime, Shanghai, China). ALP activity was measured using an ALP Activity Assay Kit (Elabscience, Wuhan, China). ARS was performed using an osteoblast mineralized nodule staining kit (Beyotime, Shanghai, China). The detailed steps are provided in the Supplementary Material.
2.11 HUVEC angiogenesis
The effects of MBGN extracts on the angiogenic potential of HUVECs were assayed using tubule formation, wound healing, and transwell assays. The detailed steps are provided in the Supplementary Material.
2.12 Immunofluorescence
Cells were seeded on the glass slides in 12-well plates at a density of 1×105 per well and incubated in 5% CO2 at 37°C overnight. The culture medium was replaced with a medium containing MBGN extracts, and the cells were cultured for another 3 days. The cells were then washed with PBS, fixed with 4% paraformaldehyde for 10 min, and permeabilized with 0.2% Triton X-100 for 10 min. Cells were blocked with 3% BSA for 30 min, incubated with primary antibodies against OCN, VEGF, and F-actin (Abcam, Cambridge, United States), followed by incubation with conjugated secondary antibodies (red fluorescent dye for OCN and VEGF, green for F-actin), and counterstaining with DAPI. Cells were imaged using fluorescence microscopy, and fluorescence intensities were measured using ImageJ software.
2.13 Quantitative real-time polymerase chain reaction (qRT-PCR)
The expression of mRNAs encoding osteogenic [ALP, OCN, osteopontin (OPN), and runt-related transcription factor 2 (RUNX-2)] on days 1, 3, and 7, as well as angiogenic (hypoxia-inducible factor 1-alpha (HIF-1α), VEGF, and kinase insert domain receptor (KDR)) markers on days 3 and 7, were measured as previously described (Zhu D. et al., 2021). The primers used are listed in Supplementary Tables S2, S3.
2.14 Statistical analysis
All results are expressed as means ± standard deviation (SD). Statistical analysis was performed with a one-way analysis of variance (ANOVA) with a Tukey test as a post hoc test. Analyses were conducted using the SPSS software (version 20.0; SPSS Inc., United States). All experiments were repeated at least three times; p < 0.05 was considered statistically significant.
3 RESULTS
3.1 Characteristics of MBGNs
Photographs of MBGN powder are shown in Supplementary Figure S1. MBGNs and Li-MBGNs were white, whereas Co-MBGNs and Li-Co-MBGNs were light blue, likely because of d-d electronic transitions involving Co2+ ions ([Ar] 3d7), as described in a previous study (El-Fiqi and Kim, 2021).
The microstructures of the samples were assessed by SEM. As shown in Figures 1A, B; Figures 1E, F, the MBGNs and Li-MBGNs had spherical shapes, good dispersion, and sizes of 166 ± 15 nm and 127 ± 11 nm, respectively. As shown in Figures 1C, D; Figures 1G, H, Co-MBGNs and Li-Co-MBGNs tended to aggregate and had irregular spherical shapes with sizes of 142 ± 21 nm and 121 ± 19 nm, respectively. Our findings reveal that the addition of Li to MBGNs resulted in a smaller particle size, which we attribute to a more compact silicate network, consistent with previous findings (Xin et al., 2020). In contrast, the addition of Co promoted MBGN aggregation.
[image: Figure 1]FIGURE 1 | MBGN morphology and structure. (A–D) SEM images for uMBGNs (A), Li-MBGNs (B), Co-MBGNs (C), and Li-Co-MBGNs (D). (E–H) Size distributions measured from SEM images. Dynamic light scattering (DLS) spectra (I), Fourier-transform infrared spectroscopy (FTIR) spectra (J), and X-ray diffraction (XRD) patterns (K). (L–O) 29Si MAS NMR spectra of uMBGNs (L), Li-MBGNs (M), Co-MBGNs (N), and Li-Co-MBGNs (O).
DLS (Figure 1I; Supplementary Table S4) revealed that the Li-MBGNs were smaller than MBGNs, with sizes larger than those measured by SEM because of the silica-rich gel layer on the surface in contact with the solution (37). The sizes of the Co-MBGN and Li-Co-MBGN aggregates were 592 ± 9 nm and 454 ± 8 nm, respectively, indicating that ultrasound could disperse the aggregates.
The ζ-potentials of MBGNs, Li-MBGN, Co-MBGN, and Li-Co-MBGN were −31.5, −29.2, −24.2, and −23.8 mV, respectively (Supplementary Table S4). It has been reported that ζ-potential above ±30 mV prevent the aggregation of nanoparticles by repulsion, thereby increasing suspension stability (Luz and Mano, 2013; Vale et al., 2019). This is consistent with the good dispersion observed using SEM.
The chemical structures were examined by FTIR spectroscopy (Figure 1J). All four MBGNs showed typical absorption bands for bioactive glass, including asymmetric Si–O–Si stretching vibrations at 1000–1250 cm−1, Si–O–Si bending vibrations at 800 cm−1, and Si–O–Si rocking vibrations at 450 cm−1, indicating the formation of silicate networks (Barrioni et al., 2018). The absorption bands at 890 and 975 cm−1 correspond to the non-bridging oxygen of the SiO4 tetrahedral structures, indicating that the metal cations act as network modifiers. We attribute the absorption bands at 1160 cm−1 and 500–600 cm−1 to the symmetric stretching and bending of P-O, respectively (Barrioni et al., 2018). The XRD spectra (Figure 1K) revealed the phase compositions of the four MBGNs. A broad peak over 15°–34° (2θ) with no major crystal peaks in any of the MBGNs indicated that they were amorphous and well-dispersed without the formation of metal and metal oxide nanoparticles.
The degree of polymerization and network connectivity of the silica network in BGs, which are related to both solubility and in vitro bioactivity, are primarily determined by Qn species, where n is the number of bridging oxygen atoms and ranges from 0 to 4 (Zhang et al., 2022a). To investigate the species in MBGNs, 29Si MAS NMR was performed (Figures 1L–O); the resulting spectra were deconvoluted into three component curves around −110 ppm for Q4, −100 ppm for Q3, and -91 ppm for Q2 (Leonova et al., 2008; Eckert, 2018; Zhang et al., 2022a; Zhang et al., 2022b). The chemical shifts and relative fractions of the Qn species are listed in Supplementary Table S5. All MBGNs contained Q4 and Q3 species as the primary components, whereas Q2 species were only detected in Co-MBGNs. Compared to uMBGNs, Li-MBGNs had a slightly lower abundance of Q4 species, whereas that of Co-MBGNs and Li-Co-MBGNs significantly decreased. Network connectivity was inversely proportional to the Q4 variation, indicating that Li and Co reduced both the polymerization and network connectivity of the silicate network. These results suggest that Li and Co in the MBGNs may act as network modifiers.
The hollow mesoporous structure of MBGNs provided a large, specific surface area to facilitate ion release and enhance bioactivity. The texture of MBGN was assessed using TEM and N2 adsorption-desorption. TEM (Figures 2A–H) showed that all samples had mesoporous structures. N2 adsorption-desorption (Figures 2I–L) showed that all MBGNs exhibited type IV isotherms associated with the mesoporous structure defined by the International Union of Pure and Applied Chemistry (IUPAC) (Brunauer et al., 1940; Zheng et al., 2020). The surface areas, mesopore volumes, and mesopore sizes are listed in Supplementary Table S6. The pore sizes ranged from 37 to 42 Å, which matched the definition of mesoporous structures and were consistent with previous studies that used CTAB as a template (Hu et al., 2014; Wang and Li, 2016). The average pore size of uMBGNs was slightly larger than that of the other three types. Although the surface area was affected by the pore size, shape, arrangement, and nanoparticle shape and size and varied as a function of composition, all samples maintained a high surface area (>600 m2/g). These results suggest that the incorporation of Li and/or Co into the MBGNs only slightly affected their surface area and structure.
[image: Figure 2]FIGURE 2 | MBGN textures. (A–H) TEM images. (I–L) N2 adsorption-desorption isotherms and size distributions.
3.2 MBGN bioactivity
It has been reported that MBGNs induce surface HA formation when immersed in SBF (KokuboT et al., 2006; Zheng et al., 2015). Therefore, we measured the effects of Li and Co doping on bioactivity using SEM, FTIR spectroscopy, and XRD.
Using SEM (Figure 3A), globular agglomerates were observed in all samples after 3 days of immersion in SBF. However, only the uMBGNs and Li-MBGNs were typical needle-like HA crystals with a length of 100 nm and width of 10 nm present around the nanoparticles. After 7 d, needle-like crystals were observed in all types, forming cauliflower-like structures in the uMBGNs and Li-MBGNs. These results suggest that c-MBGNs and Li-MBGNs have significantly faster HA formation rates than Co-MBGNs and Li-Co-MBGNs.
[image: Figure 3]FIGURE 3 | MBGN bioactivity. (A) SEM images after immersion in SBF for 3 and 7 days. FTIR spectra (B) and XRD patterns (C) after immersion in SBF for 3 days. FTIR spectra (D) and XRD patterns (E) after immersion in SBF for 7 days.
FTIR spectroscopy was performed to characterize mineralization in the SBF. As shown in Figures 3B, D, bands at 570 cm−1 and 603 cm−1 corresponded to P–O bending, and bands at 1455 cm−1 and 870 cm−1 corresponded to C–O stretching, indicating surface HA formation (Moghanian et al., 2017). In contrast to c-MBGNs and Li-MBGNs, Co-MBGNs and Li-Co-MBGNs showed relatively lower intensities for these bands, which increased with longer immersion times for all four types.
XRD (Figures 3C, E) showed that the characteristic peaks assigned to the (002) and (211) planes could be identified at 25.9° and 31.8°, respectively, with increasing intensities as a function of the immersion time. The (310), (222), (213), and (004) planes were observed at 39.8°, 46.7°, 49.5°, and 53.1°, respectively. Although no obvious differences were observed between the Co-MBGNs and Li-Co-MBGNs, the peaks at 25.9° and 31.8° identified for the c-MBGNs and Li-MBGNs were stronger.
3.3 Ion release
The release kinetics of multiple ions in SBF were evaluated using ICP-OES. As shown in Figure 4A, all groups exhibited an initial burst release of Si4+ within the first day, followed by a relatively stable and slow release from days 3–14. The amount of Si4+ released from uMBGNs was higher than that released from Li- and Co-doped BGNs, which is consistent with the data for Li-doped BGs reported by Khorami et al. (2011) and Co-doped BGs reported by El-Fiqi et al. (El-Fiqi and Kim, 2021). As shown in Figure 4B, all MBGNs displayed a rapid release of Ca2+ within 1 d, with uMBGNs releasing more than the other groups. This could be attributed to the fact that Li+ and Co2+, as dopants, enhance glass stability and partially replace Ca2+. Subsequently, Ca2+ release decreased gradually owing to its consumption during HA formation. Although Li and Co co-doping reduced the Ca2+ release, the desired level was still achieved with longer treatment times (Figures 4C, D). The release profiles of Co2+ and Li+ were similar, following a sustained pattern. Moreover, neither Li nor Co co-doping affected the Li+ and Co2+ release kinetics, endowing them with favorable biological properties. These results suggest that Li-Co-MBGNs have the potential for bone tissue engineering applications.
[image: Figure 4]FIGURE 4 | Ion release. (A–D) Release profiles of Si (SiO44-) (A), Ca (Ca2+) (B), Li (li+) (C), Co (Co2+) (D), determined by optical emission spectroscopy with inductively coupled plasma (ICP-OES), after MBGN immersion in SBF for 1, 3, and 7 days. Data shown are mean ± SD (n = 3).
3.4 Antibacterial activity
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), as representatives of Gram-negative and -positive bacteria, respectively, were chosen because they are common causes of bone infections. As shown in Figure 5, both E. coli and S. aureus grew well in the control, uMBGNs-, and Li-MBGN-treated conditions. In contrast, the growth of both species was markedly reduced when incubated with Co-MBGNs or Li-Co-MBGNs, suggesting that Co inhibited bacterial proliferation and that the incorporation of Li did not have antibacterial efficacy.
[image: Figure 5]FIGURE 5 | MBGN antibacterial activity. (A) Culture plates of S. aureus and E. coli after exposure to diverse samples. (B, C) Fractional survival of E. coli (B) and S. aureus (C) after 24-h culture. Data shown are mean ± SD (n = 3). *p < 0.05, significant with respect to control; #p < 0.05, significant with respect to uMBGNs.
3.5 Biocompatibility
To assess the effect of MBGN extracts on cell behavior, we performed 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), alkaline phosphatase (ALP), and cell adhesion assays on cultured BMSCs. In the MTT assay (Figures 6A–C), on day 1, no significant differences in cell proliferation were observed among the MBGN types at all concentrations of MBGN extracts. The cell viability of the uMBGNs was slightly lower than that of the controls, as the extract concentration increased, the inhibitory effect became more evident. In comparison to uMBGNs, the proliferation of Li-MBGNs was significantly increased, particularly at a concentration of 5 mg/mL. Notably, the proliferation rate of Li-MBGNs even exceeded that of the control group on days 3 and 5. On the contrary, Co-MBGNs exhibited a notable inhibition of proliferation. This inhibitory effect became increasingly evident on day 5, and as the concentration increased, the suppressive impact intensified. Intriguingly, the co-doping of Li and Co showed a compensatory effect, particularly mitigating the inhibitory impact of Co-MBGNs on the cell viability. Remarkably, at a concentration of 5 mg/mL, the cell viability even exceeded that of the uMBGNs group on days 3 and 5. ALP activity (Supplementary Figure S2) increased in a time-dependent manner for all MBGN types, with Li-Co-MBGNs at each time point being higher than that of MBGNs, demonstrating that the co-incorporation of Li and Co promotes functional BMSC differentiation.
[image: Figure 6]FIGURE 6 | The MTT assay results of BMSCs cultured in α-MEM containing extracts of MBGNs at concentrations of 1 mg/mL (A), 5 mg/mL (B) and 10 mg/mL (C), respectively. (D) The images of the morphology of BMSCs attached to the different MBGN tablets. Data shown are mean ± SD (n = 3). * (p < 0.05) significant difference with respect to the control; # (p < 0.05) significant difference with respect to the uMBGNs.
As the attachment and expansion of cells on a material surface are regarded as important indicators of biocompatibility, we observed BMSCs on the surface of MBGN tablets (MBGNTs) using SEM to verify their adhesion and spreading (Figure 6D). After 3 days of incubation, the BMSCs adhered to the surface of the tablets and exhibited a well-spread morphology with numerous filopodia, indicating compatibility.
3.6 MBGN effects on osteogenic potential
Immunofluorescence was used to visualize osteocalcin (OCN) expression in the BMSCs exposed to MBGN extracts. As shown in Figures 7A, D, the red fluorescence intensity of uMBGNs and Co-MBGNs was slightly higher than that in control cells, whereas it markedly increased with Li-MBGNs and Li-Co-MBGNs, indicating that Li doping significantly enhanced osteogenic differentiation. ALP activity is a well-established marker of early osteogenesis, and in vitro mineralization is a key indicator of the late-stage osteogenic differentiation of BMSCs. ALP staining (Figures 7B,E) revealed that BMSCs exposed to Li-MBGN and Li-Co-MBGN extracts exhibited more ALP-positive areas and higher intensity; semi-quantitative analysis showed that the integral density (ID) values for Li-Co-MBGNs were approximately 2.5 times higher than those of the controls. Similarly, ARS staining demonstrated that Li doping (Li-MBGNs and Li-Co-MBGNs) enhanced BMSC mineralization (Figures 7C,F). The expression of genes encoding the osteogenesis markers ALP, OCN, OPN, and Runx2 increased over time in all types ((Supplementary Figure S3). Li-MBGN and Li-Co-MBGN substantially increased the expression of these genes compared with the other types on day 7, suggesting that incorporating Li promotes osteogenic differentiation.
[image: Figure 7]FIGURE 7 | MBGN osteogenicity. Immunofluorescence staining for OCN (A), ALP staining (B), and Alizarin staining (C) of BMSCs cultured in α-MEM supplemented with MBGN extracts. (D–F) Integral density (ID) quantification of immunofluorescence (D), ALP staining (E), and Alizarin staining (F). Data shown are mean ± SD (n = 3). *p < 0.05, significant with respect to control; #p < 0.05, significant with respect to uMBGNs.
3.7 MBGNs increase angiogenesis
To examine the in vitro pro-angiogenic effects of MBGNs, we performed wound healing, Transwell, and tube formation assays using HUVECs (Liu et al., 2019). During wound healing (Figure 8A), scratches of the same initial width were made, and the HUVECs gradually migrated from the edge to the center of the wound area over time. After 24 h, the residual scratch width was widest in the control, followed by uMBGNs, Li-MBGNs, Co-MBGNs, and Li-Co-MBGNs, with migration ratios 1.5-, 1.7-, 1.8, and 2.0 times higher than that of the control, respectively (Figure 8E), indicating that Li and Co doping promoted HUVEC migration, with a more pronounced effect observed with their combination. Similar results were obtained in the Transwell assays (Figures 8B,F). More HUVECs migrated through the membrane with Li-MBGNs, Co-MBGNs, and Li-Co-MBGNs than with the control and uMBGNs. Tube formation assays (Figures 8C,G) showed that Co-MBGNs and Li-Co-MBGNs promoted more cell-cell junctions than the other three conditions, especially Li-Co-MBGNs.
[image: Figure 8]FIGURE 8 | MBGNs promote angiogenic properties in wound healing (A), Transwell migration (B), tube formation (C) and VEGF immunofluorescence (D) assays on HUVECs cultured in α-MEM supplemented with MBGN extracts. (E–H) Quantification of Transwell I, tube formation (F), immunofluorescence (G), and wound-healing (H) assays. Data shown are mean ± SD (n = 3). *p < 0.05, significant with respect to control; #p < 0.05, significant with respect to uMBGN.s.
VEGF expression (Figure 8D) was increased by Co-MBGNs and Li-Co-MBGNs over the other three conditions, with an ID value for Li-Co-MBGNs nearly six times higher than that for c-MBGNs (Figure 8H), suggesting that Co doping endowed MBGNs with a significant angiogenic capacity. Finally, qRT-PCR was conducted to measure the expression of genes encoding the angiogenesis markers HIF-1α, VEGF, and KDR after incubation with MBGNs. As shown in (Supplementary Figure S4, the mRNA levels of KDR and VEGF with Co-MBGNs and Li-Co-MBGNs were significantly higher than those in the other conditions on days 3 and 7; however, there was no significant difference in HIF-1α between the control and experimental groups. In conclusion, Li incorporation slightly increased the expression of angiogenesis markers with or without Co incorporation.
4 DISCUSSION
Bone regeneration is a complex process involving multifaceted biological events, including inflammation, osteogenesis, angiogenesis, and peripheral nerve regeneration (Zhu G. et al., 2021). A promising strategy for bone regeneration is to modulate these events through multiple bioactive components such as genes, drugs, and ions, which elicit specific cellular responses and improve biomaterial performance. However, optimal selection and delivery of these components for bone tissue engineering remain challenging. These effects vary depending on the cell type and stage of bone healing. Flexible and effective approaches are required to spatiotemporally control these events. Bioactive glass (BG) has gained increasing attention because of its biocompatibility, biodegradability, bioactivity, and osteoconductivity. However, their osteoinductive and angiogenic properties are inadequate to fulfill the requirements of bone regeneration. In this study, multifunctional biomaterials were developed by doping MBGNs with Li and Co, based on their advantageous biological properties.
The differences in composition lead to differences in silicate network structure, leading to variations in the biological activity, and ion release of MBGNs (Brauer, 2015). The 29Si MAS NMR results showed that the incorporation of Li and Co significantly decreased the degree of polymerization and network connectivity of the silicate network of the MBGNs. However, the FTIR spectra showed no significant differences among the four types of MBGNs, which was in agreement with previous studies (Kargozar et al., 2016; El-Fiqi and Kim, 2021; Simila and Boccaccini, 2023). It is possible that Ca2+, Li+, and part of the Co2+ exist in the silicate network as modifiers, which are ionically linked to nonbridging oxygen atoms, and it is not easy for FTIR to detect the ionic bonds. Some Co2+ exists as a network constituent, but it is difficult to detect because of its low content. In addition, the absorption bands of the Ca-O, Li-O, and Co-O stretching vibrations, mainly ranging from 450 to 660 cm-1, were readily obscured by Si-O-Si in the silicate network.
In this study, Li-MBGNs were smaller than uMBGNs, consistent with the results of a previous study (Simila and Boccaccini, 2023); however, explanations for this were not provided. The incorporation of Co2+ results in nanoparticle agglomeration. Given that Co2+ has a smaller radius and higher field strength than Ca2+, it is easier to adsorb onto the surface of MBGNs. We assumed that the substitution of Ca2+ by Co2+ increased the metal cation content in the silicate network, which in turn counteracted the negative surface charge of the MBGNs and increased their tendency to agglomerate, as evidenced by the ζ-potential results. However, the agglomerations were ultrasonically dispersed to the nanoscale, as demonstrated by the SEM images and DLS results. This has little effect on their application as inorganic nanoparticle additives in biological composite materials.
The ion release and bioactivity of MBGNs are associated with component and silicate network connectivity (Brauer, 2015). The incorporation of Co2+ decreased the silicate network connectivity, as evidenced by 29Si MAS NMR, which has a positive effect on ion release and HA formation. In this study, the incorporation of Li+ and Co2+ slowed Ca2+ release, and Co2+ delayed HA formation on the surface of the MBGNs. This slowness and delay have also been observed in previous studies (Azevedo et al., 2010; Kargozar et al., 2016; Barrioni et al., 2018; El-Fiqi and Kim, 2021; Simila and Boccaccini, 2023). Brauer et al. explained that the substitution of Ca2+ by Co2+ led to a decrease in Ca2+ content, resulting in lower Ca2+ release and a delay in HA formation (Azevedo et al., 2010). Additionally, given that Co2+ has a smaller radius than Ca2+, the incorporation of Co2+ compacted the silicate network compared to pure MBGNs, slowing the penetration of water molecules, and subsequently resulting in decreased Ca2+ release and delayed HA formation.
Unlike the cell assay, the anti-bacterial assay was performed using the spread plate technique, in which bacteria were cultured on solid media. This has a greater resemblance to the application scenario of MBGNs. Therefore, an anti-bacterial assay was conducted using a direct contact method. These findings indicate that the anti-bacterial effects of Co-MBGNs and Li-Co-MBGNs were primarily attributed to the presence of Co2+ ions. Previous studies have shown that the presence of Co in silicate microspheres, montmorillonite, hydroxyapatite, and oxide ceramics results in excellent antibacterial activity (Talebian and Zare, 2014; Boldbaatar et al., 2019; Shi et al., 2019; Bhattacharjee et al., 2020; Yang S. et al., 2022), which agrees with our results. According to Barras et al., Co exerts antibacterial effects primarily by interfering with iron homeostasis via its interaction with Fe-S clusters, which are essential cofactors for DNA repair and respiration (Barras and Fontecave, 2011; Raja et al., 2023).
Biocompatibility is an indispensable prerequisite for the successful clinical application of biomaterials, and its application scenarios determine evaluation methods. MBGNs primarily serve as versatile building blocks and are commonly incorporated into composite biomaterials such as 3D printed scaffolds and composite hydrogels (Vallet-Regi and Salinas, 2021). In these cases, direct contact between MBGNs and cells is difficult, and the biological effects of MBGNs are predominantly attributed to the dissolution products and leachates they generate. Consequently, similar to previous research (Yang X. et al., 2022), an extraction-based approach is an appropriate choice for the biological evaluation of MBGNs. In addition, MBGNs are also used in orthopedic implant coatings, where direct cell adhesion occurs on their surfaces. The surface structure of MBGNs can also affect cell behavior; therefore, cell adhesion and morphology were also evaluated on the surfaces of the MBGN tablets.
Compared to the control, the uMBGN extracts exhibited a reduction in cell viability, consistent with findings from previous investigations (Bejarano et al., 2015; Westhauser et al., 2021b; Moghanian et al., 2021). This phenomenon can be attributed to the elevated pH levels in the medium resulting from the release of cations derived from MBGNs (Bejarano et al., 2015). Notably, the introduction of Li+ significantly enhanced cell viability compared to uMBGNs, as demonstrated by previous studies (Khorami et al., 2011; Liu et al., 2019). This effect can be elucidated by the activation of the Wnt canonical signaling pathway mediated by Li+ (Liu et al., 2019). The incorporation of Co2+ exhibited a reduction in cell proliferation, particularly at a high concentration. Similar cytotoxicity, in a dose-dependent manner, could been found in previous studies (Wu et al., 2012; Solanki et al., 2021). In addition, Co2+ exhibited cytotoxicity also in a time-dependent manner (Fleury et al., 2006; Ahamed et al., 2016). Those were considered to be associated with the reactive oxygen species (ROS), apoptosis and DNA damage induced by Co2+ (Song et al., 2012; Alarifi et al., 2013; Ahamed et al., 2016). Intriguingly, the augmenting influence of Li+ was observed to offset the diminishing effect caused by Co2+ in the cell viability to some extent, as evidenced by the higher cell viability observed in Li-Co-MBGNs compared to Co-MBGNs.
Previous studies demonstrated that Li in the cytoplasm inhibits glycogen synthase kinase-3β (GSK-3β), which phosphorylates β-catenin and promotes its degradation via ubiquitination (Han et al., 2012; Han et al., 2014). With increased cytoplasmic content, β-catenin moves to the nucleus and activates a series of proliferation- and osteogenesis-related genes (Yuan et al., 2019). Based on these phenomena, lithium has been widely used as an osteogenic stimulant in biological tissue engineering and has been incorporated into multiple biomaterials for the regeneration and repair of bone defects, including bioactive scaffolds (Han et al., 2012; Wu et al., 2014), β-tricalcium phosphate (Yuan et al., 2019), and bioceramic scaffolds (Shi et al., 2015). We observed that the incorporation of Li into MBGNs significantly enhanced the osteogenic differentiation of BMSCs and upregulated the expression of osteogenesis-related genes, which is in agreement with the results of previous studies. Although there was no significant improvement in osteogenesis mediated by Co-MBGNs, it should be noted that we observed a potential for it to enhance osteogenesis in the form of a slight increase in the expression of osteogenesis markers.
Cobalt can induce a cytoplasmic hypoxic cascade, and its incorporation into biomaterials can improve their angiogenic potential. A previous study revealed that cobalt stabilizes HIF-1α in the cytoplasm by inhibiting its interaction with the von Hippel-Lindau protein, promoting the rapid degradation of HIF-1α via ubiquitination (Yuan et al., 2003). Following its stabilization and concentration in the cytoplasm, HIF-1α is shuttled into the nucleus, combines with HIF-1β to form HIF-1, and activates the transcription of genes related to angiogenesis and tissue regeneration (Yuan et al., 2003). This study showed that Co-MBGNs and Li-Co-MBGNs induced increased expression of angiogenesis-related genes, such as VEGF and KDR, compared to MBGNs, indicating that Co is an attractive dopant, which is consistent with many studies in the literature (Wu et al., 2012; Laia et al., 2021; Yang S. et al., 2022). Moreover, a large body of literature suggests that Si and Li ions released from biomaterials promote angiogenesis (Hedgepeth et al., 1997; Liu et al., 2019). Lidoping enhanced VEGF expression; however, this enhancement was not significantly greater than that induced by Co doping.
This study has some limitations that should be acknowledged. First, we measured the ion release by Li-Co-MBGNs, but we did not precisely quantify their composition, which may have affected the accuracy and reproducibility of our results. Second, we only performed in vitro osteogenic and angiogenic experiments without in vivo experiments to validate our findings. As a result, the biocompatibility and bioactivity of Li-Co-MBGNs in animal models and humans remain unknown. Thirdly, we did not evaluate the potential of Li-Co-MBGNs for drug delivery by performing drug loading and release experiments. Future studies should address these limitations to better understand the mechanisms and applications of Li-Co-MBGNs in bone tissue engineering.
5 CONCLUSION
In this study, Li-Co-MBGNs were synthesized using a sol-gel method with CTAB as a template agent based on the SiO2-CaO-P2O5 system. They exhibited irregular spherical shapes with a mean size of 121 ± 19 nm. The nanoparticles tended to aggregate, but the aggregates were dispersed into nanoscale pieces. The incorporation of Li and Co did not influence the amorphous structure and textural properties of the BGNs but resulted in a mesoporous structure and a high specific surface area. The co-incorporation of Li and Co delayed the formation of HA and did not negatively affect the sustained release kinetics of the therapeutic ions. The addition of Co endowed the MBGNs with significant antibacterial properties against S. aureus and E. coli. At optimal concentrations, Li-Co-MBGNs did not show obvious cytotoxicity towards BMSCs and HUVECs and presented excellent pro-osteogenic differentiation ability in BMSCs and pro-angiogenesis ability in HUVECs. Future research should focus on the role of Li-Co-MBGNs as nanofillers in composite biomaterials such as 3D printing inks and injectable hydrogels for applications in bone tissue engineering. Overall, Li-Co-MBGNs have great potential as biomaterials in bone tissue engineering.
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Introduction: An ideal bone repair scaffold should have dual functions of osteoinductive ability and in vivo imaging. In this study, the simultaneous substitution of silicon (Si) and gadolinium (Gd) in hydroxyapatite (HA) as potential multifunctional bone graft materials has been successfully developed.
Methods: A series of HA nanoparticles (HA NPs) doped with different proportions of Si and Gd were prepared. The chemical structure and phase composition of the materials were analyzed using Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD). The microstructure, magnetic properties, surface potential, and cytotoxicity of the materials were also analyzed. The magnetic resonance imaging (MRI) effect of Gd&Si-HA/poly(lactic-co-glycolic acid) (Gd&Si-HA/PLGA) composite materials was evaluated. Osteogenic-related gene expression, alkaline phosphatase (ALP) level, and mineralization capacity of MC3T3-E1 cultured on Gd&Si-HA/PLGA composite materials were also detected.
Results and Discussion: The 1.5Gd&Si-HA@PLGA group showed good ability to promote osteogenic differentiation of cells. The MRI effect of the 1.5Gd&Si-HA@PLGA scaffold was observable. This HA material containing Si and Gd co-doping has a broad application prospect in the field of bone tissue engineering owing to its ability to enhance osteoinductive property and improve MRI effect.
Keywords: osteoinductive, magnetic resonance imaging, silicon, gadolinium, co-doping, bone repair
1 INTRODUCTION
In recent years, degradable polyester materials and calcium phosphate-based bioceramic composites have been developed and applied as bone repair materials (He et al., 2023; Li et al., 2023; Qian et al., 2023). Calcium phosphate-based bioceramic materials mainly include hydroxyapatite (HA) and beta-tricalcium phosphate (β-TCP). However, after implantation, the degradation rate of implants cannot be accurately and effectively monitored by computed tomography (CT) and digital radiography, and the osteogenic activity of implant materials is still far from the demand of clinical requirements.
HA is a type of calcium phosphate-based bioceramic material that is chemically similar to the inorganic components of bone and teeth. HA has high bioactivity and biocompatibility and can be combined with degradable polyester materials (such as polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), and polycaprolactone (PCL)) to synthesize nanocomposites, which are a promising implant material for bone repair (Sadeghi et al., 2022; Wei et al., 2022; Xu et al., 2022). However, the bone repair composite containing HA has only bone conductivity but no bone induction ability. Such implants cannot be detected by magnetic resonance imaging (MRI).
The lanthanum (Ln) series of rare earth elements have ionic radii similar to Ca2+, and these elements exhibit remarkable optical, electrical, magnetic, and biological activities. Among them, gadolinium (Gd) is the most widely used Ln rare earth element in clinical practice. Its 4f layer has the highest number of unpaired electrons in parallel orbits, and the spin relaxation time of Gd3+ can match the Larmor frequency of protons under a suitable magnetic field. Therefore, the Gd chelate (gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA)) is currently used as an MRI contrast agent in clinics (Chen et al., 2023). However, the instability of Gd chelates in vivo easily causes toxicity, so the search for a new type of safe and non-toxic MRI contrast agent has become a research hotspot in recent years. In addition, Gd chelates have strong water solubility and cannot be stably combined with hydrophobic degradable polyester materials. The resulting complex is limited in developing effects due to the hydrophobicity of the matrix. Therefore, it is urgent to develop safe, non-toxic MRI contrast agent materials containing Gd particles to meet the requirements of MRI and biosafety. Huang et al. (2016) combined gadolinium phosphate monohydrate (GdPO4.H2O) with HA and PLGA to obtain a novel composite material that could be imaged by MRI, but its osteogenic induction ability was insufficient.
The molecular structure of HA can accept many ion substitutions, which contributes to its new properties. Many studies have investigated the substitution of exogenous ions for HA to improve its physicochemical, functional, and biological properties in vitro or in vivo (Gene et al., 2018a; Gene et al., 2018b; Geng et al., 2021a; Geng et al., 2021b). Ln rare earth elements can replace Ca2+ ions in HA molecules, thus contributing to their HA photoelectromagnetic and other physical properties and biological activities. In particular, the introduction of Gd3+ ions as dopants is expected to enable the MRI developing properties of the composites (Chen et al., 2011).
The concentration of silicon (Si) in human plasma is 2–10 μM. Carlis and Milne reported that a lack of Si in chickens and rats will lead to bone deformation and cartilage tissue defects, which suggests that Si plays an important role in bone and cartilage metabolism and can promote the matrix synthesis of bone and cartilage (Carlisle, 1972; Schwarz and Milne, 1972). Many studies have been conducted on the influence of trace elements on bone, and it has been found that Si is related to bone calcification. The formation of acid phosphatase and alkaline phosphatase in bone metabolism and bone formation in mice with sufficient Si is higher than that in mice with insufficient Si. A dietary supplement of Si can increase the absorption of Ca in the femur (Seaborn and Nielsen, 1994). As expected, Si-HA-based materials exhibit enhanced bone apposition, bone in-growth, and cell-mediated degradation compared to stoichiometric HA controls. The phase composition of the materials is highly dependent on the Ca/(P + Si) and Ca/P ratio of the system, the level of Si addition, and the method of introducing Si to the calcium apatite (Pietak et al., 2007). Based on the changes in lattice parameters with Si inclusion and considerations of atomic radii, the simplest model of incorporation is that Si-HA accepts substitutions of SiO44- for PO43- groups. To avoid a large cost in energy, local charge neutrality is mandated, and this requires some other defects to be associated with PO43- to compensate for the charge deficit and caused doping dose limitation (Patel et al., 2002). Therefore, reducing charge compensation to increase Si doping dose may be an effective strategy for improving the biological activity of HA-based materials.
In this study, Gd&Si-HA nanoparticles (NPs) were prepared using the anion–cation co-doping method (Gd3+ replaces Ca2+; SiO44− replaces PO33−) to address the shortcomings of calcium phosphate-based bioceramics for bone repair. PLGA and HA with different Gd and Si contents were prepared to yield composite bone repair materials, and their MRI ability was detected. Cell viability was used to assess the biocompatibility of each group of materials. The osteogenic differentiation of different groups of materials was evaluated by analyzing the expression level of osteogenic-related genes, immunofluorescence, alkaline phosphatase (ALP) activity, and calcium deposition.
2 MATERIALS AND METHODS
2.1 Materials
Ca(NO3)2, (NH4)2HPO3, Gd(NO3)3, TEOS, and Si(OC4H9)4 were purchased from Sinopharm Chemical Reagent Co., Ltd. PLGA (GA:LA = 75:25; molecular weight = 8 Da) were purchased from Zhongkekangdi Technology Co., Ltd.
2.2 Preparation of Gd&Si-HA NPs using the hydrothermal method
HA doped with different proportions of Si and Gd was synthesized using the hydrothermal method. Gd(NO3)3·6H2O, Ca(NO3)2·4H2O, (NH4)2HPO4, and Si(OCH2CH3) (TEOS) were used as sources of Gd, Ca, P, and Si, respectively. The amounts of reagents used in the hydrothermal reaction are shown in Supplementary Table S1. The reaction mixture was stirred in a water bath at 60°C, and pH was maintained at 10 by adding 25% ammonium solution. The reaction lasted for 1 h. Next, the reaction mixture was transferred into polytetrafluoroethylene vessels and sealed in a stainless steel autoclave, followed by hydrothermal treatment at 180°C for 12 h. After the hydrothermal reaction, the reaction systems were cooled to room temperature, and the Gd&Si-HA NPs doped with different proportions of Si and Gd were obtained. The Gd&Si-HA NPs were then separated by centrifugation (10,000 rpm, 10 min), washed several times with ethanol and deionized water, and subsequently dried at 120°C for 24 h.
2.3 Material characterization
Scanning electron microscopy (SEM) (ZEISS Gemini 2, Germany), X-ray diffraction (XRD) (Bruker D8 ADVANCE, Germany), and Fourier-transform infrared (FTIR) spectroscopy (Bruker INVENIO-R, Germany) were used to characterize the morphology and chemical composition of the prepared samples. The zeta potential of the prepared samples was measured by dynamic light scattering (DLS) (Zetasizer Nano ZS90, Malvern Instruments, United Kingdom). The magnetic properties of the prepared samples were characterized using a vibrating sample magnetometer (VSM; Quantum Design-MPMS-XL7).
2.4 Protein adsorption capacity
Different concentrations of lysozyme (LYS) and bovine serum albumin (BSA) were used to detect the protein adsorption capacity of different groups of materials. Here, 10 mg of the materials was added to 0.5, 1.0, 1.5, and 2.0 mg/mL LYS and BSA–phosphate-buffered solution (PBS), respectively. A 10-mL centrifuge tube containing nanoparticles and proteins was then incubated at 150 rpm at 37°C for 12 h. After protein adsorption, the sample was centrifuged for 10 min at 4°C at 13,000 rpm, and the protein content in the supernatant was determined using the BCA protein quantitative kit (Solarbio, China). The total protein minus the total protein in the supernatant equals the amount of protein adsorbed by different materials.
2.5 Cytotoxicity
High-glucose DMEM containing 10% fetal bovine serum (FBS) was used to extract different groups of materials (200 mg/mL) at 37°C for 72 h, and then the samples were centrifuged at 13,000 rpm at 4°C for 10 min to obtain extracts. MC3T3-E1 cells were implanted in 96-well cell culture plates at a density of 5 × 103/mL. The material extracts were diluted to 2, 4, 6, 8, and 16 times and then added to the cells. The group without the added extract was set as the control group. After 24 h of culture, the medium was replaced with 10% CCK-8 (Beyotime, China) and incubated for 2 h. The OD450 value was measured using a plate reader (Tecan M200, Switzerland). The cell proliferation rate was calculated using Eq. 1. Finally, the cells were stained using a live and dead cell staining kit (Beyotime, China).
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Here, ODs represents the OD450 value of the sample and ODc represents the OD450 value of the control group.
2.6 Preparation of Gd&Si-HA/PLGA composite materials
Gd&Si-HA NPs of different weights were added to 10 mL N-methylpyrrolidone (NMP), and the ultrasonic dispersion of the NPs was uniform. A measure of 1.6 g PLGA was added to the above solution and stirred until PLGA was completely dissolved. Then, the solution was poured on the surface of the glass slide, and the glass slide coated with the Gd&Si-HA/PLGA composite was soaked in water for solvent replacement. Finally, the Gd&Si-HA/PLGA composite film was prepared for subsequent experiments. The other part of the Gd&Si-HA/PLGA solution was taken in a 2-mL syringe and withdrawn in water for solvent replacement to prepare a scaffold for the MRI experiment in vitro.
2.7 In vitro MRI
Gd&Si-HA/PLGA composite scaffolds with Gd molar concentrations of 0.19, 0.38, 0.75, and 1.5 mM were prepared using 1.5Gd&Si-HA and 0.8Gd&Si-HA NPs for the measurement of MRI effect. The content of 1.5Gd&Si-HA, 0.8Gd&Si-HA NPs, and PLGA in 2 cm3 of different Gd&Si-HA/PLGA composite scaffolds is shown in Supplementary Table S2. The material was dissolved with NMP solution and then added to the aqueous solution using a 2-mL syringe for solvent displacement to prepare the scaffold. The HA/PLGA scaffold was used as the negative control. The MRI effect of the scaffold was measured using a 1.2 T MRI scanner (HT-MRSI50-50KY, Shanghai, China).
2.8 Osteogenic differentiation ability
MC3T3-E1 cells were implanted on the glass slide coated with the Gd&Si-HA/PLGA composite at a density of 1 × 104 cells. Half of the cells were stimulated by a static magnetic field of 80 mT, and the other half were not stimulated by the magnetic field. After 4 days of culture, the total RNA was extracted, cDNA was synthesized using a reverse transcription kit (Takara, Japan), and collagen I (COL-I), osteocalcin (OCN), runt-related transcription factor 2 (Runx2), and bone morphogenetic protein-2 (BMP-2) were detected using real-time PCR. The gene primers are shown in Supplementary Table S3. COL-I expressed by cells was stained using immunofluorescence staining. After 7 days of culture, ALP expressed by cells was stained using a kit (Beyotime, China). After 14 days of culture, the cells were stained for calcium deposits using Alizarin Red staining kits (Beyotime, China). The S and N elements were observed by EDS mapping (ZEISS, Germany) after 14 days of cell culture.
2.9 Statistical analysis
The results of the analysis were represented as mean ± standard deviation. The test for the significant difference was performed using Student’s t-test in OriginPro 8.5.1 (OriginLab Corp., United States). The tests were performed at a p < 0.05 level.
3 RESULTS AND DISCUSSION
3.1 Chemical structure and phase composition analysis
Figures 1A, B show the XRD patterns of synthetic products of the doped HA samples with the tailored Gd and Si amount. As shown in Figure 1A, when the Si doping amount was fixed at 0.8Si-HA, the products of low Gd doping amount (0.8Gd–0.8Si-HA) could be identified as a pure HA phase (PDF No. 09-0432). However, as the Gd amount increased (1.5/2.5/3.5/4.5Gd–0.8Si-HA), the characteristic peaks at 19.4°, 21.7°, 27.6°, and 29.5° corresponding to (011), (−111), (200), and (120) of second-phase gadolinium phosphate (PDF No. 32-0386) appeared, which implicates that the Gd doping upper limit is 0.8Gd–0.8Si-HA. On the contrary, as shown in Figure 1B, all co-doping products, including high-doping samples, were identified as a pure HA phase in the absence of any diffraction peaks of secondary phase. Moreover, as the co-doping amount increased, the characteristic diffraction peak intensities decreased and the half-peak widths increased, indicating that doping leads to a significant decrease in crystallinity. Furthermore, the comparison of the XRD patterns revealed that 1.5Gd–1.5Si-HA samples with more doping elements show a cleaner HA phase composition than 1.5Gd–0.8Si-HA samples.
[image: Figure 1]FIGURE 1 | (A,B) XRD patterns and (C,D) FTIR spectra of a series of HA NPs containing different Si and Gd doping amounts.
The FTIR spectra of the synthesized samples revealed their chemical compositions. Figure 1C shows the spectra of samples doped with different Gd contents, and Figure 1D shows the spectra of co-doping products. All samples exhibited the characteristic adsorption bands of hydroxyapatite. In brief, the bending vibrations of the O-P-O bond (1,100–960 and 560–605 cm−1), stretching vibrations of the P-O bond (1,029 cm−1 and 960 cm−1), the stretching vibrations of OH−group (635 cm−1), bending modes of the adsorbed water (3,427 and 1,635 cm−1), and stretching vibrations of the OH−group (3,570 cm−1) were in close agreement with those obtained in previous studies. In addition, low-intensity bands corresponding to the vibrational modes of the Si-O-Si bond (875 cm−1) was observed and regarded as specific features of silicic ion, which provides strong evidence of the successful doping of Si. Moreover, with the increase in the Gd doping amount (Figure 1C), characteristic carbonate peaks were additionally observed at 1,550–1,410 cm−1, which might have occurred from the dissolved carbon dioxide in phosphate solutions. In addition, the bending mode of the absorbed water located at 3,427 cm–1 was significantly distinct as the amount of Gd increased. On the other hand, the characteristic carbonate peaks and absorbed water in the FTIR spectra of co-doping samples were also obvious, as shown in Figure 1D. The analysis of the XRD results showed that this phenomenon could be attributed to the increase in lattice distortion caused by Gd doping, the decrease in crystallinity, and the enhanced ability of the sample to adsorb and bind water.
To further quantitatively analyze the doping efficiency of the doped products, the Gd wt% of the samples was investigated by ICP, and the results are given in Supplementary Table S1. The Gd content of the 1.5Gd–0.8Si-HA and 2.5Gd–0.8Si-HA samples was 14.4 and 27.3 wt%, respectively, while the Gd content of 1.5Gd-1.5Si-HA and 2.5Gd–2.5Si-HA samples was 16.5 and 34.0 wt%, respectively. As expected, when the Gd addition was consistent, the co-doping samples showed a much higher doping dose.
These phase and chemical composition results suggested that Gd and Si had been substituted into the HA lattice through the mechanism expressed in the following equation:
[image: image]
Furthermore, the physical and chemical performance of the product provided proof of our concept that the equimolar ratio co-doping method can indeed reduce lattice distortion caused by charge nonconservation.
3.2 Microstructure analysis
SEM images (Figure 2) show the microscopic morphology of Gd&Si-HA NPs with different Si and Gd contents. It is evident from the SEM images that HA shows a short, rod-like morphology with 30 nm diameter and less than 100 nm length, and after Gd and Si co-doping (0.8Gd–0.8Si-HA), the grains appear smaller and the agglomeration phenomenon is obvious. Furthermore, the co-doping sample with a high doping dose (1.5Gd&Si-HA) showed a cluster-like morphology with further aggravated agglomeration. The above morphological change in the co-doped samples was speculated to be associated with high surface energy activated by doping.
[image: Figure 2]FIGURE 2 | Micromorphology of HA, 0.8Gd&Si-HA, and 1.5Gd&Si-HA NPs.
3.3 Magnetic and surface potential characterization
As shown in Figures 3A, B, the magnetic properties of HA and Gd&Si-HA NP materials were measured at room temperature and body temperature. The magnetization curve of HA samples was a straight line distributed in II and IV quadrants, which indicates that the HA NPs are characterized as a type of diamagnetic material. On the contrary, the magnetization curves of HA samples after Gd&Si co-doping were distributed in the I and III quadrants in a straight line and passed through the origin, indicating that Gd&Si-HA NPs are a type of paramagnetic material. Moreover, the magnetization curve shifted to the Y-axis with the increase in the Gd&Si co-doping dose, indicating that the magnetic properties of the material were enhanced with the increase in the Gd doping dose. The trends of magnetic properties exhibited by the product at body temperature (Figure 3B) were consistent with those at room temperature (Figure 3A).
[image: Figure 3]FIGURE 3 | (A,B) Magnetic characterization of HA and Gd&Si-HA NPs at room temperature and body temperature, respectively, and (C) surface potential of HA and Gd&Si-HA NPs (n = 3).
Figure 3C shows the surface potentials of HA and Gd&Si-HA NPs. HA has a negative surface potential, and Gd&Si-HA also has a negative surface potential after Gd&Si co-doping. The surface potential of the co-doped sample 0.8Gd&Si-HA NPs is similar to that of HA NPs, while the surface potential of 1.5Gd&Si-HA NPs is more negative. It is speculated that this may be related to the crystal distortion caused by doping and the decrease in the crystal size of the material.
3.4 Protein adsorption capacity
To further reveal the protein affinity of the as-prepared products, the proteins with different isoelectric points (PIs) as models (LYS PI 10.7 and BSA PI 4.8) were employed to evaluate the adsorption capacity. As shown in Figure 4, the adsorption capacity of HA, 0.8Gd&Si-HA, and 1.5Gd&Si-HA NPs with LYS and BSA was determined. On the one hand, when the concentration of LYS is higher than 1 mg/mL, the adsorption capacity of LYS in the co-doped HA sample is significantly higher than that of HA, and the adsorption capacity of LYS increases with the increase in the doping amount. Since LYS was positively charged in pH 7.4 PBS, 1.5Gd&Si-HA NPs possessed higher affinity than 0.8Gd&Si-HA and HA NPs, which is attributed to the more negative surface potential of 1.5Gd&Si-HA NPs (Figure 3C). On the other hand, as a result of surface potential, when Gd&Si-HA NPs were incubated with BSA solutions of different concentrations, the adsorbed BSA of co-doped HA NPs was less than that of HA. However, when the concentrations of BSA were higher than 1.5 mg/mL, the adsorption of BSA on the surface of the 1.5Gd&Si-HA NP sample group was higher than that on the 0.8Gd&Si-HA NP sample group. The principal reason for this phenomenon was smaller particle size and higher active surface energy of 1.5Gd&Si-HA than 0.8Gd&Si-HA.
[image: Figure 4]FIGURE 4 | Adsorption capacity of HA, 0.8Gd&Si-HA, and 1.5Gd&Si-HA NPs to different concentrations of (A) LYS and (B) BSA (n = 3, *p < 0.05).
Gd3+ ions doped with HA can improve its physicochemical properties and contribute to the new biological functions of the materials. Yuan et al. (2021) synthesized La-doped HA (La-HA) and Gd-doped HA (Gd-HA) and evaluated the effects of different ion doping concentrations on the physicochemical and biological properties of HA. The crystal structure, particle size, and zeta potential phase of Gd-HA are similar to those of La-HA, but Gd-HA can adsorb more serum proteins in the medium and inhibit the formation of new apatite layers on its surface. Liu et al. (2019) developed a GD-doped HA nanorod drug delivery system, and the results showed that this type of material has high loading capacity and pH response to doxorubicin (DOX).
3.5 Cytocompatibility
As shown in Figure 5A, all samples showed obvious toxicity when the cells were cultured in the stock extract solution. The cell survival rate of HA, 0.8Gd&Si-HA, and 1.5Gd&Si-HA NP was 33.95%, 23.48%, and 28.42%, respectively. When the cells were cultured in 1/2 dilution for 24 h, the cell survival rate of the HA group was lower than 80%, but the cell survival rate of the co-doped sample was higher than 80%, indicating that the Ca, Gd, P, and Si elements released by the decomposition of the co-doped sample played a significant role in promoting cell proliferation. When cultured in 1/4 dilution for 24 h, the cell survival rate of all sample groups was higher than 90%, and 0.8Gd&Si-HA NPs had the highest cell survival rate of 99.32%. However, the cell survival rate of the 1.5Gd&Si-HA group was 97.20%, which was higher than that of the HA groups. When cultured in 1/8 dilution for 24 h, the cell survival rates of all groups were higher than 100%. As shown in Figure 5B, MC3T3-E1 cell morphology was captured after 24 h. In the HA group, the number of cells was small. In the 0.8Gd&Si-HA group, the number of cells was the highest and the cell morphology was healthy and spindle-shaped. In the 1.5Gd&Si-HA group, the number of cells was slightly lower than that in the 0.8Gd&Si-HA group.
[image: Figure 5]FIGURE 5 | Cytocompatibility of HA, 0.8Gd&Si-HA, and 1.5Gd&Si-HA NP extracts at different dilution ratios. (A) CCK-8 assay (n = 3, *p < 0.05); (B) cell morphology images at 1/2 dilution.
3.6 MRI effect in vitro
To investigate the MRI signal enhancement effects of the as-obtained nano-composite scaffolds, the MRI effect of various Gd concentrations (range 0.19–1.5 mM) was obtained in PBS on a 1.2 T MRI scanner, where the element content of Gd of the scaffold samples was detected by ICP-MS analysis. As shown in Figure 6, the HA/PLGA scaffold in MRI T1 was black–gray without imaging effect. The Gd&Si-HA/PLGA group showed the effect of MRI T1 phase imaging. Under the same Gd molar concentration, the 1.5Gd&Si-HA/PLGA sample group looks brighter than the 0.8Gd&Si-HA/PLGA sample group, resulting in a more obvious MRI effect. Moreover, the imaging effect of the 1.5Gd&Si-HA/PLGA group showed a dose-dependent relationship with the Gd molar concentration. MRI is a powerful technique for obtaining tomographic images of biological targets in a noninvasive manner with a high spatial resolution. In MRI, contrast agents are employed to enhance the visualization of the differences between normal and diseased tissues. The image contrast in MRI is related to the relaxation process of hydrogen nuclei of water molecules. It is governed by three parameters: proton density, longitudinal relaxation time T1, and transverse relaxation time T2. Gd-based T1 contrast agents, such as gadopentetic acid (Gd-DTPA), could shorten the longitudinal relaxation time of protons within water molecules under the influence of rapid relaxation of unpaired electrons within the agents, resulting in the signal enhancement of T1-weighted MR images in the application form of intravenous injection. Previous studies have shown that under the same Gd concentration, Gd-HA and Gd-DTPA have similar T1 MRI effects, and this effect becomes stronger with the increase in the Gd concentration (Liu et al., 2019). However, for the application of contrast agents in polyester-based composite materials, specifically PLGA-, PLA-, and PCL-based composites, the hydrophobic properties of the matrix significantly reduced the proton density, resulting in a low MRI contrast effect. In this study, the co-doped samples possessed an enhanced T1 contrast enhancement effect in a Gd dose-dependent manner, suggesting that the co-doped samples with a high Gd dose might have potential applications as MRI contrast agents. Moreover, the 1.5Gd&Si-HA/PLGA group had the strongest T1 contrast enhancement effect; at the same time, Gd had the concentration comparable to that of the 0.8Gd&Si-HA/PLGA and HA/PLGA groups (Figure 6). As shown in Figure 1, after Gd and Si doping, the distortion in the lattice was accelerated, and as a result, the particle size became smaller and the surface potential became more negative, enhancing the binding of water molecules, which could significantly increase the proton density in hydrophobic polyester and amplify the T1 contrast enhancement effect. Therefore, 1.5Gd&Si-HA NPs are an excellent T1 MRI contrast agent for in vivo imaging of bone repair scaffolds. In addition, Gd can also be co-doped with other rare earth elements to contribute to HA new functions. Chen et al. (2012) developed a type of Eu3+/Gd3+ dual-doped calcium–phosphorus materials, which exhibit vesicle-like nanospheres and strong near-infrared (NIR) fluorescence imaging characteristics.
[image: Figure 6]FIGURE 6 | (A) MRI of the Gd&Si-HA/PLGA composite scaffold doped with different Gd molar concentrations; (B) MRI gray value of different composite scaffold (n = 3, *p < 0.05).
3.7 Osteogenic differentiation
As shown in Figure 7A, the expression level of COL-1 was the lowest in the HA/PLGA group, and the expression level of COL-1 in the group containing Gd&Si-HA NPs was significantly increased compared with that in the HA/PLGA group. The COL-I expression levels in the 1.5Gd&Si-HA/PLGA group were 1.35 and 2.59 times higher than those in the 0.8Gd&Si-HA/PLGA and HA/PLGA groups under SMF+ stimulation, respectively. As shown in Figure 7B, the trend of the OCN expression level was basically consistent with COL-I. Under SMF+ stimulation, the OCN expression level in the 0.8Gd&Si-HA/PLGA group and 1.5Gd&Si-HA/PLGA group was 1.87 and 2.69 times higher than that under the SMF− condition, respectively. Under SMF+ stimulation conditions, the expression level of BMP-2 was consistent with that of COL-1 and OCN, and Gd&Si-HA NPs contained in the scaffold could significantly improve the expression level of BMP-2, which showed a concentration-dependent relationship with Gd concentration (Figure 7C). Under SMF+ stimulation conditions, Runx2 expression levels in the Gd&Si-HA/PLGA scaffold increased. However, the expression levels of Runx2 in the 0.8Gd&Si-HA/PLGA group and 1.5Gd&Si-HA/PLGA group were not significantly different (Figure 7D).
[image: Figure 7]FIGURE 7 | Expression levels of osteogenic-related genes in MC3T3-E1 cells under SMF+ and SMF− stimulation conditions at 4 days. (A) COL-I, (B) OCN, (C) BMP-2, and (D) Runx2 (n = 3, *p < 0.05).
As shown in Figure 8A, immunofluorescence images showed the expression of COL-I protein in MC3T3-E1 cells growing on the surface of HA/PLGA and 1.5Gd&Si-HA/PLGA under SMF+/SMF− stimulation conditions. The results of immunofluorescence image analysis were basically consistent with those of qPCR. Under the SMF− condition, COL-1 expression in the 1.5Gd&Si-HA/PLGA group was slightly higher than that in the HA/PLGA group. However, the COL-I expression level was significantly higher than that in the HA/PLGA group under the SMF+ stimulation condition. As shown in Figure 8B, the quantitative analysis of COL-I showed that the mean gray value of the 1.5Gd&Si-HA/PLGA group was 1.7 times higher than that of the HA/PLGA group under the SMF− condition.
[image: Figure 8]FIGURE 8 | (A) COL-I immunofluorescence image and (B) quantitative analysis of MC3T3-E1 cells cultured on HA/PLGA and 1.5Gd&Si-HA/PLGA surfaces for 4 days under SMF+ and SMF− conditions (n = 3, *p < 0.05).
The results of ALP staining showed that the expression of ALP in all groups of cells under SMF+ stimulation conditions was significantly higher than that under SMF− simulation conditions (Figure 9A). Under SMF−/SMF+ conditions, the expression of ALP in the Gd&Si-HA NP group was significantly higher than that in the HA/PLGA group. The expression level of ALP in the 1.5Gd&Si-HA/PLGA group was higher than that in the 0.8Gd&Si-HA/PLGA group. As shown in Figure 9B, the quantitative results of ALP in each group were basically the same as those for ALP staining. Under SMF+ conditions, the expression levels of ALP in the 1.5Gd&Si-HA/PLGA and 0.8Gd&Si-HA/PLGA groups were 1.66 and 1.70 times higher than those under SMF− conditions, respectively.
[image: Figure 9]FIGURE 9 | (A) ALP staining and (B) quantitative analysis of MC3T3-E1 cells cultured on HA/PLGA, 0.8Gd&Si-HA/PLGA, and 1.5Gd&Si-HA/PLGA surfaces under SMF+/SMF− conditions for 7 days (n = 3, *p < 0.05).
As shown in Figure 10A, calcium deposition of cells on the surface of different scaffolds was detected under SMF+/SMF− conditions at 14 days. The results of Alizarin Red staining showed that all cells of the groups could promote calcium deposition under the SMF+ condition. Interestingly, scaffolds containing Gd&Si-HA NPs showed more significant effects on cellular calcium deposition under SMF+ stimulation conditions. The effect of calcium deposition in the 1.5Gd&Si-HA/PLGA group was significantly better than that in the 0.8Gd&Si-HA/PLGA group. Calcium quantitative results showed that under SMF+ conditions, the effects of calcium deposition in the 0.8Gd&Si-HA/PLGA and 1.5Gd&Si-HA/PLGA groups were 1.11 times and 1.24 times higher than those in the HA/PLGA group, respectively (Figure 10B).
[image: Figure 10]FIGURE 10 | (A) Alizarin Red staining and (B) calcium ion quantitative analysis of MC3T3-E1 cells cultured on HA/PLGA, 0.8Gd&Si-HA/PLGA, and 1.5Gd&Si-HA/PLGA surfaces under SMF+/SMF− conditions for 14 days (n = 3, *p < 0.05).
Although HA has good osteoconductive property, it has poor osteoinductive property (Arinzeh et al., 2005). In order to improve the osteoinductive ability of the HA material, Si was often doped into HA. Although Si is a trace element in the human body, it shows strong ability to promote cell osteoblastic differentiation and promote angiogenesis in vivo (Guth et al., 2006; Casarrubios et al., 2020; Fu et al., 2020). Fu et al. (2020) prepared Si-doped HA coatings on the surface of Ti using electrochemical deposition (ED). This type of Si-HA layer exhibited stronger apatite deposition and higher BSA adsorption capacity. The results of an in vitro cell experiment showed that the Si-HA layer could promote the expression of osteogenic-related genes in MC3T3-E1 cells and angiogenesis-related gene expression in HUVECs (Fu et al., 2020). In this study, Si and Gd were co-doped into HA, where Si mainly played a role in promoting bone formation and Gd mainly played a role as an MRI contrast agent in vivo. The results showed that the doping of Si significantly promoted the upregulated expression of osteogenic genes (Figure 7). After Gd and Si doping, the distortion in the lattice was accelerated, and as a result, the particle size became smaller and the surface potential became more negative, enhancing the binding of water molecules, which could significantly increase the proton density in hydrophobic polyester and amplify the T1 contrast enhancement effect.
4 CONCLUSION
In order to improve the osteoinductive ability and MRI ability of HA, Si and Gd were co-doped into HA. The XRD pattern results show that co-doping with an equal molar ratio can avoid crystal defects and increase the doping dose of Gd. No significant cytotoxicity was found in both 0.8Gd&Si-HA/PLGA and 1.5Gd&Si-HA/PLGA groups. The 1.5Gd&Si-HA/PLGA composite materials showed a good MRI effect in the Gd concentration range of 0.19–1.5 mM. The 1.5Gd&Si-HA/PLGA composite materials also showed excellent osteoinductive ability. Under SMF+ conditions, the 1.5Gd&Si-HA/PLGA composite materials can obviously promote the expression of osteogenic-related genes, the level of ALP, and cell mineralization compared to SMF− conditions. The bone repair scaffold prepared using 1.5Gd&Si-HA/PLGA composite materials has a broad application prospect in the field of bone tissue engineering.
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Engineered three-dimensional bioactive scaffold for enhanced bone regeneration through modulating transplanted adipose derived mesenchymal stem cell and stimulating angiogenesis
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Titanium alloy materials are commonly used in orthopedic clinical treatments. However, conventional titanium implants usually lead to insufficient bone regeneration and integration because of mismatched biomechanics and poor bioactivities. To tackle these challenges, a porous titanium alloy scaffold with suitable mechanical properties was prepared using three-dimensional (3D) printing, and then an adipose-derived mesenchymal stem cell (ADSC) loaded platelet-rich plasma (PRP) gel was placed into the pores of the porous scaffold to construct a bioactive scaffold with dual functions of enhancing angiogenesis and osteogenesis. This bioactive scaffold showed good biocompatibility and supported cell viability proliferation and morphology of encapsulated ADSCs. Osteogenic and angiogenic growth factors in the PRP gel promoted the migration and angiogenesis of human umbilical vein endothelial cells (HUVECs) in vitro and enhanced osteogenic-related gene and protein expression in ADSCs, thus promoting osteogenic differentiation. After implantation into the femoral defects of rabbits, the bioactive scaffold promoted vascular network formation and the expression of osteogenesis-related proteins, thus effectively accelerating bone regeneration. Therefore, the osteogenic and angiogenic bioactive scaffold comprising a 3D printed porous titanium alloy scaffold, PRP, and ADSCs provides a promising design for orthopedic biomaterials with clinical transformation prospects and an effective strategy for bone defect treatment.
Keywords: 3D printing, platelet-rich plasma, adipose mesenchymal stem cells, angiogenesis, bone repair
1 INTRODUCTION
Large segmental bone defects caused by severe trauma, bone tumors, and congenital diseases increase the implementation of bone reconstruction procedures, which have brought about not only advances in surgical techniques but also the development of implants in orthopedics (Liu et al., 2017; Sparks et al., 2020). Clinically, autologous bone transplantation remains the gold standard for bone reconstruction. Although autologous bone transplantation has a definite therapeutic effect, complications caused by donor site surgery and limited available bone mass are also an inextricable deficiency (Crouzier et al., 2011; Bez et al., 2017). As an alternative, allogeneic bone transplantation also suffers from immunologic rejection, disease transmission, and a high resorption rate (Larsen et al., 2011; Yan et al., 2019). Therefore, the development of ideal implants for large segmental defects remains a major challenge for orthopedic clinical treatment.
In recent years, several synthetic biocompatible materials, such as bioceramics, metal materials, and polymer materials, have been designed and developed as bone substitutes in response to this challenge. Among them, three-dimensional (3D) porous titanium alloy implants (PTIs) have been commonly utilized, attributable to their good biocompatibility, excellent corrosion resistance, and mechanical properties (Li et al., 2015). PTIs mimicking natural bone both morphologically and mechanically can be produced using 3D printing additive manufacturing technology. The interconnected porous structure not only avoids stress-shielding defects but also provides space for bone ingrowth (Zhang et al., 2019; Cui et al., 2021). Although these characteristics provide PTIs with a wide application range in bridging large bone defects, clinical failure can result from poor bone ingrowth and subsequent poor stability due to the inert surface of Ti alloys (Meng et al., 2016; Kelly et al., 2021; Ma et al., 2021). Therefore, improvement in promoting the osteogenic activity of PTIs for their better clinical applications is a promising research area.
Due to their self-renewal capacity, multi-directional differentiation potential, and hypoimmunogenicity, mesenchymal stem cell (MSC) transplantation promotes bone and cartilage repair in preclinical models and clinical trials (Clark et al., 2020). Therefore, a combination of MSC transplantation and porous PTIs can improve the osteogenic activity of the porous scaffold. However, without an appropriate carrier, transplanted MSCs have poor survival and retention rates at the defect site, and the majority of MSCs will die or be washed away (Levit et al., 2013; Bai et al., 2020a). Platelet-rich plasma (PRP) is a platelet concentrate prepared from whole blood that can be obtained as a platelet gel upon mixing with thrombin, providing an excellent MSC carrier (Lucarelli et al., 2003; Fang et al., 2020). In addition to providing a matrix network for MSCs, PRP gels release a variety of osteogenic and angiogenic growth factors such as platelet-derived growth factor (PDGF), insulin-like growth factor 1 (IGF-1), basic fibroblast growth factors (bFGFs), and vascular endothelial growth factor (VEGF) after activation, which can promote osteogenic differentiation in transplanted MSCs, and improve the survival rate of transplanted MSCs by promoting angiogenesis and providing nutrients (Leng et al., 2020; Jiang et al., 2021).
Bone marrow mesenchymal stem cells (BMSCs) are the most commonly transplanted MSCs for the treatment of bone defects. However, recent studies have shown that adipose-derived mesenchymal stem cells (ADSCs) have similar differentiation potential to BMSCs. ADSCs are more abundant and are much more easily obtained through a simpler, more economical, and less invasive method (Niemeyer et al., 2010; Man et al., 2012). Therefore, ADSCs are more suitable for transplantation than BMSCs.
In this study, we loaded ADSCs into a PRP gel matrix and placed the composite PRP gel into the PTI pores to develop a bioactive scaffold (PTI/AP). PTIs have an appropriate pore structure and mechanical properties that are similar to natural bone tissue. We studied the release of various growth factors from PTI/AP, and the impact of the bioactive scaffold on cell vitality, proliferation, osteogenic differentiation of transplanted ADSCs, and angiogenesis of vascular endothelial cells was evaluated in vitro. Furthermore, the bone integration efficacy of the bioactive scaffold and its promotion of bone defect repair were studied in vivo (Scheme 1).
[image: Scheme 1]SCHEME 1 | Demonstration of the construction of PTI/AP and its function of promoting bone defect repair.
2 MATERIALS AND METHODS
2.1 Fabrication of PTIs
A PTI with a pore size of 600 μm, strut size of 300 μm, and porosity of 70% was prepared using the electron beam melting (EBM) approach as previously described (Bai et al., 2020b). In brief, a 3D model of the PTI was designed and converted into a standard file, which was then input into the EBM system (Q10, Arcam, Sweden) for printing. Disk-shaped scaffolds with a diameter of 10 mm and a height of 3 mm were designed for in vitro experiments, while cylindrical scaffolds with a diameter of 5 mm and a height of 10 mm were designed for in vivo studies. All obtained porous scaffolds were sequentially placed in acetone, ethanol, and deionized water for ultrasonic cleaning for 15 min.
2.2 Preparation and characterization of PRP gel
In order to avoid the inflammatory reaction caused by leukocytes after scaffold implantation, leukocyte-poor PRP (Lp-PRP) was prepared in this study. Briefly, whole blood taken from the rabbit auricular vein was centrifuged at 200 g for 10 min to remove the precipitated erythrocyte. Next, the platelet-containing supernatant was subjected to a second centrifugation at 180 g for 10 min to remove white blood cells and residual red blood cells. Finally, a third centrifugation at 600 g for 10 min was performed to enrich platelets. The obtained PRP was used for subsequent experiments.
To characterize the PRP, the platelet, leukocyte, and erythrocyte contents were tested, and growth factors were detected using an enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer’s instructions.
After thrombin and 10% calcium chloride were added according to the method described by predecessors, the obtained PRP changed from solution to gel state (Cavallo et al., 2016; Wei et al., 2021). The medium containing ADSCs was mixed with the same volume of PRP. Then, thrombin and calcium chloride were added, and the PRP gel was obtained. Rheological experiments were performed to evaluate the mechanical properties of PRP gels.
2.3 Construction and characterizations of the PTI/AP
In order to prepare PTI/AP, a total of 100 μL of culture medium containing 2 × 104 ADSCs was mixed with 100 μL of PRP according to the previous method, and the mixed solution was placed in the pores of PTI (Lu et al., 2021). Next, 10 ul of 1000 U/mL thrombin and 20 μL of 10% calcium chloride were added, and the PRP gel was obtained in situ inside the PTI.
The surface morphology of PTI/AP was detected using a scanning electron microscope (SEM). In brief, ADSCs in the PTI/AP were fixed using a 2.5% glutaraldehyde solution for 15 min. Afterward, the PTI/AP was dehydrated in gradient ethanol and observed using an SEM (S4800, Hitachi, Japan).
The mechanical characteristics of the PTI/AP were subsequently studied. The uniaxial compression test of PTI/AP was performed using a universal mechanical testing machine with a probe speed of 0.5 mm/min, and the critical value was recorded. The elastic modulus was determined using the micro-indentation technique with a maximum load of 200 mN, an indentation rate of 400 mN/min, and a maximum penetration depth of 1,000 μm.
2.4 In vitro experiment
2.4.1 Cell vitality, proliferation, and morphology assessment
ADSCs were seeded onto the blank cell wells as a control (CON), seeded in the PTIs, and incorporated into PTI/AP. After 3 days of culturing, the medium was removed, and the samples were stained in the dark upon adding calcein-AM/PI dye. The results were observed using a fluorescence microscope.
The CCK8 experiment was performed to investigate the effects of PTI/AP on cell proliferation. After ADSCs were cultured in the CON, PTI, and PTI/AP groups for 1, 3, and 7 days, the medium was changed, and then the CCK8 reagent at 10% of the medium volume was added. The absorbance of each group was measured at 450 nm after incubation in the dark for 2 h.
In order to observe cell morphology and spreading, the ADSCs in three groups were stained with phalloidin after 3 days of culturing. After the cells were fixed in a 4% paraformaldehyde and permeabilized with 0.1%Triton X-100, the F-actin was stained with rhodamine-labeled phalloidin reagent and the nucleus was stained with DAPI in the dark environment. The samples were observed using a fluorescence microscope. The F-actin density in all groups was evaluated using ImageJ software.
2.4.2 Scratch assay and tube formation in vitro
The scratch assay and tube formation assay were evaluated to investigate the effect on angiogenesis in vitro. For the scratch assay, HUVECs were seeded in a 6-well plate for 24 h to form confluent monolayers. A small line was generated after gentle scraping with a sterile 200 μL pipette tip. The cell debris was washed with PBS, and CON, PTI, and PTI/AP were then co-cultured with the HUVECs. After the cells were cultured in an FBS-free RPMI1640 medium for 24 h, cell migration was observed, and the migration rate was calculated.
For tube formation assay, the matrigel matrix was added to 24 well plates at 289 μL/well on ice and incubated for 1 h at 37°C to obtain polymerized matrigel matrix. HUVECs were then seeded on a matrigel matrix and co-cultured with the scaffolds of the CON, PTI, and PTI/AP groups. After incubation for 6 h, tubular formation was observed using a light microscope, and the number of formed meshes was calculated using ImageJ software.
2.4.3 Alkaline phosphatase (ALP) staining and activity evaluation
In order to study the effect of bioactive scaffolds on the osteogenic differentiation of ADSCs, ALP was detected. ADSCs in the CON, PTI, and PTI/AP groups were cultured for 7 days in an osteogenic induction medium, and ALP was stained using the BCIP/NBT method. Moreover, the ALP enzyme activity was evaluated. After 7 days of osteogenic induction, cells were lysed, and the lysate was incubated with pNPP chromogenic substrate (Beyotime, Shanghai, China) at 37°C for 30 min. The absorbance was detected at 405 nm.
2.4.4 Alizarin red staining (ARS)
Extracellular matrix mineralization was studied using ARS. ADSCs cultured in the CON, PTI, and PTI/AP groups were fixed in 4% paraformaldehyde for 30 min after 7 and 14 days of osteogenic induction. Then, the cells were incubated with alizarin red dye at room temperature for 45 min. The staining results for each group were observed using a light microscope. Next, semi-quantitative analysis was performed by adding 10% cetylpyridinium chloride and measuring the absorbance at 540 nm.
2.4.5 RT-qPCR
In order to study the effect on angiogenesis in vitro, expression levels of the angiogenesis-related genes HIF-1α and SDF-1α were detected by RT-qPCR. After 7 days of culture, the total RNA was extracted by using a centrifugation column purification kit. The isolated RNA was used to synthesize cDNA. Next, the target gene was amplified and detected. GAPDH served as an internal reference. In order to further study the effects on osteogenesis in vitro, expression levels of the osteogenesis-related genes RUNX2, ALP, and OCN were detected using the above methods by RT-qPCR. All primer sequences are shown in Supplementary Table S1.
2.4.6 Immunofluorescence
The expression levels of osteogenic proteins were evaluated using immunofluorescence staining. After 7 days of osteogenesis induction, the cells were fixed in a 4% paraformaldehyde, then permeabilized with 0.1% Triton X-100 and blocked with 10% goat serum. After blocking, anti-Runx2 antibodies were added and incubated overnight at 4°C. Subsequently, FITC-labeled goat anti-rabbit antibody was added and incubated at 37°C for 1 h. After that, DAPI solution was added to stain the nucleus. The staining cells were observed using a fluorescence microscope, and the fluorescence intensity in each group was analyzed using ImageJ software.
2.5 In vivo evaluation
2.5.1 Preparation of bone defects in vivo and implantation of the bioactive scaffolds
All experimental animal procedures were approved by the Animal Ethics Committee of Jilin University and complied with its established guidelines. A total of 28 5-month-old New Zealand rabbits were used in this study. A longitudinal incision was made in the left distal femur to expose the bony side of the femoral condyle. A cylindrical bone defect of 6 mm in diameter and 10 mm in depth was made using a bone drill. Then, PTIs, ADSCs directly loaded PTIs (PTI/A), PRP-filled PTIs (PTI/P), and PTI/AP were implanted, respectively, and the incisions were sutured layer by layer. All experimental animals were given intramuscular penicillin within 3 days of surgery to prevent infection.
2.5.2 Micro-CT analysis
Micro-CT analysis (SkyScan 1076 scanner, Kontich, Belgium) was performed for in vivo bone regeneration studies 12 weeks postoperatively. The scanning voltage is 48 kv, the current is 12 μA, and the pixel size of the image is 18.26 μm. With the bone defect area as the region of interest (ROI), 3D reconstruction was performed. In addition, data analysis was performed, and the bone volume/total tissue volume ratio (BV/TV), bone mineral density (BMD), trabeculae number (Tb. N), and trabecular separation (Tb. Sp) of each ROI were calculated.
2.5.3 Histological evaluation
To further evaluate osseointegration, femoral specimens were collected 12 weeks postoperatively and adequately fixed in 4% paraformaldehyde. These specimens were dehydrated using gradient ethanol and were embedded in methyl methacrylate. Then, hard tissue sections with a 30 μm thickness were cut from the specimens and stained using Van–Gieson (VG) staining and Masson’s trichrome staining. Quantitative analysis of bone area rates was performed using ImageJ software.
2.5.4 Immunological evaluation
Immunofluorescence staining for CD31 and Runx2 proteins at the defect site was performed to assess angiogenesis and expression of osteogenic-related proteins. The collected femoral specimens were fixed in 4% paraformaldehyde, then decalcified, dehydrated, embedded in paraffin, and divided into 5 μm tissue sections. Then, the sections were incubated with anti-CD31 antibody and anti-Runx2 antibody at 4°C overnight. After that, sections incubated with anti-CD31 antibody were labeled with Cy3 goat anti-rabbit secondary antibody, while sections incubated with anti-Runx2 antibody were labeled with FITC goat anti-rabbit secondary antibody. The cell nucleus was stained with DAPI. The stained sections were observed using a fluorescence microscope, and the fluorescence intensity in each group was analyzed using ImageJ software.
2.6 Statistical analysis
Data from three independent experiments were expressed as mean ± standard deviation. The statistical comparison between groups was conducted using an unpaired two-tailed Student’s t-test. p < 0.05 was considered to be a significant statistical difference between groups.
3 RESULTS AND DISCUSSION
3.1 Characterization of the PTI/AP
In this study, Lp-PRP was obtained after three centrifugations. Compared with whole blood samples, Lp-PRP contains significantly enriched platelet content and negligible white blood cell content (Figures 1A–C). After thrombin and calcium chloride were added, the platelets in PRP released their granula contents, and PRP gel was obtained (Velier et al., 2018). The PRP gel contained high quantities of PDGF, IGF-1, FGF, and VEGF, which was consistent with previous studies (Figure 1D). These released growth factors can act on stem cells to promote their osteogenic differentiation and promote angiogenesis by acting on vascular endothelial cells, thus contributing to bone repair (Zhang et al., 2021; Liu et al., 2022). The rheological experiment results showed that the storage modulus (G′) of the PRP gel is higher than the loss modulus (G″) when the strain is less than 245%, and the PRP gel undergoes elastic deformation mainly to maintain a stable gel state. When the strain continues to increase, the G″ exceeds the G′, and the network structure in the PRP gel is damaged, and it changes from the gel to the solution state (Figure 1E). These results confirmed that the PRP gel was an appropriate carrier for stem cells. Cells can be mixed with PRP in a solution state, and the gelling process under a physiological state is conducive to maintaining cell activity. The relatively stable structure of the PRP gel can effectively retain the various growth factors and stem cells loaded therein in situ, which is crucial for treatment. Hydrogels have customizable structure, good biocompatibility and adjustable mechanical strength, which can promote the transport of nutrients, cell migration and proliferation, and finally promote osteogenic differentiation (Li et al., 2021; Zhao et al., 2022).
[image: Figure 1]FIGURE 1 | Characterization of the bioactive scaffold: (A). Image of Lp-PRP gel; (B, C): Platelet concentration (B) and leukocyte concentration (C) in Lp-PRP gel and whole blood samples; (D). The concentrations of VEGF, IGF-1, PDGF and bFGF contained in Lp-PRP gel; (E). Rheology properties of Lp-PRP gel; (F). Appearance image of PTI, PTI/AP; (G). SEM images of PTI and PTI/AP; (H, I): Compressive strength (H) and elastic modulus (I) of PTI and PTI/AP.
Based on these results, ADSCs were loaded into the PRP gel and modified on the surface of PTIs. In fact, because the cell culture medium contains CaCl2, it also promotes the gelation of liquid PRP. After the mixed solution fully fills the pores of the scaffold, it becomes a gel state and no longer flows. (Figure 1F). Our experiment confirmed that the extracted ADSCs had good osteogenic, chondrogenic, and adipogenic differentiation capabilities (Supplementary Figure S1A) and exhibited typical stem cell surface antigen characteristics of CD34−, CD45−, and CD90+ (Supplementary Figure S1B). As the most commonly used material for orthopedic implants, titanium alloy has high mechanical strength and corrosion resistance, but its high stiffness limits its application, which leads to stress shielding-induced osteolysis. 3D printed porous titanium alloy scaffold can significantly reduce the stiffness and accurately manufacture customized prostheses with complex shapes and structures. The microporous structure can increase the contact area, and these shapes and surface areas have interconnected pores, which promotes bone ingrowth, thus facilitating bone integration (Bai et al., 2020a; Li et al., 2022a). PTIs with a porosity of 70% were prepared using 3D printing (Figure 1F). SEM detection showed that PTIs had an interconnected pore structure, and their pore size was 602.66 ± 11.08 μm (Figure 1G). The structural features of the micropores are bionic designs based on the normal cancellous bone structure, which can increase the bone conductivity of the material and promote bone ingrowth (Cui et al., 2021). Different porosities and pore sizes produce different cell response effects. Previous studies have shown that a pore size of 300–500 μm and a porosity of approximately 75%–90% is ideal, which is close to the pore characteristics of human cancellous bone structure (Wang et al., 2017; Zhou et al., 2022). PTIs designed in this study have a slightly larger pore size for better PRP gel loading.
Subsequently, PTI/AP scaffolds were successfully constructed. Based on SEM images, it can be observed that there were well-formed ADSCs on the surface of PTI/AP. (Figures 1F, G). The mechanical properties studies results showed that the compressive strengths of PTIs and PTI/AP were 49.55 ± 0.86 and 50.41 ± 0.75 MPa, and the elastic moduli were 1.69 ± 0.06 and 1.64 ± 0.11 GPa (Figures 1H, I). The compressive strength and elastic modulus of human cortical bone are in the range of 100–250 MPa and 7–20 GPa, respectively. The corresponding values for cancellous bone are in the range of 11–24 MPa and 1.5–11.2 GPa, respectively (Kapat et al., 2017). The PTI/AP in the present study has mechanical properties similar to normal bone tissue so that stress shielding and osteolysis after material implantation can be effectively avoided (Bai et al., 2020a).
3.2 Biocompatibility, cell proliferative activity, and cell morphology of PTI/AP
As shown in Figure 2A, the number of living cells in all three groups was significantly higher than the number of dead cells. Based on the staining results, we quantified the cell survival rate using ImageJ. The cell survival rates in the CON, PTI, and PTI/AP groups exceeded 90% without a statistical difference (Figure 2B). The CCK8 experiment results are shown in Figure 2C. From day 1 to day 7, cells in all three groups exhibited a gradual proliferation trend. The cell proliferative activities of the PTI/AP group were significantly higher than the other two groups on days 3 and 7. Previous studies have shown that various growth factors in the PRP matrix can promote cell proliferation. In addition, the porous structure of the 3D printing scaffold also provides sufficient space for cell proliferation (Bai et al., 2020a; Sharun et al., 2021). The limited number and survival rate of transplanted cells has always been a challenge for stem cell therapy for bone defects (Whitely et al., 2018). PTI/AP not only provides a stable carrier for transplanted cells but also maintains their activity and promotes their proliferation.
[image: Figure 2]FIGURE 2 | Evaluation of cell viability, proliferation and morphological of encapsulated ADSC in PTI/AP: (A). Calcein-AM/PI staining after 3 days; (B). Cell survival rate in each group based on calcein AM/PI staining; (C). CCK8 results; (D). F-actin/DAPI staining of ADSC after 3 days; (E). The semi-quantitative statistics of F-actin density of ADSC. (n = 3, *p < 0.05, **p < 0.01).
F-actin was stained with rhodamine–phalloidin to study the cell morphology of the ADSCs in each group. The cells on PTIs showed spindle morphology similar to that of the CON group. However, in the PTI/AP group, the ADSCs located in the PRP gel matrix exhibited a spherical shape because the cells were uniformly surrounded by a hydrogel with a set strength, which also allowed them to form 3D spatial contact with the PRP matrix components. These spherical cells had intact nuclei and abundant F-actin that was clearly visible (Figure 2D). Quantitative analysis also revealed that the ADSCs encapsulated in PRP matrix in the PTI/AP group had similar F-actin density compared with the CON and PTI groups (Figure 2E). As F-actin is a key component in the cytoskeleton, it plays an important role in the function and maturation of cells, and even in early osteogenic differentiation (Thomas et al., 2002; Li et al., 2019). This further confirmed that the cells in the PTI/AP group had a good growth and differentiation state.
3.3 PTI/AP drives angiogenesis of HUVECs in vitro
The effects of PTI/AP on HUVEC cell migration were evaluated using a scratch test. Figure 3A shows that the number of cells migrating to the scored area significantly increased in the PTI/AP group. The quantitative evaluation also confirmed that the migration rate was highest in the PTI/AP group (Figure 3B) (p < 0.05).
[image: Figure 3]FIGURE 3 | Effect on angiogenesis in vitro: (A). The results of scratch assay after HUVEC were cultured with CON, PTI, PTI/AP group for 24 h and the tubular formation in vitro after 6 h; (B). Cell migration rate of HUVEC in each group; (C). Semi-quantitative analysis of mesh number in tubule formation experiment. (D, E). Relative expression levels of HIF-1α (D) and SDF-1α (E). (n = 3, *p < 0.05, **p < 0.01).
The tubule formation test was used to analyze the angiogenesis potential of PTI/AP. Most tubes begin to be formed in 2–4 h, and the peak number of tubes is between 3–12 h (DeCicco-Skinner et al., 2014). We chose 6 h as the best observation time. As shown in Figure 3A, the initial dense HUVEC layers in the PTI/AP group aligned into more organized tubular cell structures with many intact annular vascular conformations observed after 6 h of culturing. However, delayed tubular formation was exhibited in the CON and PTI groups, with only a few tubular cell organizations observed. The number of meshes formed in the PTI/AP group was significantly higher than in the other two groups (Figure 3C) (p < 0.05).
In order to further study the effect of PTI/AP on angiogenesis, we studied the expression of angiogenesis-related genes. HIF-1α mediates the response of cells to changes in oxygen levels and controls physiological and pathological angiogenesis, which is an important transcription factor related to angiogenesis (Li et al., 2022b). The relative expression level of HIF-1α in PTI/AP group was 2.95 ± 0.79, which was significantly higher than that in CON group (0.98 ± 0.12) and PTI group (1.20 ± 0.16). The expression of HIF-1α is shown in Figure 3D. When HIF-1α signaling pathway is activated, it can start the expression of its downstream gene SDF-1α (also known as CXCL12), which is the main regulator of vascular growth (Mehrabani et al., 2015; Ha et al., 2022). As shown in Figure 3E, the expression levels of SDF-1α in CON, PTI and PTI/AP groups were 1.02 ± 0.17, 1.14 ± 0.20 and 2.79 ± 0.62, respectively, which indicated that the expression of SDF-1α in PTI/AP group was significantly upregulated.
These results confirmed that the PTI/AP group promoted angiogenesis in vitro. This is also consistent with previous studies in which PRP gels effectively induced the proliferation and migration of endothelial cells (Wei et al., 2021; Guo et al., 2017; do Amaral et al., 2019). PRP gel contains abundant angiogenesis-related growth factors such as PDGF, IGF-1, bFGF, and VEGF. PDGF could promote the migration and angiogenesis of HUVECs by activating the PI3K/AKT and ERK1/2 signaling pathways (Zhang et al., 2018). IGF-1 can also upregulate endothelial nitric oxide synthase activity (Borselli et al., 2010; Friedrich et al., 2018). Furthermore, bFGFs are an effective mitogen inducer in endothelial cells (Guo et al., 2006). The release of these growth factors from PTI/AP promoted angiogenesis and thus provided the cells and nutrients necessary for bone defect repair.
3.4 Enhanced osteogenic differentiation in PTI/AP in vitro
The effect of PTI/AP on the osteogenic differentiation was studied using the ALP assay and ARS. ALP is one of the important markers of osteogenic differentiation, which is mainly involved in the early process of extracellular matrix mineralization (Zhou et al., 2022). As shown in Figure 4A, the PTI/AP group exhibited the highest amount of purple ALP staining product after 7 days. The ALP enzyme activity test showed that the ALP enzyme activity of the PTI/AP group was the highest (Figure 4B).
[image: Figure 4]FIGURE 4 | Effect on osteogenic differentiation of encapsulated ADSC: (A). ALP staining of ADSC after 7 days of osteogenic induction and ARS after 7 days and 14 days of osteogenesis induction; (B). ALP enzyme activity of ADSC after 7 days of osteogenic induction; (C). Semi-quantitative analysis of ARS staining; (D–F): Relative expression levels of Runx2 (D), ALP (E) and OCN (F); (G). Immunofluorescence staining of Runx2; (H). Semi-quantitative analysis of fluorescence intensity of Runx2. (n = 3, *p < 0.05, **p < 0.01).
Calcium and phosphate deposition and extracellular matrix mineralization are the hallmarks of mature osteoblasts (Murshed, 2018). In this study, we studied the mineralized calcium nodule content through the ARS experiment. Gross images showed limited stained calcium nodules on day 7 in both the CON and PTI groups, while significantly more calcium nodules were observed in the PTI/AP group, and the trend was more pronounced on day 14. Subsequent semi-quantitative analysis also revealed greater amounts of calcium nodules on both day 7 and day 14 in the PTI/AP group compared with the CON and PTI groups (Figures 4A, C).
In order to further study the effect of PTI/AP on osteogenic differentiation, we studied the expression of osteogenic-related genes and proteins. Runx2 is an early sign of osteogenic differentiation (Komori, 2019). The expression of Runx2 is shown in Figure 4D. The relative expression level of Runx2 in the PTI/AP group was 3.04 ± 0.60, which was significantly higher than the CON (1.01 ± 0.17) and PTI groups (1.42 ± 0.19). A higher ALP expression level of 2.14 ± 0.34 was observed in the PTI/AP group, while the expression levels in the CON and PTI groups were 1.01 ± 0.03 and 1.04 ± 0.25 respectively (Figure 4E). OCN is the most abundant non-collagen protein in the extracellular matrix, which is a key marker of mature osteoblast (Komori, 2020). As shown in Figure 4F, the expression levels of OCN in the CON, PTI, and PTI/AP groups were 1.06 ± 0.50, 1.01 ± 0.25, and 3.49 ± 0.95 respectively, which indicated that the expression of OCN in PTI/AP group was significantly upregulated.
The expression of Runx2 at the protein level was studied using immunofluorescence. As shown in Figure 4G, compared with the CON and PTI groups, more green fluorescent areas and positive cell amounts were observed in the PTI/AP group. Quantitative analysis showed that the average fluorescence intensity of the PTI/AP group was significantly higher than in the CON and PTI groups (Figure 4H).
Our results demonstrated that PTI/AP can promote the osteogenic differentiation of encapsulated ADSCs. Growth factors in the PRP gel contribute to this result. Zhang et al. (2018) confirmed that PDGF increased osteogenic differentiation but inhibited adipogenic differentiation of BMSCs via the ERK1/2 signaling pathway. IGF1 and bFGFs are also growth factors that promote osteogenesis (Chen et al., 2011; Friedrich et al., 2018). Therefore, our in vitro results confirmed that the constructed PTI/AP bioactive scaffold has the dual function of promoting angiogenesis and osteogenic differentiation, so it has the appropriate ability to promote bone defect repair.
3.5 Promoted bone regeneration in PTI/AP in vivo
Because the local bone tissue of rabbits does not contain ADSCs and PRP, we added PTI/A group and PTI/P group to the experimental group in vivo to observe the relationship between ADSCs and PRP on local bone regeneration and vascular regeneration in rabbits.
The distal femoral defect was successfully established to study the effect of PTI/AP on promoting bone regeneration in vivo. At 12 weeks after the operation, micro-CT scanning was used to evaluate the new bone regeneration and vascular regeneration. As shown in Figure 5A, bone regeneration can be observed in all groups in both cross-section view and 3D reconstruction images. Compared with the PTI, PTI/A, and PTI/P groups, the PTI/AP group has the highest amount of new bone. From the cross-section view, it could be seen that the internal PTI/AP pores also had significant new bone regeneration, whereas the new bone mass in the other three groups was limited. Data analysis of the scanning area showed that the BV/TV of the PTI/AP group was 23.81% ± 3.01%, which was significantly higher than the PTI (12.99% ± 2.08%), PTI/A (14.28% ± 1.09%), and PTI/P groups (16.75% ± 0.58%). Moreover, the BV/TV of the PTI/P group was significantly higher than the PTI and PTI/A groups (Figure 5B). Similarly, the BMD and Tb.N values of the PTI/AP group were significantly higher than the PTI and PTI/A groups and slightly higher than the PTI/P group. The PTI/P group also had a significantly higher value than the PTI and PTI/A groups (Figures 5C, D). The Tb. Sp of the PTI/AP and PTI/P groups is lower than the PTI and PTI/A groups, and the PTI/AP group is the lowest (Figure 5E).
[image: Figure 5]FIGURE 5 | Micro CT evaluation for bone repair: (A) Representative cross-sectional images and 3D reconstruction images after the implantation of PTI, PTI/A, PTI/P, and PTI/AP into femoral defects for 12 weeks; (B–E): BV/TV, (B) BMD (C), Tb.N (D), Tb. Sp (E) in the defect site. (n = 3, *p < 0.05, **p < 0.01).
Representative Masson and VG staining images are presented in Figure 6. At 12 weeks, there was little bone regeneration at the interface between the scaffold and the host bone in both the PTI and PTI/A groups, and newly formed bone tissue was barely visible inside the scaffold. In the PTI/P group, new bone regeneration can be seen at the interface between the scaffold and the host bone and inside the scaffold, and its bone repair is superior compared with the PTI and PTI/A groups. In the PTI/AP group, a considerable amount of new bone can be observed both at the interface of the scaffold and host bone and inside the scaffold. Semi-quantitative analysis based on VG staining also supported the staining results. The new bone mass in the PTI/AP and PTI/P groups was significantly larger than the PTI and PTI/A groups, and the new bone mass in the PTI/AP group was the largest (Figure 6B). Semi-quantitative analysis based on Masson staining also showed similar results (Supplementary Figure S2).
[image: Figure 6]FIGURE 6 | Histological and immunological analysis of bone regeneration: (A). Masson staining, VG staining, CD31 and Runx2 immunofluorescence staining at 12 weeks; (B). Semi-quantitative analysis of bone regeneration area based on VG staining; (C, D): Fluorescence intensity based on CD31 staining (C) and Runx2 staining (D). (n = 3, *p < 0.05, **p < 0.01).
Immunofluorescence was used to study the angiogenesis and the expression of osteogenic-related proteins in the defect site. CD31 is well recognized as a marker of vascular endothelial cells (Sass et al., 2017). As shown in Figure 6, the red area of CD31 fluorescent staining cells in the PTI/AP and PTI/P groups was significantly higher than the PTI and PTI/A groups; the PTI/AP group was the highest. The semi-quantitative analysis also results confirmed this conclusion (Figures 6A, C). The immunofluorescence staining results of osteogenesis-related protein Runx2 showed that the green positive staining area of the defect site in the PTI/AP and PTI/P groups was significantly larger than the PTI and PTI/AP groups, and the PTI/AP group was larger than the PTI/P group. The semi-quantitative analysis of fluorescence intensity showed the same trend, namely, PTI/AP > PTI/P > PTI and PTI/A (Figures 6A, D).
Bone defect has always been a difficult problem in orthopedics. The treatment of bone defects mainly includes two primary missions, namely, ensuring mechanical stability and improving local bone repair ability (Song et al., 2017; Peng et al., 2021). In this study, a scaffold with pore structure and mechanical characteristics similar to normal bone was prepared, which provided a mechanically stable microenvironment for the defect site. For improved bone repair ability, this study used PRP gel as a carrier, loaded with ADSCs combined with PTIs to construct a dual-functional bioactive scaffold that can promote osteogenesis and angiogenesis. After 12 weeks of implantation into the femoral defect of rabbits, it was confirmed that the PRP gel supported the cell viability, migration, and differentiation of the encapsulated ADSCs, and the growth factors in the PRP matrix promoted vascular regeneration and bone formation, thus accelerating bone defect repair. It is worth noting that the PTI/A group did not have a significant treatment effect. This proves that in the absence of appropriate carriers and effective nutritional supply, it is difficult for transplanted cells to maintain their activity and cannot exert therapeutic effects. Studies have shown that in order to maintain the activity of seeded cells, the distance between cells and blood vessels should not exceed 200 μm (Kaully et al., 2009). Therefore, the speed and degree of vascularization play a vital role in the efficiency of tissue engineering materials and bone regeneration. In the PTI/AP group, the existence of the PRP gel enables the encapsulated ADSCs to remain in the defect site and maintain their activity, and various growth factors in it promote the growth of new blood vessels, thus providing necessary nutrients for ADSCs.
Moreover, the PTI/P group played a better role in angiogenesis and bone repair than the PTI and PTI/AP groups by releasing various growth factors into the PRP gel, but its effect was not as good as the PTI/AP group. Some previous literature studies also reported that a combination of BMSCs and PRP enhanced new bone formation and vascularization and promoted bone defect repair in dogs and rabbits, while the PRP alone group achieved unsatisfactory bone repair (Nair et al., 2009; Yoshimi et al., 2009). The interaction between the osteogenic differentiation of stem cells and the angiogenesis of endothelial cells could result in this difference. ADSCs could produce growth factors such as VEGF, FGF, and hepatocyte growth factors that are essential for the migration and proliferation of endothelial cells (Zhang et al., 2018; Murohara, 2020). Moreover, ADSCs can differentiate into endothelial cells under appropriate conditions, thus directly participating in vascular regeneration. In addition, ADSCs can also be used as peripheral cells to support and stabilize the nascent endothelial cells (Traktuev et al., 2008; Ebrahimian et al., 2009). Similarly, endothelial cells not only participate in angiogenesis but also produce factors that promote osteogenesis, such as bone morphogenetic protein (Wang et al., 2011; Man et al., 2012).
4 CONCLUSION
Overall, we constructed a PTI/AP bioactive scaffold by filling ADSC-loaded PRP gel into PTI pores. Our experimental results demonstrated that this bioactive scaffold had suitable mechanical properties and cell compatibility. Abundant growth factors were present in the PRP gel matrix, which maintained the cell activity and morphology, promoted the proliferation and osteogenic differentiation of encapsulated ADSCs, and regulated the migration of endothelial cells and angiogenesis, thus promoting bone defect repair in the distal femur. Therefore, this dual-function scaffold with osteogenesis and angiogenesis provides a promising strategy for clinical treatment of bone defects.
5 MATERIALS
The Ti6Al4V powders (Grade 23, particle size 45–100 μm) were purchased from AK Medical Co., Ltd (Beijing, China). Thrombin, calcium chloride, and phosphate buffers (PBS) were provided by Yuanye Bio-Technology Co., Ltd (Shanghai, China). Collagenase type I, Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12), trypsin-EDTA (0.25%), fetal bovine serum (FBS), Roswell Park Memorial Institute (RPMI) 1,640 medium and streptomycin–penicillin were purchased from Gibco Life Technology (CA, United States); Enzyme-linked immunosorbent assay (ELISA) kits for PDGF, IGF-1, bFGF and VEGF were purchased from Jianglai Biotechnology Co., Ltd (Shanghai, China). Cell Counting Kit 8 (CCK-8) and Calcein-AM/PI were purchased from Beyotime Biotechnology (Shanghai, China). Osteogenic medium for rabbit ADSCs and alizarin red staining (ARS) dye, human umbilical vein endothelial cells (HUVEC) were purchased from Cyagen Biosciences (Suzhou, China). Total RNA extraction kit, cDNA synthesis kit and PCR amplification kit, anti-Runx2 antibody, and Cy3 goat anti-rabbit secondary antibody were got from ABclonal Biotechnology (Wuhan, China). FITC goat anti-rabbit secondary antibody anti-CD31 antibody was got from Bioss Biotechnology (Beijing, China).
6 ISOLATION AND CHARACTERIZATIONS OF ADSC
Allogeneic adipose-derived stem cells were extracted from subcutaneous adipose tissue of rabbit inguinal region according to previous methods (Yuksel et al., 2000). In brief, adipose tissues were minced into small pieces and then incubated in 0.1% collagenase type I at 37°C for 90 min. The resulting cell suspension was subjected to filtration and centrifugation at 1,200 rpm for 10min. The cell pellet was re-suspended and cultured in DMEM/F12 medium supplemented with 10%FBS and 1% streptomycin-penicillin.
To verify the stem cell characteristics of the obtained ADSC, its osteogenic, chondrogenic, and adipogenic differentiation abilities were detected via ARS, alcian blue staining and oil red O staining respectively. The surface antigens of ADSC were identified by flow cytometry. The cultured cells were fixed with 4% paraformaldehyde, and blocked with 10% goat serum. Subsequently, anti-CD34, anti-CD45 and anti-CD90 antibodies were added and incubated respectively. After washing, FITC-labeled goat anti-rabbit secondary antibody was added and incubated for 1 h and then detected by flow cytometry.
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Introduction: Due to the high incidence of implant failures, dual functionalization of titanium surfaces with antibacterial and osteogenic agents, like silver (Ag) and strontium (Sr), has gained significant attention in recent years. However, so far, the combined antibacterial and osteoinductive effectiveness of Ag/Sr-based titanium surface coatings has only been analyzed in individual studies.
Methods: This systematic review aims to evaluate the existing scientific literature regarding the PICOS question “Does dual incorporation of strontium/silver enhances the osteogenic and anti-bacterial characteristics of Ti surfaces in vitro?”. As a result of a web-based search adhering to the PRISMA Guidelines using three electronic databases (PubMed, Scopus, and Web of Science) until March 31, 2023, a total of 69 publications were identified as potentially relevant and 17 of which were considered appropriate for inclusion into this review.
Results and Discussion: In all included publications, the use of Sr/Ag combination showed enhanced osteogenic and antibacterial effects, either alone or in combination with other agents. Moreover, the combination of Sr and Ag shows potential to synergistically enhance these effects. Nevertheless, further studies need to validate these findings under clinically more relevant conditions and evaluate the mechanism of antimicrobial and osteogenic activity of Sr/Ag combination.
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1 INTRODUCTION
Titanium (Ti) and its alloys, presenting superior biocompatibility and excellent corrosion resistance, are often the preferred choice for implant materials (Hanawa, 2019). Despite their high success rates, certain risk factors make it difficult to completely avoid implant failures. Approximately 11% of dental implants and 10% of orthopedic implants fail and need to be removed due to undesired complications (Kurtz et al., 2005; Souza et al., 2018). Implant infections were reported in 28.8% of patients with dental implants (functional time ≥5 years) and 30% of patients following orthopedic internal fixation (Dreyer et al., 2018; Kuehl et al., 2019). This aids in damage of peri-implant tissues affecting direct bone-to-implant contact thus resulting in implant failure (Thomas and Puleo, 2011). Moreover, aseptic loosening occurred due to tiny gaps of implant–bone interface and likewise reduces long-term stability of orthopedic implants (Sundfeldt et al., 2006). Hence, the need for establishment of implant surface with dual properties including osteogenic and antibacterial is essential for the long-term survival and prevention of implant associated infections (Nguyen-Hieu et al., 2012; Xue et al., 2020; Lu et al., 2021).
Different dual functionalization strategies have been adopted on Ti surfaces (Shi et al., 2008; Raphel et al., 2016; Lu et al., 2021). These include combed strategies for improving tissue integration such as surface modification or coating hydroxyapatite, growth factors, metal ions, etc. with antimicrobial strategies such as metal ions, antimicrobial drugs, polymers/copolymers, antimicrobial peptides (AMP), nitride, UV and laser-activatable surfaces, etc. (Grischke et al., 2016; Raphel et al., 2016; Lu et al., 2021). Silver (Ag) as one of the most effective antibacterial metals was used in multiple strategies resulting in bio-functionalized antibacterial Ti surfaces (Raphel et al., 2016; Lu et al., 2021; Sui et al., 2022). Ag-functionalized implant surfaces can significantly decrease bacterial adhesion and biofilm formation by disrupting the bacterial wall/membrane, signal transduction pathways, intracellular penetration, and inducing oxidative stress (Tripathi and Goshisht, 2022). However, the use of Ag in this context has limitations due to its cytotoxic effects on surrounding tissues, which must be taken into account when considering clinical applications (Tripathi and Goshisht, 2022).
In order to enhance osseointegration properties, several Ti coatings have incorporated strontium (Sr). Sr as an alkaline metal has already been used clinically as a therapeutic reagent for osteoporosis in the form of strontium ranelate (Marx et al., 2020). Based on a systematic review on animal models, bone-to-implant contact (BIC) of Ti implants modified with Sr was significantly higher than for unmodified implants (Shi et al., 2017). The presence of Sr ions promotes osteoblast proliferation and differentiation, while inhibiting the differentiation of osteoclasts (Marx et al., 2020). Additionally, Sr-functionalized Ti implants showed a limited antimicrobial effect for a short period of time (Alshammari et al., 2021).
Thus, combined application of biofunctional elements, such as Sr and Ag, presents a multifunctional strategy that could simultaneously promote bone formation and prevent bacterial colonization, thereby promoting the success rate of the titanium implants (Xu et al., 2020). For instance, Sr/Ag loaded nanotubular structures on Ti surface demonstrated long-lasting and remarkable anti-adhesive and antibacterial characteristics against various types of bacteria. Moreover, the coating accelerated the healing of bone defects and enhanced the expression of osteoblastic phenotype in vivo and in vitro respectively (Cheng et al., 2016). Our recent study on the biological potential of Sr/Ag combination showed that Sr may not only partially compensate the cytoxicity of Ag facilitating bone formation but also exhibited a synergistic antibacterial effect when combined with Ag (Parizi et al., 2022). Nevertheless, these are results of individual studies. So far, even as there exist general reviews on dual functionalization strategies (Xue et al., 2020), Sr/Ag modified Ti surfaces have not been assessed comprehensively across studies for their combined antibacterial and osteoinductive effects. Thus, the purpose of this review was to systematically analyze the existing literature using the Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) guidelines (Page et al., 2021) regarding the development and efficacy of Sr/Ag functionalized Ti surfaces toward dual antibacterial and osteoinductive properties. Additionally, a second focus was put on the applied experimental methods to analyze both properties. The meta-analytical overview generated in this review should support future researchers in implementing effective approaches to develop and analyze dual-functionalized implant surfaces.
2 METHODS
2.1 Protocol development
This systematic review was conducted in accordance with the Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) guidelines. The following PICOS elements were defined:
(P) Population: Ti implants
(I) Intervention: Ti implants functionalized with Sr and Ag
(C) Control: Ti implants that do not use Sr/Ag combinations
(O) Outcomes: Antibacterial activity and osteogenic characteristics
(S): Study design: In-vitro studies
The following research question was addressed based on the PICOS element: “Does dual incorporation of strontium/silver enhances the osteogenic and anti-bacterial characteristics of Ti surfaces in vitro?”
2.2 Search strategy
A comprehensive literature search was performed across PubMed, Scopus, and Web of Science electronic databases using specific keywords and MeSH terms. The following terms were included: “Osseointegration” OR “osteogenic differentiation” OR “bone regeneration” OR “osseointegration” OR “Osteoconductive” OR “Osteoinductive” OR “osteoblast differentiation” OR “osteogenic gene expression” OR “mineralization” AND “anti-bacterial activity” OR “antimicrobial” OR “anti-infection” OR “antiBiofilm” OR “bactericidal” OR “bacteriostatic” AND “Titanium” OR “Ti implant” OR “Ti sheet” OR “titanium disk” OR “titanium substrate” OR “titanium plate” AND “Silver” OR “silver nanoparticle” OR “Ag” OR “AgNPs” OR “Ag ions” OR “Ag nanoparticles” AND “strontium” OR “Sr.” Manual searches were performed in peer-reviewed journal in the field of implantology. In addition, references of included and excluded studies were scrutinized to identify additional studies. The last search was performed on 31 March 2023.
2.3 Eligibility criteria and study selection process
After a comprehensive search, studies were included based on the eligibility criteria as presented in Table 1. Searches were performed by two review authors (M.P. and H.D.) independently to identify the potential studies. Any disagreements regarding the inclusion of studies were sorted with discussion. Any further discrepancy was resolved with the opinion of a third reviewer (K.D-N.) until reaching a unanimous decision.
TABLE 1 | Inclusion and exclusion criteria for study selection.
[image: Table 1]2.4 Risk of bias
The risk of bias assessment was performed using a tool as reported in a previous study (Mendes et al., 2022) with few modifications. These modifications were implemented due to the categories of studies included in the present review. The tool presents 9 domains including clearly stated aims/objectives, presence of adequate control, ion release analysis, standardization in sample production process, sample characterization, assessment of antibacterial and osteogenic methods, observer blinding and adequate statistical analyses. Each of these domains were presented with subsequent answer ‘reported’ or ‘not reported’. If the domains were adequately reported, then the study was presented with score 1 and score 0 in situation if the data was missing. Overall, the study was rated with ‘high’ risk if scored less than 3, ‘moderate’ if scored 4 to 6 and low if scored 7 to 9. The risk of bias assessment was performed by two review authors (M.P. and A.G.) independently. The disparity between the decisions was resolved with profound discussion until a consensus was reached or by discussion with third review author (K.D-N.).
2.5 Data extraction and statistical analyses
Following data was extracted of all included studies: author, year of publication, surface modification, fabrication method, bacteria tested, antibacterial assay, intergroup comparisons, cells tested, osteogenic markers and their detecting assays, and conclusion. All data from the included studies was analyzed qualitatively. Because of the high heterogeneity reported in the included studies with respect to the outcomes and the methodology, meta-analysis was not performed.
3 RESULTS
3.1 Search results
A total number of 69 articles were initially identified as a direct result of electronic PICOS-based search in three databases. The process of exclusion and inclusion of potentially relevant articles is illustrated in a flow chart (Figure 1). First, 32 duplicates were removed and out of the remaining 37 articles, 26 were considered potentially eligible based on the title and/or abstract. Screening of full-text manuscripts led to further exclusions of 9 publications, as they failed the study’s selection criteria (Table 1). Consequently, 17 articles were included in the present review.
[image: Figure 1]FIGURE 1 | PRISMA flow chart showing the study selection process on strontium/silver-based titanium surface for antibacterial and osteogenic characteristics.
3.2 Surface functionalization and release properties
Different surface modification methods have been used to functionalize Ti surfaces with Ag and Sr. Among the included studies, eight used hydrothermal treatment, five electrodeposition, three micro-arc oxidation or plasma electrolytic oxidation, and remaining one used plasma spray technique to coat one or more than one chemical on the Ti substrates (Table 2). All included studies had physically modified Ti surface topography. Microstructures and porosities were applied either separately or accompanied by the result of chemical coatings. Majority of (70%) included studies presented nano-level modifications in the forms of nanostructured Ti (NT), TiO2 nanotubes (TNT) and nanoparticle (NP) structures (Cheng et al., 2016; Chen et al., 2017; Geng et al., 2017; Huang et al., 2017; Li et al., 2019; Pan et al., 2020; van Hengel et al., 2020; Zhang et al., 2020; Wang et al., 2021a; Huang et al., 2022; Yao et al., 2022; Bian et al., 2023). Additionally, functionalized Ti substrates were coated either only with Sr/Ag or in combination with other coatings including hydroxyapatite (HA), calcium (Ca), silk (Si), fibroin (F), manganese (Mn) and graphene oxide (GO) (Table 2). Among these, HA was the most frequently used additional coating and presented in seven of included studies. Despite the parameters extracted for the following meta-analysis, all included studies performed initial physical and chemical characterizations of their coatings, regarding, e.g., surface topography, chemical composition or wettability. Also, all but one study analyzed the release of silver and/or strontium ions (Table 2). Most release curves were recorded for 14 or 21 days and revealed an almost linear zero order release (50%). Four studies observed a burst release within a maximum of 4 days (Cheng et al., 2016; Pan et al., 2020; van Hengel et al., 2020; Zhang et al., 2021), whereas three studies showed steadily decreasing first order releases (Chen et al., 2017; Wang et al., 2021a; Bian et al., 2023). Even though only 50% of studies compared the release patterns of different coatings, these could mainly identify no differences (Fielding et al., 2012; Chen et al., 2017; Geng et al., 2017; Qiao et al., 2019; Huang et al., 2022; Yao et al., 2022) and only in two cases a slower release of the Ag/Sr combined coating (van Hengel et al., 2020; Wang et al., 2021a).
TABLE 2 | Surface coatings and modification approaches.
[image: Table 2]3.3 Biocompatibility testing
Before specific antimicrobial and osteogenic testing, all studies but one (Li et al., 2019) tested their surfaces for basic biocompatibility (Table 3). They all used at least two different tests, combining tests for metabolic activity (e.g., MTT assay, CCK-8 assay) with microscopic observations (e.g., CLSM, SEM). Biocompatibility could be verified for all surfaces with combined Ag/Sr coating. Interestingly, compared to Sr only coatings, six of studies showed similar biocompatibility (Fielding et al., 2012; He et al., 2016; Pan et al., 2020; van Hengel et al., 2020; Okuzu et al., 2021; Yao et al., 2022), whereas three studies showed lower (Geng et al., 2017; Zhang et al., 2021; Huang et al., 2022) and one study higher biocompatibility (Wang et al., 2021a). In contrast, compared to Ag only coatings, only one study showed similar biocompatibility (Chen et al., 2017), whereas biocompatibility of eight studies increased (Fielding et al., 2012; Geng et al., 2017; Qiao et al., 2019; van Hengel et al., 2020; Zhang et al., 2020; Wang et al., 2021a; Yao et al., 2022; Bian et al., 2023). The other studies did not compare biocompatibility of these different coatings.
TABLE 3 | Biocompatibility of functionalized Ti surfaces.
[image: Table 3]3.4 Antimicrobial evaluation
Functionalized Ti surfaces were tested for their antibacterial properties using different strains of bacteria and antibacterial assays (Table 4). Eight included studies used one single bacterial species to test their antibacterial efficacy (Fielding et al., 2012; Chen et al., 2017; Huang et al., 2017; Qiao et al., 2019; Pan et al., 2020; van Hengel et al., 2020; Zhang et al., 2021; Bian et al., 2023), while the remaining studies have used more than one type of bacteria (Cheng et al., 2016; He et al., 2016; Geng et al., 2017; Li et al., 2019; Zhang et al., 2020; Wang et al., 2021a; Okuzu et al., 2021; Huang et al., 2022; Yao et al., 2022). The most common used species were Staphylococcus aureus (S. aureus) representing Gram-positive bacteria and Escherichia coli (E. coli) representing Gram-negative bacteria. In detail, 6 studies have used only S. aureus, one study only E. coli and other 9 studies have used both species for the assessment of antibacterial activity. Consequently, only one included study examined the antimicrobial effect of Ti surface using Gram-negative Pseudomonas aeruginosa (P. aeruginosa) (Fielding et al., 2012).
TABLE 4 | Antimicrobial properties of functionalized Ti surfaces.
[image: Table 4]There are three categories of antibacterial assays that were used in the selected studies: microscopy methods (fluorescence or scanning electron microscope (SEM)) (13 publications); agar plate-based assays including zone of inhibition (ZOI) and colony forming units counting (CFU) (16 publications); and general growth analysis including the turbidity and the optical density measurement (OD) (3 publications). Out of the 17 included studies, two studies used only single method for the assessment (Fielding et al., 2012; Chen et al., 2017), and the remaining used two or more assays. These assays were applied to planktonic cultures in all studies, but further twelve studies analyzed additionally the adhesion and formation of biofilms (Cheng et al., 2016; He et al., 2016; Geng et al., 2017; Li et al., 2019; Pan et al., 2020; van Hengel et al., 2020; Zhang et al., 2020; Okuzu et al., 2021; Zhang et al., 2021; Huang et al., 2022; Yao et al., 2022; Bian et al., 2023). However, mostly attachment and biofilm formation were only evaluated qualitatively. Quantitative analysis of attached bacteria or formed biofilm was evaluated only in four studies using live/dead staining and microscopic analysis (Zhang et al., 2020; Huang et al., 2022; Yao et al., 2022; Bian et al., 2023). The general antibacterial activity was quantitatively measured in all studies except one, which qualitatively examined the antibacterial effects using live/dead fluorescence images (Fielding et al., 2012). Although all of the included studies evaluated the antibacterial effects over a period of 24 h, long-term antibacterial effects was additionally examined in four studies up to 5, 28, 30 and 60 days (He et al., 2016; Chen et al., 2017; Wang et al., 2021a; Zhang et al., 2021).
Table 4 presents summary of antibacterial efficacy of Sr/Ag functionalized Ti surfaces. All studies showed antibacterial effect against tested bacterial strains. The short-term (up to 24 h) antibacterial rate was reported between 95% and 100% in 13 studies (He et al., 2016; Chen et al., 2017; Geng et al., 2017; Huang et al., 2017; Li et al., 2019; Qiao et al., 2019; van Hengel et al., 2020; Zhang et al., 2020; Wang et al., 2021a; Okuzu et al., 2021; Zhang et al., 2021; Huang et al., 2022; Bian et al., 2023). Two studies did not quantitatively report the antibacterial efficacy but showed nearly a complete eradication of bacteria in flurescence imaging (qualitatively examined) and agar plates (no report of counting, but stated as significant), respectively (Fielding et al., 2012; Pan et al., 2020). Cheng, et al. also reported their antibacterial activity by measuring the inhibition zone which was reported 0 cm in case of Ti and TiO2–NT groups, and between 1.52 ± 0.10 cm to 1.94 ± 0.21 cm in groups containing Sr/Ag (Cheng et al., 2016). Further, Yao et al. demonstrated 93.28% and 87.62% dead percentage of the total bacteria in alkali heat treated-Ti/Ag/Sr groups against S. aureus and E. coli subsequently (Yao et al., 2022). By comparing the long-term antibacterial activity (≥5 days), the effect was reduced by time in all studies which have exmained this effect in a longer period of time. Chen, et al. showed reduced antibacterial effect from 100% to 84% after 60 days (Chen et al., 2017). However, He, et al. revealed more severe reduction to 40% after even 28 days (He et al., 2016). Testing silk fibroin/Ag co-functionalized Sr titanate nanotubes showed a 30% reduction in antibacterial efficacy after 5 days (Wang et al., 2021a). Interestingly, immersing Sr/Ag coated Ti surfaces in PBS showed reduced antibacterial activity in the long term comparing the surface without PBS immersion (Zhang et al., 2021). Furthermode, five studies compared the antibacterial potential of final coating containing Sr/Ag with only Ag functionalized groups (without Sr, but with or without other chemicals) (Huang et al., 2017; Qiao et al., 2019; van Hengel et al., 2020; Zhang et al., 2020; Yao et al., 2022). Out of these publications two of them showed enhanced antibacterial effect in the Sr/Ag functionalized groups in comparison to Ag groups without Sr addition (Huang et al., 2017; van Hengel et al., 2020). Remaining studies have shown that the combination of Sr and Ag had no beneficial effects on antibacterial efficiency of Ag (Qiao et al., 2019; Zhang et al., 2020; Yao et al., 2022). Additionally, six studies also evaluated the antibacterial effect of Sr groups (without Ag). Out of these, four showed limited or no antibacterial effect (Chen et al., 2017; Pan et al., 2020; Okuzu et al., 2021; Zhang et al., 2021), whereas two studies demonstrated antibacterial effects following the application of Sr functionalized Ti groups (Huang et al., 2017; van Hengel et al., 2020).
3.5 Osteogenic characteristics
Similar to antibacterial testing, assessment of osteogenic characteristics was done using different cell types and methods. Table 5 shows a summary of the included studies regarding cell type used, methods used for analyzing the expression of osteoblastic phenotype, osteogenic markers, and intergroup comparison. Commonly used cell systems in the studies comprised osteoblast-like cell lines and stem cells. Among the included studies, 16 of them have used cell lines: 14 used MC3T3-E1 as a mouse non-transformed cell line; one publication used MG63 (human osteosarcoma cells) (Geng et al., 2017) and one study human fetal osteoblastic cells (hFOB) (Fielding et al., 2012) (Table 5). Exceptionally, Okuzu, et al. tested osteogenic activity of surfaces using rat bone marrow stromal cells (BMSCs) (Okuzu et al., 2021). As defined by the inclusion criteria, all included investigations observed stimulation towards osteogenic differentiation. Depending on the stages of differentiation and coatings, osteogenicity was triggered with the addition of certain factors or as an effect of coating itself or the combination of both. For example, six studies mentioned using beta-glycerol phosphate/ascorbic acid and dexamethasone or their combination for osteogenic induction (Cheng et al., 2016; He et al., 2016; Chen et al., 2017; van Hengel et al., 2020; Okuzu et al., 2021; Yao et al., 2022). Remaining studies either checked the osteogenic differentiation without the addition of extra osteogenic triggers or did not report in their study design. In case of BMSC, osteogenic induction medium has been implemented to activate osteogenic differentiation (Okuzu et al., 2021).
TABLE 5 | Osteogenic outcome of functionalized Ti surfaces.
[image: Table 5]Different in vitro methods were used to estimate the expression of the osteoblastic phenotype. These methods include reverse transcriptase PCR (RT-PCR) for the detection of osteogenic transcripts, immunochemistry methods like enzyme-linked immunosorbent assay (ELISA) and immunofluorescence microscopy for secreted protein markers, colorimetric assays for osteogenic enzymes, and direct staining of matrix components. ALP activity was the most frequently studied osteogenic marker in the included studies and has been reported in 16 studies (Table 5). ALP activity was either detected qualitatively by staining or determined quantitatively by colorimetric analysis or RT-PCR. Six studies have used alizarin red staining as a marker for ECM mineralization (Cheng et al., 2016; He et al., 2016; Chen et al., 2017; Li et al., 2019; Pan et al., 2020; Yao et al., 2022), while Sirius Red staining (Direct Red 80) as a marker of collagen secretion was used in three studies (He et al., 2016; Chen et al., 2017; Huang et al., 2022). Furthermore, six studies have employed RT-PCR to detect the expression of osteogenic markers, such as ALP, Runx2, OCN, Col-I, and OPN (Cheng et al., 2016; Geng et al., 2017; Li et al., 2019; Qiao et al., 2019; Okuzu et al., 2021; Yao et al., 2022). Within each study, several osteogenesis markers were used to confirm osteogenic differentiation: seven used two osteogenic markers and ten studies explored three or more osteogenic markers (Table 5).
To evaluate the biological effects of coated Ti in a more complex environment, an additional co-culture of two cell types or cells and bacteria was performed in two studies. Chen et al. used supernatant of MC3T3-E1 culture medium to evaluate its effect on human endothelial cell line (ECs) and in vitro angiogenesis (Chen et al., 2017). Similarly, Li et al. implemented MC3T3-E1 in an indirect co-culture with supernatants of Raw 264.7 (murine macrophage cell line) cultured on different Ti substrates (Li et al., 2019). Their results showed more elongated cells and expression of osteogenic markers in stimulated groups by the supernatants indicating early bone healing facilitation by regulating macrophage polarization (Li et al., 2019). Additionally, they have compared the mineralization rate with and without the presence of bacteria after 21 days. Mineralization value in all groups which have been used in co-culture setups was lower than those in mono-culture setup (Li et al., 2019).
The in vivo osteoinductive potential of combined Sr/Ag-modified surfaces was investigated in four included studies (Li et al., 2019; Zhang et al., 2020; Wang et al., 2021a; Yao et al., 2022). Among them, one has used rabbit’s maxila as implant insertion location (Yao et al., 2022), while others have used rabbit’s femoral defect model for their in vivo evaluation. Li, et al. have contaminated the implants with S. aureus prior implantation (Li et al., 2019). Animals were monitored between 4 weeks and 8 weeks and subsequently sacrificed for further analysis. All studies used histopathological analysis of surrounding tissue. A variety of histological staining techniques such as Hematoxyline and eosin (HE), Immunohistochemistry, Van Gieson and Masson’s Trichrome were used to determine the new bone formation, inflammatory cell infiltration, collagen fibers and fibrosis. Using micro-computed tomography (µCT) in two studies, it was possible to quantify the amount of newly formed bone surrounding implants based on the bone-to-tissue volume ratio (BV/TV) (Li et al., 2019; Yao et al., 2022). As an additional analysis, the study by Li et al. injected ARS and calcein intramuscularly to evaluate dynamic osteogenesis process and bone growth pattern (Li et al., 2019).
In all studies, Sr/Ag modified Ti surfaces showed an increased osteogenic effect in comparison to one or more than one control groups (Ti, Ag-Ti, Sr-Ti) (Table 5). As most studies applied not only Sr but also different surface structuring and/or soluble factors to promote osteogenic differentiation, a direct comparison of efficiency was difficult. Overall, six studies reported a mild increase in osteogenic differentiation of up to 20% in the Ag/Sr groups compared to the unmodified controls (Chen et al., 2017; van Hengel et al., 2020; Zhang et al., 2020; Wang et al., 2021a; Huang et al., 2022; Bian et al., 2023). A medium increased differentiation of approx. 30%–40% was reported in further five studies (He et al., 2016; Li et al., 2019; Pan et al., 2020; Zhang et al., 2020; Okuzu et al., 2021), whereas four studies detected a comparable strong differentiation increase of approx. 50% (Cheng et al., 2016; Huang et al., 2017; Qiao et al., 2019; Yao et al., 2022). The strongest increase in osteogenic differentiation with 60%–70% was observed by Geng et al. in hydrothermal silver-containing calcium-phosphate coatings with strontium as binary dopant (Geng et al., 2017). Additionally, ten studies have compared the effect of Sr/Ag modified surfaces (alone or in combination with other modifications) with Sr functionalized control groups (Fielding et al., 2012; He et al., 2016; Geng et al., 2017; Li et al., 2019; Pan et al., 2020; van Hengel et al., 2020; Wang et al., 2021a; Okuzu et al., 2021; Huang et al., 2022; Yao et al., 2022). Four of them showed more osteogenic effect in Sr/Ag groups (with or without extra biofunctional aganets) in comparison to Sr alone groups (He et al., 2016; Li et al., 2019; Wang et al., 2021a; Okuzu et al., 2021). In detail, He, et al. reported more collagen secretion in M-Sr/Ag 0.40 group in compare with M-Sr at day 7. Although, ECM mineralization did not show a similar effect (He et al., 2016). On the other hand, Li, et al. showed enhanced mineralization in AH-Sr-AgNPs group in comparison with AH-Sr in both mono and co-culture conditions (Li et al., 2019). Additionally, Okuzu, et al. revealed higher Runx2 and ALP expression in CaSrAg-Ti in compare with CaSr-Ti group (Okuzu et al., 2021). Synergistic osteogenic effects of Sr with SF showed higher ALP secretion in nano-silver-silk fibroin Sr-loaded TN in comprae to Sr-loaded TN (Wang et al., 2021a). The heterogeneous measurement approaches employed across the included studies made quantification and comparison of osteogenic effects difficult in the context of our systematic review. In particular, there were differences in selection of osteogenic markers, the timing of assessments and variability in reporting.
3.6 Risk of bias assessment
The risk of bias assessment among the included studies is illustrated in Figure 2. All included studies (100%) clearly defined the aim and objectives, which aid in ease of assessment of methods and conclusion. Moreover, it facilitates readers and researchers in the decision-making process. 76% of included study compared test group with adequate controls (unmodified surfaces) thus facilitating effective comparison and interpretation of results with the standard. Whereas, remaining 24% of included study did not report or utilize the control group. Ion release from the surfaces was measured in 94% of studies. It is noteworthy to report that 100% of included studies presented standardization in sample processing and sample characterization. Majority of the included studies (88%) utilize at least two tests for antibacterial assessment. Assessment of antibacterial effects with minimum two test is significant as it will help to report the confirmative analysis of one test with other. Thus, indicating a low risk of bias in assessing the antibacterial effect of proposed implant material. Whereas remaining 12% of included studies used only one test for its assessment. Similarly, findings were observed in terms of osteogenic assessment, wherein majority of included studies (76%) reported or utilize at least 2 different methods to evaluate the osteogenic potential whereas remaining 24% included studies failed to report two methods. No study reported the blinding of the observer. This would have allowed to avoid bias while assessing and interpretation of the data among the test and control group. 76% of studies presented adequate statistical analysis. Overall, 12 included studies reported a low risk of bias, and 5 studies reported a moderated risk of bias.
[image: Figure 2]FIGURE 2 | Risk of bias assessment.
4 DISCUSSION
Simultaneous dual-functionality towards antibacterial and osteoinductive effect can be achieved on Ti implant surfaces by combination of multiple functional elements. However, striking an optimal balance between enhancing osseointegration and minimizing infections remains challenging. This is due as most of bactericidal materials do not exhibit acceptable antibacterial properties within the cytocompatible range, and high amounts of osteoinductive materials can be too toxic for the cells as well. Moreover, the functionality of these materials can be influenced by factors such as coating strategy, functional element concentration, release kinetics, and the specific chemical properties. The present systematic review provides a comprehensive PICOS-based analysis of the effectiveness of Ti surfaces modified with combinations of Sr as an osteoinductive agent and Ag as an antibacterial agent. The included studies used different methods tailored to the metallic titanium surface that led to a superficial modification of Ti implants with Sr/Ag. Applying different methods, like plasma immersion ion implantation or sol-gel chemistry, could have led to a modification of also deeper material layers or a transferability to other, more temperature sensitive materials, respectively (Xue et al., 2020). The release of ions from these surfaces mainly followed a zero or first order release, rather than a burst release, which is promising for future application as it guarantees a longer lasting effect. Also, the type of incorporated ions (individual or combined) seems not to affect the release properties, even if a final conclusion would require additional analyses. All studies reported basic biocompatibility of the combined Ag/Sr coating. The biocompatibility was mainly comparable to surfaces with Sr only and mostly higher than for surfaces with Ag only. Ag’s application on tissue cells commonlly causes cytotoxic reactions not only for implants but also other biomaterials including impairment of membrane integrity, oxidative stress and DNA damage (Abram and Fromm, 2020; Liu et al., 2023). However, incubation time and concentration strongly affect cytotoxicity level. According to Pauksch. et al., hMSC viability was reduced significantly by Ag application after 21 days, despite no cytotoxic effects observed after 2 h and 7 days (Pauksch et al., 2014). The increased biocompatibility of the Ag/Sr combined coatings indicates that the promoting effect of Sr could counterbalance the cytotoxic effects of Ag at least to a certain extent. However, the mechanism behind this observation is unclear and would need to be analyzed in future studies.
Regarding the major focus of this work, all studies included in this review reported dual-functionality, enhanced antibacterial and osteogenic effects, through physical, chemical, and biological modifications. To evaluate these antibacterial and osteogenic effects a wide range of standard methods was applied. However, the results of these evaluations were not dependent on the specific methods employed or the number of methods used.
The antimicrobial effect of the coated Ti surfaces is primarily associated with the presence of Ag, more specifically the released silver ions. As already reviewed and illustrated elsewhere, silver ions are able to adhere to and disrupt the bacterial membrane (Figure 3). By this, they enter the cytoplasm, where they impair multiple cellular structures, enzymes and pathways, e.g., glycolysis or cellular stress response, mainly through the generation of reactive oxygen species, which finally leads to cellular dysfunction and bacterial death (Wang et al., 2021b; Tripathi and Goshisht, 2022). Although, certain studies have utilized additional substances, structures or mechanisms in order to: 1) reduce burst release of Ag resulting in lower cytotoxicity and longer antibacterial effects; 2) synergistically enhance antibacterial effects allowing them to employ these agents at low concentrations to minimize their potential cytotoxicity (Figure 3). For instance, silk fibroin’s cross-linking effect prevents sudden releases of Ag ions and prolongs antibacterial activity (Wang et al., 2021a). A similar effect was obtained by adding Sr and GO to the coating resulting in reduced Ag burst release (Huang et al., 2022). Furthermore, Yao et al. demonstrated that hierarchical micro/nanostructures have the ability to incorporate adequate amounts of nanoparticles for gradual release of metal ions (Yao et al., 2022). Interestingly, two studies could detect antibacterial effects also in Sr groups without Ag, resulting in a synergistic antibacterial effect against S. aureus or MRSA in the final coating in addition to Ag (Huang et al., 2017; van Hengel et al., 2020). Our recent in vitro investigation reported similar findings, where the combination of Sr acetate with Ag nitrate resulted in a synergistic increase in the antibacterial effect against Aggregatibacter actinomycetemcomitans. However, so far, the mechanism is unclear (Figure 3) as the synergistic effect might have different mechanism of action in killing bacteria than the individual substances (Parizi et al., 2022). It might be hypothesized that the effect includes changes in environmental factors, like pH or increasing of membrane permeability. Based on the release patterns, there is no indication of an influence of substance release kinetics. Additionally, certain coating structures such as nanoscale surfaces, may exhibit antimicrobial properties (Grischke et al., 2016). In the study by Pan et al., anodization of titanium surfaces increased surface hydrophilicity, preventing non-specific adsorption of bacterial adhesion proteins and reducing bacterial attachment (Pan et al., 2020). A study by Cheng et al., however, found that no ZOI was observed in pure Ti and TiO2-nanotubes, indicating no antibacterial activity following nanostructure modifications (Cheng et al., 2016). Thus, Ag appears to play the major role in antibacterial results, but there may also be additional effects resulting from other substances or structures, resulting in synergistic interactions that could be attributed in further studies.
[image: Figure 3]FIGURE 3 | Schematic illustration of possible mechanisms related to antibacterial/osteogenic titanium surfaces in the included studies. Abbreviations: BMSCs, bone marrow stromal cells; ERK1/2, extracellular signal-regulated kinases 1/2; NF-KB, nuclear factor k-light-chain-enhancer of activated B cells (Wang and Yeung, 2017; Marx et al., 2020; Yin et al., 2020; You et al., 2022). Created with BioRender.com.
The critical time point for preventing implant infections can vary depending on the type of implant and the specific clinical context in which it is placed. However, in general, the immediate post-surgery period is considered the crucial time period for preventing implant infections. Bacteria can colonize on surface of dental implants within the initial 30 min after implant placement (Fürst et al., 2007). Accordingly, most of the studies included in this review evaluated the antimicrobial effects of functionalized surfaces at an early stage (up to 24 h). At earlier time points, immediate release of Ag ions showed a stronger antibacterial effect due to higher ion concentrations. As time progresses, Ag ion release may decrease, reducing antibacterial activity (He et al., 2016; Chen et al., 2017; Wang et al., 2021a). Successful clinical application of these surface coatings would require more detailed understanding of durability and sustainability of the antibacterial properties both the in short- and long-term setups, which should be adressesd in further studies. The effect of antibacterial agents also varied depending on the sensitivity of different bacteria. Accordingly, E. coli showed more sensitivity to Ag’s bactricidal effects, whereas S. aureus required a longer time or higher concentration to reach the same level of inhibition (He et al., 2016; Geng et al., 2017; Okuzu et al., 2021). In contrast, Yao, et al. showed higher percentage in dead S. aureus (93%) in comparison to E. coli (88%) (Yao et al., 2022). Similarly, our previous investigation on antibacterial effect of Ag/gold NP against S. aureus and Porphyromonas gingivalis not only yielded different antibacterial outcomes depending on the bacterial species but also varied according to method of analysis (Doll-Nikutta et al., 2023). Most of the included studies in the current review have used S. aureus or E. coli or both for bacterial testing which are amongst the most clinical relevant strains for endoprosthetic joint infections (Otto-Lambertz et al., 2017). However, they are not representative of common bacterial species in the oral cavity, so the results from these articles most probably cannot be directly translated to dental implant applications, which account for the highest number of implantations. In line with this, most of the included studies investigated the potential antimicrobial effects on only one or two individual bacterial strains. This is beneficial as using single bacterial strains allows for easier comparison of results across studies and between different antibacterial implant surfaces. Nevertheless, it was found that antimicrobial treatment was less effective against multispecies biofilms that are commonly associated with dental peri-implant infections due to heterogeneity of species (Flemming et al., 2016). Most of the studies considered bacterial attachment and biofilm formation when analyzing antibacterial effectiveness. This is crucial as biofilms are the clinically relevant growth form and at the same time possess inherent resistance to antibacterial strategies (Davies, 2003). However, only some studies analyzed biofilms not only qualitatively but also quantitatively, probably due to limitations in specialized analysis software. In summary, for reliable clinical translation, the selection of bacteria and their growth forms should be compatible with the desired application and reflect clinical infection conditions. This ensures practicality and makes these strategies more transferable to clinical settings.
Besides antibacterial effects, all the included studies showed enhanced expression of at least one osteogenic marker by the application of dual-functionalized surfaces. Considering the variations in osteogenic evaluation methods employed among the included studies, a general overview reveals that Sr/Ag modified titanium surfaces enhance osteogenic characteristics in multiple aspects including cellular functionality, mineralization capacity, ALP and Col-I expression, and osteogenic gene expression. Following cellular interaction with modified surfaces, osteoblasts functionality (adhesion, spreading, migration, proliferation, methabolic activity, viability) was enhanced in all included studies facilitating osteogenic differentiation. Furthermore, most of the coatings enhanced the expression of ALP, an enzyme that reduces the extracellular pyrophosphate concentration which inhibits mineral formation, thereby facilitates mineralization (Vimalraj, 2020). The modified surfaces positively influenced mineralization, promoting the deposition of calcium and phosphate ions essential for the formation of hydroxyapatite crystals (Cheng et al., 2016; He et al., 2016; Chen et al., 2017; Li et al., 2019; Pan et al., 2020; Yao et al., 2022). Additionally, an observed increase in collagen synthesis and expression of osteogenic genes signifies the activation of osteogenic signaling pathways and the promotion of osteoblastic activity, thereby contributing to the enhanced formation of bone tissue (Cheng et al., 2016; He et al., 2016; Chen et al., 2017; Geng et al., 2017; Li et al., 2019; Qiao et al., 2019; Okuzu et al., 2021; Huang et al., 2022; Yao et al., 2022). Based on the in vitro and in vivo findings presented and illustrated in a recent review, Sr-based biomaterials exhibit enhanced expression of osteogenic markers, reduced bone resorption, enhanced osteoinduction, and improved bone healing at the bone-implant interface mainly by strontium’s binging to the calcium sensing receptor (Figure 3) (Marx et al., 2020). However, it has to be noted that even though multiple studies analyzed the expression of osteogenic genes on RNA level, non of them stepped into the detailed mechanisms of RNA activity regulation. In this regard, RNA modifications or mRNA-based mechanisms could be analyzed in future (Chen et al., 2020; Chen et al., 2022).
It is important to note that this increase in osteogenic properties cannot be solely attributed to Sr, as there may also have been other factors involved (Figure 3): 1) physical surface modifications, 2) the presence of additional osteogenic agents in the coatings or modifications used in the studies, and 3) indirect effect of Ag’s antibacterial effect providing a favorable environment for osteoblasts’ function. Surface roughness and nanostructures can enhance osteoblast interactions with the surface as well as protein absorption resulting in osteoblast maturation, increased bone implant contact (BIC) and better osseointegration rate (Jemat et al., 2015). Osteogenic activity may have been accelerated by these factors working synergistically with Sr. For instance, HA, GO and Mn as well-known osteoinductive materials have synergistically enhanced osteogenic potential of functionalized surfaces (Fielding et al., 2012; Qiao et al., 2019; Zhang et al., 2020; Huang et al., 2022; Bian et al., 2023). Similar results were observed in a review demonstrating that Sr-doped HA and metal-based biomaterials increased osteogenic differentiation and prevented bone loss in vitro and in vivo respectively (Borciani et al., 2022). Interestingly, three studies (out of four studies which had adequate control groups) have shown that combined treatment of Sr/Ag on a similar surface without extra osteogenic agents also enhances the osteogenic effect compared to Sr alone groups, indicating a synergistic effect of the two elements (He et al., 2016; Li et al., 2019; Okuzu et al., 2021). Depending on the study, corresponding effect has either been attributed directly to osteogenic effect of Ag or indirectly as a result of antibacterial properties of Ag. To be more specific, Ag0.40 modified surfaces showed higher cell proliferation and osteogenic differentiation as compared to control Ti, indicating that adequate levels of released Ag enhance osteogenesis (He et al., 2016). In summary, this review demonstrates that synergistic interactions of antibacterial and osteogenic substances is evident in several studies, however, detailed knowledge on their extent and mechanism is very limited so far and requires more research in future.
A majority of studies have utilized cell lines, 2D culture systems, and monocultures for their evaluations. While these approaches provide valuable insights, they do not adequately reflect the complex interactions between bacteria, tissue and modified surfaces in the clinical situation. This is supported by the results of Li. et al., where Ti-containing Ag groups showed increased mineralization values compared to groups without Ag in co-culture with bacteria. This was attributed to Ag’s antibacterial properties providing a favorable environment for cell differentiation by protecting them from bacterial invasion. Although, mono-culture mineralization rates were lower in Ag-treated groups than in Sr-treated groups (Li et al., 2019). This strengthens the importance to examine Ti surfaces with dual antibacterial and osteogenic properties in a co-culture setup that closely mimics clinical situations to already include the complex bacteria-cell-interactions for in vitro analyses. Moreover, it is essential to consider the triangular interactions between bacteria, cells, and the surface when evaluating the antibacterial and osteogenic effects of titanium which may have a significant impact on the final results. Further studies can be conducted using primary cells, co-culture systems, 3D cultures, and in vivo models to gain a deeper understanding of the coatings’ efficacy.
Even though this systematic review specifically searched for in vitro studies the promising results regarding the dual functionality of Ag/Sr modified titanium surfaces make a consideration of their clinical application worth it. A first point that need to be considered is the expected mechanical stability as all applied functionalizations were superficial coatings (Table 2). Titanium implants, both for dental and orthopedic applications, experience harsh shear stresses during implantation, which often only full material modifications can withstand (Denis et al., 2024). Thus, the developed functionalizations need to be tested for their stability and if not fulfilling these requirements alternative application areas with less shear stress, like dental abutments should be considered. Furthermore, as already addressed in the last paragraph, a validation of these in vitro results in more realistic biological setups is required. This should include the interaction between human soft and hard tissue cells with the bacteria, but also the reaction of immune cells. The analyses could be performed in in vivo models (Blank et al., 2021) or by using sophisticated 3D in vitro models (Ingendoh-Tsakmakidis et al., 2019), if available for the desired application. As all coatings reviewed in this study change surface chemistry and not only physical properties, the in vitro and in vivo results could finally lead to clinical studies and subsequent medical device approval.
5 CONCLUSION
With regard to the initial PICOS question, incorporating Sr and Ag into Ti implant surface modifications could improve the antibacterial and osteogenic properties of the surface in all included studies. Surface modification with both substances was achieved by different coating strategies that all exhibited comparable release properties and biocompatibility. Antibacterial activity was mainly assessed using E. coli and S. aureus as model organisms and classical microbiologic and microscopic techniques. The strong antibacterial effect of all surfaces could be mainly attributed to the release of silver ions, even though physical surface structuring and a yet barely studied antibacterial effect of Sr could have contributed as well. Osteogenic properties were characterized using osteoblast-like cell lines or stem cells analyzed with multiple different methods ranging from staining techniques to molecular analyses. By this, increased osteogenic differentiation could be detected, which can be linked to the ability of Sr binding to the Calcium sensing receptor but also to physical surface structuring, additional osteogenic substances as well as surface clearance by antibacterial Ag. Interestingly, some studies could detect a synergistic enhancement of antibacterial and osteogenic properties with Ag/Sr dual-functionalized surfaces. The underlying mechanism is not known so far but would be interesting to address in future research. Further investigations should also validate these results regarding specific bacterial strains, the type of cells used, method of analysis, as well as co-culture or mono-culture setups to account for the need of testing systems close to the natural situation to improve clinical translation. Furthermore, also additional physical factors, which were not part of this review, need to be considered, like mechanical stability of the coatings. Consequently, further in vitro and in vivo research specifically tailored to the desired clinical application is required to evaluate the potential benefits and limitations of using Sr and Ag in combination for finally improving titanium implants’ biocompatibility and patient treatment.
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Chronic osteomyelitis remains a persistent challenge for the surgeons due to its refractory nature. Generally, treatment involves extensive debridement of necrotic bone, filling of dead space, adequate antimicrobial therapy, bone reconstruction, and rehabilitation. However, the optimal choice of bone substitute to manage the bone defect remains debatable. This paper reviewed the clinical evidence for antimicrobial biodegradable bone substitutes in the treatment of osteomyelitis in recent years. Indeed, this combination was proved to eradicate infection and facilitate bone reconstruction, which might reduce the cost and hospital stay. Handling was associated with increased risk of unwanted side effect to affect bone healing. The study provides some valuable insights into the clinical evaluation of treatment outcomes in the aspects of infection eradication, bone reconstruction, and complications caused by materials. However, achieving complete infection eradication and subsequently perfect bone reconstruction remains challenging in compromised conditions, hence advanced innovative bone substitutes are imperative. In this review, we mainly focus on the desired functional effects of advanced bone substitutes on infection eradication and bone reconstruction from the future perspective. Handling property was optimized to simplify surgery process. It is expected that this review will provide an important opportunity to enhance the understanding of the design and application of innovative biomaterials to synergistically eradicate infection and restore integrity and function of bone.
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1 INTRODUCTION
Osteomyelitis can be defined as bone inflammation caused by an infectious agent. There are three clinical mechanisms that result in bone infection: acute hematogenous osteomyelitis, which is more common in pediatric patients; osteomyelitis secondary to vascular insufficiency or neuropathy; and osteomyelitis resulting from the spread of a contiguous source trauma or surgical contamination (Urish and Cassat, 2020). In adult patients, it is estimated that 47%–50% of all osteomyelitis cases are post-traumatic (Lew and Waldvogel, 2004; Lima et al., 2014). Chronic osteomyelitis represents a major health problem as its significant morbidity and refractory nature, despite advances in current healthcare (Hatzenbuehler and Pulling, 2011). Additionally, chronic osteomyelitis is usually sustained for more than a month. In a worst case scenario, osteomyelitis can become a lifelong disease with late reactivation up to 80 years after the primary episode (Kremers et al., 2015).
One of the main obstacles for osteomyelitis treatment is that the infectious agent can remain in the bone tissue for a long period of time (Lew and Waldvogel, 2004). Since the inflammation actually takes place in avascular zones, the bactericidal efficacy of systemic antibiotics administration and the host immune system are spatially diminished. Given this, local release of antibacterial agents represents an appealing choice for the treatment of chronic osteomyelitis. Historically, antibiotic-loaded acrylic cement (ALAC) (Alonso et al., 2019), polymethylmethacrylate (PMMA) beads (Wentao et al., 2017), and calcium sulfate pellets (Chang et al., 2007; McKee et al., 2010; Gauland, 2011; McNally et al., 2016; Badie and Arafa, 2019; Qin et al., 2019) have outpaced systemic antibiotic therapy in Europe. However, ALAC and PMMA are nonbiodegradable. Patients suffer from secondary surgery for removal of the polymeric devices after antibiotic release, increasing the cost and duration of hospitalization. Without surgical removal, such devices may generate foreign bodies, thereby inducing subsequent inflammation and infection (Gibon et al., 2017). Consequently, an optimal device should provide the sustained release of local antimicrobial agent. Secondly, the device should not jeopardize the process of new bone ingrowth and preferably promote bone regeneration. As such, resorbable osteoconductive biomaterials integrated with antimicrobial agents seem appealing for one-stage surgery in the treatment of osteomyelitis.
The purpose of this review is to provide an overview of recent research on degradable bone substitutes integrated with antimicrobial agents for the treatment of chronic osteomyelitis, including experimental work as well as efforts that have already progressed into a clinical stage. For this, an outlook to a new versatile generation of materials is given to heal the refractory osteomyelitis, with the aims of improving quality of life and reducing hospital readmission.
2 WHAT IS CHRONIC OSTEOMYELITIS?
As the name suggests, chronic osteomyelitis becomes symptomatic for a long duration. It occurs mainly after a fracture and occasionally due to ischemic ulcers caused by diabetes mellitus, sickle cell disease, and malnutrition. The differentiation diagnosis to distinguish from acute infection is dead bone formation and host reparative reactions. Some devitalized bone fractures after trauma and impairment of the vasculature contribute to bone sequestrum. Host reactive new bone formation around the sequestrum occurs in the changeable course, defined as involucrum (Walter et al., 2012). Sequestrum colonized by bacteria aggravates the inflammatory response. The main pathogenic bacterium responsible for osteomyelitis is Staphylococcus aureus (S. aureus). Its virulence factors subvert host immune defense and culminate in bone destruction. For instance, S. aureus protein A (spA), an extracellular and cell-bound protein, has been documented to induce severe inflammatory response (Kumar et al., 2007), inhibit osteogenesis, and induce osteoclastogenesis (Jin et al., 2013). In addition, more than 50% of cases were related to hard-to-treat Methicillin-resistant Staphylococcus aureus (MRSA) (Gallarate et al., 2021).
Chronic osteomyelitis may frequently relapse, which is attributed to the imbalance between the host’s defense and bacterial invasion. Deficiency in local immune response hampers the clearance of the infection agents. Local ischemia prevents the infiltration of inflammatory cells and systemically administered antibiotics into this avascular region. Consequently, a biofilm is formed on the sequestrum, which protects the inner bacteria from antibiotics, host immune defense cells and the penetration of antibodies. The sessile form of pathogens within the biofilm reduce the sensitivity to antibiotics by a factor of 103, compared with a planktonic phase (Walter et al., 2012). On the other hand, S. aureus can develop an altered bacterial phenotype with a very slow metabolic rate, referred to as small colony variant (SCV). The bacterium can penetrate the host cells and survive intracellularly as a slow, persistent, and indolent infection, which is largely insensitive to antibiotics (Lehar et al., 2015; Tuchscherr et al., 2015). Meanwhile, the bacteria from the sessile phase in the biofilm could return to the planktonic phase. Clinically, this phenomenon would further trigger the recurrence of osteomyelitis once host defense system is inhibited. Therefore, chronic osteomyelitis remains a difficult clinical condition to treat, requiring multiple surgeries and a prolonged hospital stay.
3 WHAT IS THE CURRENT STANDARD OF CARE?
The comprehensive treatment of chronic osteomyelitis requires a multimodal approach involving adequate antimicrobial therapy, surgery, bone reconstruction, and rehabilitation (Barakat et al., 2019). Antimicrobial therapy plays an adjunctive role as the pathogens are tolerate to antibiotics. Antimicrobial therapy can be empirical or definite. Occasionally, empirical antimicrobial therapy is required initially before the antibiogram test based on cultures obtained from bone biopsies. Patient-specific consideration is essential involving drug allergy, drug toxicity, and drug metabolism, etc. Definite antimicrobial therapy is mainly based on microbiological diagnosis and susceptibility testing against the causative pathogen, if possible. Crucial microbiological sampling of the deep infection occurs at the time of initial debridement, avoiding iatrogenic bacterial contamination as carefully as possible. The choice of antibiotic therapy should be tailored to the individual patient based on susceptibility. Other factors such as disease chronicity and progress, patient compliance, and overall health with an evaluation of systemic markers of inflammation should be also considered (Gallarate et al., 2021). Penicillin remains the first-choice antibiotic. Clindamycin, metronidazole, ticarcillin and clavulanic acid, cephalosporins, carbapenems, vancomycin in association with other antibiotics could be chosen for resistant microorganisms. Empirically, a complete course of parenteral antibiotic therapy is prescribed over 4–6 weeks. Alternatively, initial parenteral therapy is followed by 3 weeks of oral antibiotics, such as ciprofloxacin and levofloxacin, which have excellent oral bioavailability and bone penetration (Huang et al., 2019). There are some recommended regimens for osteomyelitis antibiotic therapy targeting different types of microorganisms (Bury et al., 2021; Gallarate et al., 2021). For example, penicillin was recommended to use every 24 h as first-line Intravenous treatment against penicillin-sensitive S. aureus, while as for penicillin-resistant S. aureus, nafcillin or oxacillin was recommended to use every 4–6 h. Moreover, the Infectious Disease Society of America (IDSA) and the European Society for Pediatric Infectious Disease (ESPID) provide clinical practice guidelines for osteomyelitis treatment (Liu et al., 2011; Serrano et al., 2020). For MRSA induced osteomyelitis, the IDSA recommends empirical therapy with vancomycin or daptomycin plus rifampin for the initial 2 weeks, followed by rifampin plus another oral agent (fluoroquinolone, trimethoprim-sulfamethoxazole, a tetracycline, or clindamycin) to complete 3–6 months of therapy. ESPID guidelines recommends clindamycin with or without an anti-staphylococcal beta-lactam. For children with severe infection, vancomycin is a preferred choice, with or without the inclusion of clindamycin or an anti-staphylococca beta-lactam (Urish and Cassat, 2020).
Antibiotics should be able to reliably penetrate bone and combat against the expected pathogen spectrum effectively. The penetration ability of antibiotic into bone is evaluated by calculating the ratio of bone-to-serum concentration (mg/kg to mg/L). Azithromycin (ratio of bone-to-serum concentration: 2.5–6.3) suggests better bone penetration than vancomycin (ratio of bone-to-serum concentration: 0.27) (Rao et al., 2011). However, the rapid antibiotic resistance evolution of the bacteria has become one of the most frequently stated problems in antimicrobial therapy. The increased rate of multi-drug resistant infection in chronic osteomyelitis was observed in literature (Dudareva et al., 2019; Wu et al., 2019).
The surgical considerations include radical sequestrectomy, dead space management, soft tissue reconstruction and restoration of bone stability. Surgical removal of the sequestrum is paramount to a successful treatment outcome because sequestrum performs as the permanent source of virulent pathogens. All devitalized tissues need to be removed, with a wide resection margin of 3–5 mm and the establishment of adequate blood flow for effective systemic antimicrobial therapy (Lima et al., 2014; Barakat et al., 2019). However, the spatial heterogeneity of bacterial colonization in the bone and the surrounding tissue makes it impossible to ensure the complete eradication of bacteria despite of extended resection. Proper management of dead space is an important complement to kill the residual bacteria. Antibiotic-impregnated bone grafts would elute bactericidal levels of antibiotics for prolonged periods of time with minimized side effect. After the infection is controlled, soft tissue closure and vascularization are carried out to create a suitable environment for the following bone restoration. Autogenous bone implantation is usually applied for restoration of bone stability. Segmental defects longer than 3 or 4 cm require the Ilizarov technique or a vascularized pedicled bone graft (Khira et al., 2013). For smaller defects, autologous cancellous bone graft is sufficient. Finally, the treatment aims to rehabilitate patients to full weight-bearing. However, palliative treatment would be undertaken for infection remission and pain relief if the patient could not undergo such complex interventions. Additionally, we would foresee the periodic exacerbations of chronic osteomyelitis under the palliative treatment.
4 CLASSIFICATION AND EVALUATION OF BIOMATERIALS FOR OSTEOMYELITIS TREATMENT
The combination of a degradable bone substitute with a localized antibiotic release device may achieve eradication of the infection and promote bone regeneration concurrently. This strategy is an appealing option for the management of dead space and bone restoration by one-stage surgery, thereby reducing the cost and shortening hospital stays (Pincher et al., 2019). If not feasible, the bone substitute would help osseous repair and complement subsequent autologous bone implantation in a compromised condition. There is a wide range of synthetic materials for the treatment of osteomyelitis on the market, such as bioactive glasses, calcium sulfate hemihydrate, and calcium phosphates, and polymers. We would introduce these materials from infection eradication, bone reconstruction (osteogenesis and mechanical property), and material-caused complication (see Figure 1).
[image: Figure 1]FIGURE 1 | Evaluation of commercial bone void filler and solution for innovative composites in osteomyelitis treatment. (A) Evaluation of commercial bone void filler from infection eradication, bone reconstruction and handling; (B) solutions in innovative composite for a successful treatment outcome of osteomyelitis. Drug loaded, nanostructure, and ion modification are described for infection eradication. Surface modification, tunable degradability, tunable architecture and on demand release are introduced for controllable drug release. Enhanced osteogenesis and enhanced mechanical property are required for subsequent bone reconstruction. Introduction of growth factor, optimized architecture, and designed hybrid are indicated to achieve good bone regeneration and mechanical support. Hydrogel and CAD/CAM could be implemented for good handling property.
4.1 Bioactive glass
Bioactive glass has intrinsic antimicrobial, osteoconductive, and angiogenic properties. Hydroxyapatite (HA) layers can form on the surface of the material and create an intimate bond with the bone tissue. Bioactive glass in fluid leads to the release of ions, an increase in osmotic pressure, and pH. In the process, “needle-like” sharp glass debris forms on the surface of bioactive glass. This structure creates hollows and holes on the cell wall, and damages bacterial membrane (El-Rashidy et al., 2017). Neither development of resistance under bioactive glass nor biofilm formation on the surface have been observed to date (Coraça-Huber et al., 2014). A 90% success rate confirmed BAG-S53P4 as a bone substitute in the treatment of chronic osteomyelitis with excellent results, irrespective of the isolated pathogen and the host condition (Romanò et al., 2014; Lindfors et al., 2016). However, Nina et al. reported that infection at less than 6 months post-operation in polymicrobial cases were significant more often observed than the one with no infection or single bacterial specie infection (Lindfors et al., 2016). Bone defects with a maximum size of 30–60 cm3 were filled by bioactive glass in the lower extremities, which indicated enough load-bearing capacity of the granules in a well-confined environment. Bioactive glass filling is not appropriate for segmental bone defect. In addition, handling property of bioactive glass is fair, as the granules migrate during and after surgery. A therapeutic error was reported due to inadequate filling of these granules in a long-nail defect crossing both the tibia and femur (Al Malat et al., 2018). Bioactive glass degrades slowly and will remain in body for several years. Seroma leakage is thought to be an inflammatory response after implanting the material in the early stages of healing. It is presumed to be the result of osmotic effects caused by the material. The reported complication rate of seroma leakage after bioactive glass implantation was 2.6%–3.7% (Drago et al., 2013; Lindfors et al., 2016).
4.2 Antibiotic-impregnated calcium-based bone substitutes and calcium phosphates
There are several calcium-based bone substitutes and calcium phosphates with chemical and crystal structures somewhat similar to the inorganic composite of bone, such as calcium sulfate. Such devices provide a good infection control rate varies from 76.7% to 100% (McKee et al., 2002; McKee et al., 2010; Romanò et al., 2014; Niikura et al., 2016; Karr, 2018; Qin et al., 2018; Visani et al., 2018; Badie and Arafa, 2019; Qin et al., 2019; Qin et al., 2020). The reinfection rate was reported to be limited to 3%–13% (Visani et al., 2018; Qin et al., 2019; Qin et al., 2020). Calcium sulfate degrades very fast, which has been reported to cause early resorption of the material in 1 month (McKee et al., 2002). The osteoconductive effect is hampered after quick hydrolysis of calcium sulfate as the scaffold needed for bone regrowth disappears. Only partial ingrowth of the bone into the void defect was observed at 6 months post-operation. Seroma leakage rate was reported to be around 30%, higher than that of bioactive glass (Qin et al., 2019). Postoperative material leakage was common when calcium sulfate was implanted, because: i) there was insufficient soft tissue to cover the material when the lesion was too superficial; ii) calcium sulphate was squeezed out of the cavity during the healing process. Although the complication does not lead to reinfection, it may distress the patients as the substance leaking out of their wounds. Transient hypercalcemia has also been frequently reported as an acceptable complication. Calcium phosphates attract increased attention because their degradation products can be used for new bone formation. Calcium and phosphate ions are indeed known to regulate bone metabolism (Habraken et al., 2016). HA is a calcium phosphate. By combining calcium sulfate with HA, biocompatibility is increased, and inflammatory responses are reduced. HA compensates for early resorption of calcium sulfate and provides long lasting scaffold for bone repair. Signs of minor extraosseous leakage of these materials into the surrounding soft tissues, which were visible on the radiograph, were reported to be 11.7% (McNally et al., 2016). Calcium phosphate cement (CPC) would reach a compressive strength as high as 80 MPa in 24 h after implantation, which can be applied for remedy of bone defects and support of fixation for the fractures requiring reduction (Lim et al., 2002). However, CPC degrades slowly and remains in body for several years. If the recurrence of infection becomes evident, the removal of CPC should be planned. In one report, CPC was implanted in a 2 cm segmental defect with external fixation, and then changed into an autologous bone graft, indicating an acceptable mechanical strength and limited osteogenesis ability (Niikura et al., 2016). After mixing the powder and liquid, these commercial bone void fillers can form moldable pastes with good handling. These pastes can be injected into closed bone defects, and self-setting to obtain mechanical stability.
4.3 Polymers
Polymers have been divided into natural polymers and synthetic polymers. The natural polymers, such as collagen, chitosan, and gelatin, are always hydrophobic and highly biocompatible. The major drawback of using natural polymer in composites is their tendency to arouse the immune response in vivo. Topical gentamicin–collagen sponge has been applied for diabetic patients with foot ulcer infection (Elumalai et al., 2018; Uçkay et al., 2018). A systematic review reported that the eradication ratio of infections in the treatment of chronic osteomyelitis using gentamicin collagen sponge ranged from 63% to 100% (van Vugt et al., 2018). The efficacy of these antibiotic-loaded collagen sponges in orthopedic surgery is restricted due to their limited mechanical property. It is more frequently applied in patients with soft-tissue-related infections. The safety concerns of high concentration antibiotics, owing to disadvantages regarding pharmacokinetics (released completely within mostly 3–4 days), remain inconclusive and may lead to the development of renal failure (Hayes et al., 2016).
PMMA is a type of synthetic polymer, which is easy to use with good mechanical strength for osteomyelitis treatment. After gentamicin–PMMA beads implantation, infection eradication was achieved in 80–100% of patients (Barth et al., 2011). However, it is non-degradable and needs to be surgically removed in the treatment of osteomyelitis. The other degradable synthetic polymers such as poly (ε-caprolactone) (PCL) and poly (lactic acid-co-glycolic acid) (PLGA) have been widely utilized as cell-supporting matrices for bone repair (Wei et al., 2018; Qian et al., 2019). The physicochemical properties of polymers can be adjusted to fit the application of clinical therapy such as longer shelf life, uniformity of microstructure, high mechanical strength, and reproducibility. But hydrolysis of degradable polymers as PLGA causes a drop in local PH, which may lead to foreign-body responses and bone resorption (Li et al., 2011). The blend of polymers is advantageous. PCL is hydrophobic and degrades slowly, whereas PLGA is relatively hydrophilic and degrades quickly with high water-uptake ability. PCL and PLGA were melt in high temperature and blended with tobramycin powders, which was introduced as a printable material. 3D-printed PCL/PLGA scaffold was observed with a 2-month release profile of tobramycin, and the in vivo efficacy of scaffolds for the treatment of chronic osteomyelitis demonstrated low inflammatory responses and remarkable ingrowth of new bone formation in a rat model (Toiyama et al., 2015). The synthetic degradable polymeric bone substitutes have been introduced in experimental osteomyelitis in literature, but continued efforts are needed to make them more accessible to clinical treatment.
5 SYSTEMATIC REVIEW OF THE LITERATURE ON THE ANTIMICROBIAL BIODEGRADABLE BONE SUBSTITUTE AS A PART OF OSTEOMYELITIS TREATMENT
5.1 Search strategy
All types of prospective and retrospective cohort studies concerning the clinical application of different synthetic bone substitutes in the treatment of osteomyelitis for adults were assessed. A bibliographic retrieval was carried out through searching articles in PubMed, Scopus, and Web of Science until 2023. Search terms included “osteomyelitis,” “anti-bacterial agents,” “bone substitute” and “clinical trial.” English language and human species restriction were chosen. Consequently, the search strategies initially provided a total of 180 records in the PubMed database. These results were evaluated on their titles and abstracts, resulting in 162 studies to be discarded because of different reasons: 99 reports were irrelevant; 16 reports were review type; 17 reports lacked a biodegradable synthetic graft; 7 reports were specifically on the treatment of diabetic foot osteomyelitis, which was a different disease compared with others; 7 with limited patient number for evaluation; 6 reports aimed at different aspects but no treatment outcome; 10 reports were case reports. Based on retrieval and analysis of literature in the above databases, 18 articles finally meet the assessing standards.
5.2 Results
As can be seen in Table 1, a total of 18 reports concerning degradable antimicrobial bone substitutes for the management of dead space in the treatment of osteomyelitis, 12 retrospective reports, and 6 prospective reports were included for analysis. Among these, 4 reports involved bioactive glass, 8 reports involved calcium sulfate, 4 involved HA calcium-sulfate compound, and 2 involved calcium phosphate cement. We focused on the eradication of infection initially as it is the primary treatment purpose. The outcome for infection eradication ranged from 50% to 100% for observation periods ranging from 9 to 95 months, as assessed by clinical manifestation, radiographic examination and/or laboratory examination within the observation period. Among these studies, Lindfors et al. have reported a multicentral RCT by comparing a one-stage procedure (bioactive glass group) with a two-stage procedure (PMMA group) for 15–95 months (Lindfors et al., 2016). Reinfection was significantly more often observed when PMMA was used for treatment. Michael et al. reported that the infection eradication rate in treatment with calcium sulfate showed the same proportion as the treatment with PMMA. However, the union formation in treatments with calcium sulfate was 100%, whereas that for treatment with PMMA was 87.5% (McKee et al., 2010). These two studies were both RCTs, which are much more optimal than the other included prospective and retrospective studies to assess the efficacy of the treatment of degradable antimicrobial bone substitutes. We concluded that biodegradable antimicrobial bone substitutes are robust management strategies for osteomyelitis treatment, compared with the two-step procedure using PMMA.
TABLE 1 | Included studies for the treatment outcome analysis of chronic osteomyelitis.
[image: Table 1]By comparing different materials, the eradication of infection ranged from 86% to 95% when using bioactive glass, from 50% to 93.8% when using calcium sulfate, and from 85.6% to 96.15% when using HA/calcium sulfate. Calcium phosphate cement showed a 100% infection eradication in 13 patients in one study (Niikura et al., 2016). Some reports directly compared different commercial void fillers in the retrospective analysis. HA calcium sulfate compound, compared with a mixture of tricalcium phosphate and demineralized bone matrix, bioactive glass has been reported to have a higher cure rate of 92.6%–88.9%, 86.3% but not significant, respectively (Romanò et al., 2014). In the other study, the healing rates were as follows: 86.5% in treatment with HA calcium sulfate compound, 100% in treatment with gelatin sponge, 50% in treatment with calcium sulfate, 50% in treatment with PMMA, and 80% in treatment with only debridement. The healing rate of HA calcium sulfate was significantly higher (Visani et al., 2018). However, these two studies may have introduced some selection bias into the results. Therefore, it is difficult to decide what materials is better. The selection of these commercial bone void fillers should be comprehensively considered including the local conditions, systemic factors, and the cost, etc.
Osseous repair occurs after the infection is eradicated, which is influenced by the degradation of the implanted material. The degradable product of bone substitute as calcium ions has a profound effect on osteoblast proliferation (Chai et al., 2012). Theoretically, the process of material resorption and the replacement of the created void with new bone should occur simultaneously and at a gradual pace. In our literature review, we identified four studies that examined the ratio of patients who achieved new bone formation and those who experienced nonunion, as determined through radiological evaluation. The union/bone formation rates ranged from 50% to 100% across these studies. Specifically, one study reported a union/bone formation rate of 83.3% in the treatment of bioactive glass and 83.3%–100% in the treatment of calcium sulfate. However, it is important to note that the criteria for evaluation of union/bone formation is inconsistent. One study assessed osseous consolidation in the bony defect with the treatment of bioactive glass through radiographic examination (Al Malat et al., 2018), while the others calculated the percentage of new bone formation into the bone void with the treatment of calcium sulfate (McKee et al., 2002; McKee et al., 2010; Badie and Arafa, 2019). Among these, one study set 60% or greater as the evaluation standard (McKee et al., 2002). Additionally, two studies reported the ratio of nonunion to unite (McKee et al., 2002; McKee et al., 2010), and the healing of nonunion was defined as bridging of three out of four cortices in one study (McKee et al., 2010). This inconsistency may be partially attributed to variations in material degradation. These materials serve as osteoconductive matrixes to induce osseous repair. Bioactive glass remained visible in radiography 1 year after implantation, while calcium sulfate disappeared 3 months after debridement and implantation. It is crucial to control the material resorption rate to ensure proper load transfer to the developing bone. Connective tissue would grow into the bone defect to form biomechanical inferior structures after early resorption of implanted material. Transient loss of mechanical support increases the risk of postoperative fractures, as Table 1 shows refracture to be a common complication. In contrast, the alloplastic material with slow degradation would exist in vivo for a long time and should have excellent biocompatibility, making it unable to provoke a foreign body effect.
Bone defect volume affects the bone healing process. In the 10 studies displayed in Table 1, the volume of bone defects ranged from 2 to 60 cm3 in the treatment with bioactive glass, and from 3 to 192 cm3 in the treatment with calcium sulfate. Small bony defects are usually structurally stable, which is easy to treat when there are no systemic or local compromising factors. An atraumatic percutaneous antibiotic delivery technique was successfully introduced to inject the HA calcium sulfate paste into 2–3 cm3 bone defects with a simple procedure (Karr, 2018). However, larger bony defects require a more complex and difficult procedure to obtain bone stability and viable vascularized tissue. Serial grafting for larger defects is required occasionally as initial antimicrobial graft, soft tissue transplant and final autologous bone graft. These synthetic bone substitutes are unable to stimuli adequate bone regeneration in a compromised large defect. Addition of bone marrow aspirate might partially compensate for the limited osteogenic properties of the bone substitute but it is still inadequate for large bone defects (Badie and Arafa, 2019). The use of bone morphogenetic proteins (BMPs) may enhance the bone substitute’s osteoinductive ability for bone reconstruction (Hsu et al., 2016). More strategies will be explored to facilitate future bone substitutes with excellent infection eradication and osseous repair abilities.
6 DRUG INCORPORATION AND ANTIBIOTIC OPTIONS
These bone substitutes are suggested to provide adequate, sustained, and controllable presentation of drugs in a time-dependent manner. The efficacy of antibiotics in killing bacteria may be influenced by the peak concentration surpassing the breakpoint (concentration-dependent activity) or by the duration of time during which concentrations remain above the breakpoint minimum inhibitory concentration (MIC) (time-dependent activity) (Yılmaz and Özcengiz, 2017). Killing bacteria in the sessile form with slow metabolic rate requires much higher concentration of antibiotics than the planktonic form with high metabolic rate. Hence, an optimal drug release profile for anti-infection should be a constant release with local high concentration for a long duration. The local high concentration of drug should not affect the process of bone healing, either. Considering the global issue of antibiotic resistance, drug release profile should be tailored to the requirements of individual patients. However, drug release profile usually showed initial burst release and the plateau stage in most bone substitutes. The high initial drug release reduces the effective lifetime of the device. The low antibiotic release in the plateau may increase the risk of antibiotic resistance.
Antibiotics are impregnated into commercial bone void fillers by simply blending drugs with the synthetic bone substitutes. The antibiotics should cover a broad spectrum of bacterial pathogens involved in chronic osteomyelitis. Some combinations of antibiotics, such as vancomycin and gentamicin, were applied to be active against both Gram-positive and Gram-negative bacteria (Gauland, 2011). The drugs are mainly hydrophilic, whose release in such systems primarily depends on the dissolution rate of the drug from its matrix (Nandi et al., 2009). Antibiotics should be successfully mixed with the powders to form fully hardened cements. After self-setting, the antibiotics should be able to elute from the matrix. After being eluted, they should still maintain efficacy against the pathogenic microorganisms (Verron et al., 2010).
Experimentally, antibiotics are entrapped in microspheres, nanoparticles, nanotubes, 3D-printed scaffolds, and electrospun fibers (Toiyama et al., 2015; Hassani Besheli et al., 2017; Topsakal et al., 2018; Aksoy et al., 2019). The processing procedures, including double emulsion-solvent extraction, lyophilization, inkjet printing, chemical crosslinking, and electrospinning, might be harmful to the antimicrobial efficiency of antibiotics. Organic solvents and inorganic compounds are used, which might break the structure of antibiotics and lead to their inactivation. Antibiotics might undergo high temperatures when mixed with molten polymers (Toiyama et al., 2015). Besides, antibiotic should be resistant to the degradable products of the experimental material. Most frequently investigated materials such as PLGA produce acidic substances that may accumulate and reach high concentrations (Li et al., 2011). Biocatalytic-based materials are decomposed enzymatically, hence antibiotics should be able to withstand these enzymes (Park et al., 2007). Drugs such as vancomycin, tobramycin, and gentamicin, should maintain stability during both loading process and subsequent release period of the experimental materials, which possess chemical, physical, and biological resistance.
Antibiotics in commercial bone void fillers for the treatment of osteomyelitis are mainly vancomycin, gentamicin, tobramycin, meropenem, and imipenem according to the prescribed dosage. Vancomycin is s a glycopeptide active against Gram-positive bacteria including S. aureus, considered for most cases of osteomyelitis. Tobramycin and gentamicin are aminoglycosides with an aerobic Gram-negative bacilli cover as well as S. aureus. Meropenem and imipenem are broad-spectrum β-lactam antibiotics against both Gram-positive and Gram-negative bacteria. These drugs have excellent elution properties in vitro from various carriers. Finally, the choice of antibiotics in local carriers should be not only empirical but also based on a definite microbiological diagnosis and a personalized condition. Renal function should be closely monitored in patients with known or suspected renal impairment after implantation of tobramycin loaded calcium sulfate during osteomyelitis treatment. This would generate an alarming high rate of high serum concentration of aminoglycoside based on the instruction of Osteoset-T.
Antibiotic resistance remains a major challenge for chronic osteomyelitis treatment. More and more antibiotic-resistant bacteria have been reported, mainly due to pathogens variants with biofilm formation, altered metabolic activity, and acquired genetic mutation (Cobb et al., 2020). Biofilm formation prevents the antibiotics into the avascular region and protects the inner bacteria from antibiotics. Poor drug penetrability prevents the attainment of required MIC levels in bone tissue, prolonging the course of the therapy and leading to antibiotic resistance. Moreover, the sessile form of pathogens reduces the sensitivity to antibiotics compared with the planktonic phase. For example, S. aureus can develop an altered bacterial phenotype with a very slow metabolic rate, referred to as small colony variant, which are more resistant to antibiotics and may be more apt to form biofilms (Tuchscherr et al., 2016). When bacterium invade the canalicular networks of cortical bone, they achieve protection from the immune system and cause a slow, persistent, and indolent infection. The osteocyte lacuna-canalicular network is an ideal architecture for S. aureus to attach, form biofilm, and hide from immune attack (Masters et al., 2019). Thus, in order to reduce antibiotic resistance and achieve the high-efficiency antimicrobial goal, more approaches for drug assembly, modification, delivery, and release are needed to be further studied.
7 COMMERCIALLY AVAILABLE BONE VOID FILLERS AND THEIR CHARACTERISTICS
It is usually preferred for the treatment of established infections that high doses of antibiotics in either liquid or powder phase simply blend into local carriers, whose handling property is excellent. Table 2 shows the commercial bone void fillers and their characteristics of drug release, and degradation, based on instructions and literature. The recommended dosage of drugs is mainly based on the bactericidal power of drugs and their release rates from different systems. Overall, elution characteristics of drugs show that the burst release (highest concentration) occurred at the initial 24–48 h, declined slowly, and continued to maintain therapeutic levels for a long period of 10–28 days (Rauschmann et al., 2005; Turner et al., 2005; Stravinskas et al., 2016). Their degradability should be considered in combination with clinical demand. Different materials chosen depends on the patient’s situation and the types of bone defects. For instance, bone granules are more suitable for tiny bone defects than pellet. Injectable bone substitutes are more suitable for irregularly shaped bone defects than other types. However, there are still some complications related with those bone void fillers, such as serum leakage, fracture, delayed skin necrosis, etc. A hydrogel could be combined with granular bone substitute to obtain a mouldable/injectable synthetic bone substitute (Pereira et al., 2019). This combination can serve as space-holders to prevent granule packing and allowing the clinicians to handle and shape the formulations into the bone defects without leakage. Overall, more techniques are needed further studied to create optimal bone substitute materials.
TABLE 2 | Summary of commercially available bone void fillers.
[image: Table 2]Innovative composites were constituted of bioactive glass, calcium-based composite, calcium phosphates, and polymers. Drug loaded, nanostructure, and ion modification endows the composites with antimicrobial capacity to eradicate infection in osteomyelitis treatment. Drug loaded composites could accomplish controlled drug release but may produce harmful effects as initial high concentration and induction of bacteria resistance. Since drug release were affected by drug diffusion and material degradability, controlled drug release would be achieved by surface modification, tunable degradability, and tunable architecture. Surface modification would limit the initial burst release of drug. On demand release and antimicrobial peptide might reduce the risk of antibiotic resistance. Ion modification would produce some ion as Zn+, and endow the material with intrinsic antimicrobial ability. These ions could induce cell proliferation and cell differentiation for subsequent bone healing. However, the antibacterial efficiency of ion modification and its cytotoxic is doubtful. Nanostructure modification would enhance bacteria killing efficiency, kill intracellular bacteria, overcome bacteria resistance, and kill the bacteria in the biofilm. Mesoporous bioactive glass would provide a porous structure and large surface area for drug loading.
8 ADVANCED COMPOSITE BIOMATERIALS FOR OSTEOMYELITIS TREATMENT FROM EXPERIMENTAL WORK
The commercially available bone void fillers in the table perform well in the treatment of osteomyelitis. However, there are still some limitations, including slow degradation, low mechanical strength, inadequate infection eradication and bone regeneration stimulation, and a high resorption rate. A bibliographic retrieval was carried out through searching articles in PubMed, until 2023. Search terms included “antimicrobial,” “degradable,” and “bone substitute.” Represented references were chosen and divided into 3 parts, including infection eradication, bone reconstruction and handling property based on advanced and promising strategies and good results. As shown in Figure 2, many strategies have been involved to improve the conventional antimicrobial bone substitutes in terms of infection eradication, bone reconstruction, and handling. Organic-inorganic hybrids and composite biomaterials with hierarchical porous structures and advanced processing techniques have been introduced for better outcome in bone healing and function.
[image: Figure 2]FIGURE 2 | Infection eradication of innovative composites in the treatment of osteomyelitis.
8.1 New strategies for infection eradication
The foremost purpose of osteomyelitis therapy is infection eradication. New strategies may achieve the prospective high-efficiency antimicrobial goal of providing a sterile bed for bone regrowth.
8.1.1 New strategies for manipulating drug function
Antimicrobial drugs were incorporated into bone substitutes, endowing them with antimicrobial abilities. Manipulating the drug release profile would raise antimicrobial efficiency and increase the opportunities of infection eradication by tunable architecture, surface modification (electrostatic or covalent bond between drug and host matrix), tunable degradability, stimulus response release design, etc .,(Pawar and Srivastava, 2019; Tihan et al., 2019).
Sample geometry including surface area, pore volume, and pore number influences drug release rate from these bone substitutes. Nanotubes, liposomes, and microspheres as reservoir systems can provide a safe and efficient transfer by drug inclusion (Shutava et al., 2014). Mesoporous bioactive glass has a highly ordered mesopore channel structure with a pore size below 20 nm ang a large surface area. Mesoporous bioactive glass possesses excellent delivery ability by the encapsulation of pharmaceutical therapeutics as a reservoir device, and provides a well-interconnected pore structure where host cells can attach, spread, and proliferate (Cheng et al., 2018; Anand et al., 2019). Nanoparticles are expected to exhibit efficacy in killing intracellular pathogens, combating persistent infections (such as methicillin-resistant Staphylococcus aureus, MRSA), and demonstrating remarkable antibiofilm properties (Brennan et al., 2015; Mu et al., 2016). Smaller sized nanoparticles were suggested to possess enhanced capability to penetrate the bacterial cell membrane. Such nanoparticles could potentially act synergistically with antibiotics to kill the antibiotic resistant bacteria (Wu et al., 2018).
Surface modification techniques, involving immobilization and entrapment of drugs on the surface of material through the degradable linkers, may prevent burst release and extend the release duration. Bioactive glass nanoparticles with amino-functionalized vancomycin were reported to show a 20% release in the early stage, while the one without functioned was around 45% within 6 h (Zarghami et al., 2020). Drug release profile is also affected by matrix degradation and drug diffusion together in a controlled manner (Wu et al., 2020). For example, PLGA incorporation has been showed to generate acid, which can corrode bone substitutes and release entrapped drugs from the matrix. The acid product of PLGA coated calcium sulfate/biphasic calcium phosphate composite eluted with vancomycin hydrochloride and tobramycin sulfate have been implanted in MRSA induced osteomyelitis rabbit model and proved therapeutic effects. The in vitro results showed that the percent drugs release of antibiotics in 2 weeks was 89.3% of vancomycin and 18% of tobramycin respectively. Whereas, cumulative release proportion of drugs from PMMA beads were only 25% and 11.5%, respectively (Mistry et al., 2016). Recent research showed that drug adsorption and release are dependent on the adsorbent material and the drug polarity/hydrophilicity, leading to different distinct modes of drug adsorption and release. Based on this property, a controlled drug delivery system (activated carbon fiber cloth-aspirin/biomimetic apatite-tetracycline) was synthetized. This double adsorption functionality biomaterial has better capacity to inhibit infection and promote osteogenesis (Olivier et al., 2021).
Antibiotic resistance, which is becoming a major global public health crisis, leads to an estimated number of around 50,000 deaths annually in the United States and Europe (Morehead and Scarbrough, 2018). Drug assembly, modification, delivery, and release all have close correlation with antibiotic resistance. Drugs delivery and burst release were influenced by compacting methods. A calcium polyphosphate hydrogel (CPP) as matrix for delivery of vancomycin and erythromycin was prepared by mechanical compaction (at 3000 psipressure, C-discs) or by regular manual compaction (M-discs). Results showed a significant reduction of burst release of vancomycin and rythromycin in C-discs (1.8% and 5%) as compared to that from M-discs within 72 h (55% and 60%). In addition, C-discs significantly extended the vancomycin release (1,500 h) and rythromycin (800 h) as compared to M-discs (160 and 96 h). The vancomycin released from C-discs maintained its bactericidal activity much longer than that from M-discs (Chehreghanianzabi et al., 2022). The composites materials based on sodium alginate (ALG) cross-linked with nano-HA loaded with ciprofloxacin (CIP) showed favorable bioactivity and antibacterial properties. The results demonstrated the release of CIP was driven by ionic strength, which was controlled by ALG, reducing the burst release of drugs (Benedini et al., 2020). Our group has designed a tunable CPC/PLGA/carboxymethylcellulose (CMC) composite to deliver doxycycline. The drug release profile showed one stage liner-release and two stage Peppas-release, which was controllable predictable by a mathematic model. Hence, it might be introduced to reduce the antibiotic resistance in the therapy of osteomyelitis (Liu et al., 2023).
On-demand drug release would reduce the risk of antibiotic resistance and minimize the local toxic effects on surrounding bone tissues. According to the microenvironment around the infected area like acidic pH, elevated expression of inflammatory enzymes, excretion of bacterial specific toxin, generation of reactive oxygen species, etc., different stimuli-responsive polymer-antibiotic hybrid have been designed, which can selectively release the antibiotics at the infected area (Dey et al., 2021). For example, exotoxin can interact with the host cell plasma lipid membrane bilayer and disintegrate it by pore formation at the cell surface. By utilizing this pore formation ability, Zhang and co-workers built a bacterial toxin-responsive liposome formulation by stabilizing with chitosan-adapted gold nanoparticles (AuChi) to release vancomycin. In the infected area, the toxin secreted by S. aureus created pores at the liposomal surface and as a result bristly release of vancomycin can treat the infection selectively. When AuChi-liposomes treated with toxin, 40% pore formed on the liposomal surface within 1 h. Thus, these AuChi-stabilized liposomes could release 100% vancomycin within 24 h, when incubated with MRSA. But without bacteria, these liposomes restricted to deliver the antibiotic. The toxin-triggered locally released vancomycin was capable to inhibit the MRSA growth and treat the bacterial infection selectively and effectively (Pornpattananangkul et al., 2011). Moreover, a molecular gate was designed to enable mass transport control and respond to specific external stimuli. This molecular- or supramolecular-based system could be implemented in a porous scaffold for controllable drug release in osteomyelitis treatment. For example, mesoporous bioactive glass was functionalized with polyamines and capped with adenosine triphosphate. The molecular gate blocked the entrance of the mesopores and kept levofloxacin within the pore voids in the absence of bacteria. When bone infection exists, the activity of osteoclasts led to a notable rise in acid phosphatase levels, which correlated with a significant increase in adenosine triphosphate concentration. Subsequently, adenosine triphosphate was hydrolyzed by acid phosphate, thereby unblocking the surface of the pores and allowing for the release of the drug (Polo et al., 2018).
8.1.2 Ion modification
Metal ions as Ag, Cu, Mg, Se, and Sr have been doped in inorganic bone substitutes, endowing their intrinsic antimicrobial ability and inhibition of biofilm formation, despite problems of host toxicity, or doubts about their efficacy. These metal ions injure bacteria by oxidative stress, protein dysfunction, or membrane damage (Martínez-Sanmiguel et al., 2019; Tovani et al., 2019; Uskoković et al., 2019; Yuan et al., 2020; Maqbool et al., 2021; Yang et al., 2022). Bivalent cations, such as Sr2+ and Mg2+, can substitute Ca2+ in the crystalline structure of inorganic biocomposites. The ion exchange dynamics between the ceramic and biological systems can potentially result in long-lasting antimicrobial properties and affect processes related to both bone formation and remodeling during the degradation of the ceramic material. Zn-doped sulfate-calcium-phosphate/cellulose nanocomposites has been proved to accelerate osteoblastic cell proliferation and mineralization by releasing trace amounts of Zn without causing an inflammatory response. Inhibition of bacterial growth was proved against S. aureus and Escherichia coli (Dharmalingam et al., 2019). Some studies have also confirmed the antibacterial, osteoinductive and anticancer activities of selenium substituted HA (Se-HA). Se-HA showed improved anticancer and antibacterial effects compared to pure HA. However, the limitation of use of selenium attributes to its potentially high cytotoxic effects. The addition of Sr2+ has been found to reduce the cytotoxic effects of selenium ions and to improve the cell proliferation and differentiation properties of HA (Uskoković et al., 2017; Maqbool et al., 2021). Another bone substitute composed of hydroxyapatite and MgO (HAp/MgO) has been proved to significantly reduce bacterial growth in comparison with pure HAp spherical granules. In vivo chicken embryo chorioallantoic membrane model showed the inclusion of MgO resulted in reduced inflammatory response and increased angiogenesis (Coelho et al., 2020). Similarly, surface-decorated graphene oxide sheets with copper nanoderivatives (GO/Cu) also showed excellent antimicrobial property. GO/Cu significantly inhibited the progress of bacterial infection and reduced the bacterial burden and inflammatory responses in a subcutaneous abscess model in rats. The major antibacterial mechanisms of GO/Cu were damaged bacterial membranes, promoted oxidative stress, and disordered crucial enzyme metabolisms (Yang et al., 2022).
However, these metal ions are considered not effective to eradicate established infections, but rather for prophylactic purpose to reduce the risk of infection. When implanted in the femurs of an osteomyelitis animal model, the result showed magnesium phosphate cement arrested bone destruction but did not heal the experimental osteomyelitis (comprehensively evaluated by infection control, bone integrity, and regeneration) (Mestres et al., 2019). Infection eradication involves high doses and long-standing antimicrobial agents, which may be ambiguous to bone regeneration. Infection eradication should not impair bone regeneration. Researchers should find a way out to equilibrate infection eradication and bone regeneration in the therapy of osteomyelitis.
8.2 New strategies for bone reconstruction
Bone reconstruction occurs after the infection is eradicated. Perfect bone reconstruction and remodeling facilitate bone integrity and weight-bearing. Otherwise, unsatisfied bone regeneration, bone nonunion, and insufficient bone reconstruction result in deformity of patients, which declines their quality of life. Bone substitutes implanted in vivo would provide a transient mechanical support and serve as a scaffold to induce formation of bone from surrounding tissues. Currently, one of the most promising strategies is to develop organic-inorganic hybrids or composite biomaterials, providing excellent possibilities for improving the conventional antimicrobial bone substitutes. The introduction of inorganic material into organic matrix has been investigated extensively as bio-mimics with the nature bone architecture.
8.2.1 New strategies for enhanced osteogenesis
Osteogenesis occurs in bone reconstruction, which is a multi-dimensional process involving cells, osteoconductive matrix, osteoinductive signaling, and mechanical stability, etc. It is known that intrinsic properties of the materials have a profound effect on their mechanical and biological behavior (Martin et al., 2019; Pearson et al., 2019). For example, incorporation of collagen into calcium phosphates were extensively studied for bone regeneration, as collagen is a critical component of bone extracellular matrix and calcium phosphates show closest similarity to the mineral component of bone. Both collagen and calcium phosphates play important roles in osteoconductive characteristics (Inzana et al., 2014; Kozłowska and Sionkowska, 2015). The presence of interconnecting porosity is an important attribute of the osteoconductive matrix, as it supports the colonization of cells, continuous vascular ingrowth, the deposition of mineral matrix, and the transportation of therapeutic agents. Some growth factors participate in osteoinductive mechanisms, combined with the composite, to prolong the residence time of the protein and provide support for the invading osteoprogenitor cells. Therefore, a combination of these above elements was supposed to enhance osteogenesis. BCP granules are commercial calcium phosphate composites of β-TCP and HA with a porosity level of 80%. Initially, a porous multichannel BCP granule was coated with collagen, subsequently loaded with BMP-2, and then embedded into CPC with good handling. The in vivo study showed improved new bone formation and good degradability after implantation (Lee et al., 2017). For osteomyelitis, biodegradable sheath-core-structured drug-eluting PLGA nanofibers for sustainable and controllable delivery of antibiotics (vancomycin and ceftazidime) and rhBMP-2 via electrospinning have been designed. The sheath-core-structured nanofibers exhibited small fiber diameters and great pore size distributions with a string-like homogeneous rhBMP-2 distribution. The biodegradable coaxially nanofibers could release high concentration vancomycin/ceftazidime and rhBMP-2 for >4 weeks (Hsu et al., 2016). Then the researchers combined these nanofibers with a 3D-printed PCL scaffold, as PCL has a longer degradation time and preserves the osteoconductive properties of bone scaffolds during bone healing process. Then the scaffold was implanted into a critical segmental bone defect model in the femur of New Zealand rabbits. The results demonstrated satisfactory bone regeneration and excellent biomechanical reconstruction. A thick induced bioactive membrane was observed to form circumferentially around the applied scaffold, which was richly vascularized and would secrete growth factors to positively influence bone healing. The PLGA nanofibers had been dissolved completely, and only the PCL mesh was preserved after 8 weeks. The in vivo drug release showed local high concentration of antibiotics and BMP-2 for 42 days (Yu et al., 2020). Other researchers modified the chitosan-xanthan-based scaffolds chemically with introducing phosphorylated polymer (Chp) to their structure. The scaffolds have large pore sizes (850–1,097 μm), micro-roughness and thickness (0.7–3.5 mm in culture medium), as well as low thrombogenicity compared to standard implantable materials, extended degradation time and negligible cytotoxicity. More importantly, Chp-based formulations were capable to adsorb higher amounts of morphogenetic protein mimic (cytochrome C). When used in vivo, the material would be able to concentrate native BMPs and induce osteogenesis (Bombaldi de Souza et al., 2020).
It is now known that microenvironment change, induced by biomaterial-host immune responses and inflammation, plays an important role in bone reconstruction. Besides the capacity to directly stimulate osteogenic differentiation, the new generation of bone substitutes should be able to modulate the local immune microenvironment. A biomimetic baicalin-incorporating graphene oxide-demineralized bone matrix hybrid scaffold not only increased the osteogenic differentiation of BMSCs, but also promoted macrophage polarization towards the pro-healing M2 phenotype through the release of BAI. More importantly, the scaffold could promote significant bone regeneration in critical-size calvarial defects in rats (Guo et al., 2021).
However, to date, there has been no bone substitute that is equal to autogenous bone during the bone healing process. Presently, biomaterials primarily serve as osseous space holders and osteoconductive scaffolds. Ideally, the healing processes of bone reconstruction should result in perfect bone integrity and bone remolding without graft versus host reaction or residual foreign bodies.
8.2.2 New strategies for enhanced mechanical properties
Bone provides structure and support for the body and enables mobility. The rehabilitation from osteomyelitis in some weight-bearing areas, such as tibia and femur, is difficult and essential, otherwise results in lameness. Therefore, the biofunctions of the biodegradable bone substitutes are stabilization of the coagulum, temporal load transmission, and stress distribution. Considerable mechanical strength is important for pain relief, either. The compressive strength of human cortical bone ranges between 90 and 230 MPa (with tensile strengths ranging from 90 to 190 MPa), whereas the compressive strength of cancellous bone ranges between 2 and 45 MPa.
Generally speaking, inorganic bone substitutes are stiff and brittle, making them difficult to shape. Composite biomaterials HA and nanobioglass ceramics can exhibit high compressive strength of ∼157 ± 2 MPa and high tensile strength of ∼83 ± 2 MPa(Algarni et al., 2019). Whereas, they are deficient in bending strength and fatigue. Organic substitutes are elastic as collagen. The inorganic-organic biocomposite hybrid would obtain the appropriate mechanical properties. Besides, condensation of the materials can enhance their mechanical properties while compromise their porosity. Although HA is bioactive and has high biocompatibility and osteoconductivity, it has poor mechanical proprieties including low strength, brittleness and low fracture strength. Carbon nanotubes (CNTs) are an excellent option to improve mechanical properties into composites due to its high aspect ratio, exceptional strength and stiffness. HA-reinforced with CNTs and bovine serum albumin (BSA) showed compressive strength in a range of 13–29 MPa (which is the range of trabecular bone) and more than 200% cell viability, which demonstrated their favourable cytocompatibility (Menezes et al., 2019).
Nanofibers and nanoparticle can achieve favorable mechanical properties and suitable porosity with optimal microstructure design. The researchers successfully synthesized highly efficient osteoconductive polymeric scaffolds with controllable pore size and mechanical strength. Various percentages of silver nanoparticle-decorated cellulose nanowhiskers were embedded into a chitosan and carboxymethylcellulose fabricated scaffold. These nanosized cellulose fibers, decorated with silver nanoparticles, were uniformly distributed in the polymeric matrix by hydrogen bonds formation. The inclusion of nanowhiskers led to an increase in both pore size and mechanical strength. The mechanical strength of the scaffold was adjusted from 0.35 MPa to 3.95 MPa, which is equivalent to cancellous bone (Hasan et al., 2018). Blend nanofibers (biocompatible dipeptide polyphosphazene-polyester blend) can be oriented in a concentric manner with an open central cavity to replicate bone marrow cavity, as well as the lamellar structure of bone (haversian canal), to build a 3D biomimetic hierarchical bone architecture scaffold. The compressive modulus of the scaffold was found to be 237 ± 30 MPa, which can keep shape at the maximum load of 500 N (Deng et al., 2011). Balancing function and regeneration are hypothesized to require both topology optimization and composite integration, which need further explorations.
8.3 New strategies for improved handling property
The bone substitutes range from porous block, granules, putty, and injectable cement, which are easy to use and cost-effective. Excellent handling property decides their commercial potentiality. The ideal synthetic bone grafts should be easily handled in clinically relevant periods and bind to bone well. In the process of surgery, surgeons can simply implant the graft and fill the bone defect without too much preparation. Then, the materials should effectively stabilize the defect without migration of material particles. A new class of highly tunable citrate-based fluorescent putty-like materials has been synthesized. Biodegradable photoluminescent polymers (BPLP) synthesized by reacting citric acid, 1,8-octanediol, and L-Serine (Ser) with HA, referred to as BPLP-Ser/HA putty. The material maintains soft mechanics and excellent handling because of the inclusion of citrate. BPLP-Ser/HA is malleable and can press-fit into irregular defects easily with comparable handling properties to bone wax. The osteopromotive effect of BPLP-Ser/HA was also evidenced in a cranial bone defect rat model (Tan et al., 2022).
Hydrogels are materials that swell with a substantial water content without dissolving in water, maintaining a distinct 3D network structure by crosslinks. The main advantages of the injectable materials are their minimally invasive application and their ability to fit irregularly shaped bone defects easily. Cross-linking of polymeric materials by metal ions and incorporation with nanoparticles are simple and effective approaches to obtain antimicrobial ability. The inclusion of these components enhances toughness and mechanical properties of hydrogel and even escalates cell adhesion (Tommasi et al., 2016; Xu et al., 2018). A dextrin-based hydrogel (HG) was combined with granular bone substitute to obtain a mouldable/injectable synthetic bone substitute. This combination can serve as space-holders to prevent granule packing and allowing the clinicians to handle and shape the formulations into the bone defects. When implanted in tibial defects in goats, the results showed that HG allowed the stabilization of the granules into the defect, ensuring effective handling and moulding properties of the formulation, as well as an efficient cohesion of the granules (Pereira et al., 2019). Recently, researchers created a therapeutic supramolecular assembly of chitosan and nanoclays for bone regeneration applications. These hydrogels could be prepared by a simple mixing procedure using laponite nanosheets (LNSs) and guanidinylated chitosan (GC). For clinical treatment, they can be prepared simply, and they have injectable and self-healing features that could facilitate, minimally invasive delivery to irregular defect sites and integration with surrounding tissues. Moreover, the hydrogel also showed intrinsic osteoinductive nature by activating the Wnt/β-catenin signaling pathway enhanced bone healing (Zhang et al., 2020).
3D-printed technics and custom-made computer-aided-design/computer-aided-manufacturing (CAD/CAM) technics facilitate and produce block scaffolds in the pre-setting of the desired anatomical form, which may extend the selection of substitutes and simplify surgical operation (Ding et al., 2013; Yu et al., 2020). The block graft is assumed to be prominent in critical-sized segmental bone defects due to its high mechanical strength. 3D printing is a promising technology that facilitates both spatial control over scaffold architecture to anatomically match complicated bone defect sites, and temporal control over the incorporated therapeutics to maximize their efficacy (van der Heide et al., 2022). For treating segmental bone defects in a rabbit femoral critical bone defect model, a 3D-printed PCL scaffold combined with coaxially electrospun PLGA/vancomycin/ceftazidime/BMP-2 nanofibers was developed. The material may facilitate bone healing by inducing bioactive membrane formation and yielding high concentrations of antibiotics and BMP-2. The 3D-printed PCL mesh acted to keep the artificial bone graft in a contained area, providing an organized scaffold for osteocytes. The PCL mesh was applied onto the bone defects simply and was easily fixed with simple sutures. Additionally, 3D printing enabled the mesh to fit defects with different sizes and lengths. Thus, there was no need to adjust the shape or volume of the applied polymer (Yu et al., 2020). Vancomycin-loaded in micro-arc oxidised (MAO) 3D printed porous Ti6Al4V scaffolds have been proved to have good osteogenesis and sustained vancomycin release properties, providing new way to treat complex bone infections. 3D-printed customized porous Ti6Al4V implants with interconnected macropores and high porosity can meet the requirements of osteoconduction and stability owing to their good flexibility, reproducibility, and cost-effectiveness. In a rabbit tibia osteomyelitis model, rabbits with vancomycin-loaded in MAO scaffolds showed the inhibition of bone infection and enhancement of osteogenesis, resulting in better outcomes than in the other groups (Zhang et al., 2020). In a study, a composite ink that combines HA and poly (trimethylenecarbonate) (PTMC) was used in a 3D printing process to produce scaffolds, which could be fabricated into patient specific dimensions and architectures with controlled porosities. The obtained composite ink was functionalized with a controlled release of BMP-2. In vivo experiments with the scaffold implanted in a critical size defect in tibia and cranium of a rabbit resulted in a conductive surface inducing bone formation and improved healing in both the tibia and cranium defect (Teotia et al., 2020).
Overall, these approaches will prove useful in expanding our understanding of how to design innovative bone substitutes for osteomyelitis treatment.
Innovative composites were constituted of bioactive glass, calcium-based composite, calcium phosphates, and polymers. Bone reconstruction of the dead space requires osteoconductive matrix, the structure of interconnecting porosity, the mechanical stability, and osteoinductive signaling. Osteoconductive matrix was designed based on the intrinsic properties (e.g., degradability, mechanical property and osteoconductive ability) of bioactive glass, calcium-based composite, calcium phosphates and polymers. Interconnecting porosity was essential for cell adhesion and fluid exchange. Mechanical stability was required for stabilization of the coagulum, temporal load transmission, and stress distribution. Nanofibers and nanoparticles were involved to enhance mechanical strength. Well-designed topology to mimic the haversian system of bone structure was explored to obtain mechanical strength. Osteoinductive signaling as BMPs was introduced into the composite for better bone reconstruction, as BMPs could regulate numerous processes of skeletal formation as well as induce the differentiation of bone cells.
9 CONCLUSION
The findings of this research provide insights into the likelihood of biodegradable substitutes incorporated with antimicrobial function for one-stage treatment of osteomyelitis. Current biomaterials can serve as both local carriers and osteoconductive scaffolds to eradicate the infection and simultaneously promote bone healing process, despite they may have some limitations. The postoperative complications for existing commercial bone substitutes contained reinfection, bone non-union, serum leakage and refracture, resulting in prolonged hospital stays, higher costs and more pain of patients. Hence, innovative biocomposites to solve the above problems includes composite design, structural modification, antimicrobial capability, processing technique, mechanical property, bioactive modification, and handling for optimizing infection eradication and bone reconstruction (see Figure 3). Optimized infection eradication is assumed to reduce the possibility of reinfection. Optimized bone reconstruction would avoid bone non-union and refracture. The balance between these factors remains controversial, thus extensive studies are required to definitively determine the benefits and limitations of these potential solutions.
[image: Figure 3]FIGURE 3 | Bone reconstruction of innovative composites in the treatment of osteomyelitis.
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Poly-ether-ether-ketone (PEEK) is a biomedical plastic that can be used for orthopedic implants, but it offers poor antibacterial properties and bioactivity. In this study, PEEK was sulfonated with the obtained porous structure adsorbing graphene oxide (GO). The surface microstructures and properties of the original PEEK, sulfonated PEEK (SPEEK), and GO-grafted PEEK (GO-SPEEK) were characterized. The results revealed that the GO-SPEEK surface is a 3D porous structure exhibiting superior hydrophilicity to the original PEEK. Although SPEEK was shown to possess antimicrobial properties against both Escherichia coli and Staphylococcus aureus, the bactericidal effect was even more significant for GO-SPEEK, at about 86% and 94%, respectively. In addition, the in vitro simulated-body-fluid immersion and cell experiments indicated that GO-SPEEK had much better hydroxyapatite (HA)-precipitation induction capacity and cell–material interactions (e.g., cell adhesion, proliferation, osteodifferentiation, and extracellular matrix mineralization. The tensile test revealed that the mechanical properties of PEEK were maintained after surface modification, as GO-SPEEK has comparable values of elastic modulus and tensile strength to PEEK. Our investigation sought a method to simultaneously endow PEEK with both good antimicrobial properties and bioactivity as well as mechanical properties, providing a theoretical basis for developing high-performance orthopedic implants in the clinic.
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1 INTRODUCTION
Poly-ether-ether-ketone (PEEK) is a new and special engineering thermoplastic that has attracted extensive attention because of its huge potential for orthopedic implants (Basgul et al., 2018). In comparison to traditional metallic materials with high elastic modulus, such as titanium and 316L stainless steel, PEEK has been proven to have a lower elastic modulus (<6 GPa) close to that of human bone (Lee et al., 2012), which could reduce the possibility of bone resorption and osteoporosis caused by stress shielding (Lu et al., 2014; Kurtz, 2019), thus improving the success of orthopedic implant surgery. It also has the properties of good biocompatibility, chemical inertness, and low cytotoxicity and does not cause inflammation or other pathological issues for the patient (Stratton-Powell et al., 2016; Liu et al., 2017) while implanted into the human body. Additionally, the radiation permeability of PEEK means that it does not interfere with computed tomography (CT) and magnetic resonance imaging (MRI) techniques commonly used in medicine, allowing these techniques to monitor bone growth and healing after surgery (Toth et al., 2006; Sobieraj et al., 2009). However, the poor antibacterial properties and bioactivity of PEEK limit its wider application in the orthopedic field (Liu et al., 2017; Mo et al., 2020).
In recent years, researchers have used a series of surface modification approaches to improve the antimicrobial properties and bioactivity of PEEK. Liu et al. (2019) introduced nano-copper ions on the surface of sulfonated PEEK by ion implantation, which showed resistance to methicillin-resistant Staphylococcus aureus in an in vitro antibacterial assay. Additionally, it was reported that the O2/Ar or NH4 plasma-treated PEEK surfaces could enhance the adhesion, proliferation, and osteogenic differentiation of adipose mesenchymal stem cells compared to the original PEEK (Waser-Althaus et al., 2014). Some researchers deposited hydroxyapatite layers on the surface of PEEK by plasma spray coating, vacuum-plasma-spray, or electrophoretic deposition and found the surface-modified PEEK dramatically improved the bioactivity (Lee et al., 2013; Mahjoubi et al., 2017; Bastan et al., 2018). However, these surface treatment methods, such as ion implantation, were reported to be much more energetic and easily injured the surface of polymers such as PEEK (Popok, 2019). Although the method of thermal spraying could endow the PEEK surface with a good biological effect, the prepared coating was usually reported to possess weak bonding with the PEEK substrate and easily peeled off (Ma et al., 2023).
Recently, an in situ modified method, sulfation treatment, has attracted research attention because it could fabricate a three-dimensional porous structure on the PEEK surface, providing a suitable site for cell adhesion, enhancing cell proliferation, and promoting the development of vascularization as well as bone tissue growth (Deng et al., 2015; Naskar et al., 2017; Bastan et al., 2018). In addition, the sulfation-achieved porous structure has been found to enhance the interfacial combination of late adsorption factors/molecules and was recognized as a good loading platform for PEEK (Ouyang et al., 2018a; Sun et al., 2018).
Graphene oxide (GO) is an oxidized form of graphene, a new two-dimensional carbon material with many oxygen-containing functional groups on its surface, such as hydroxyl (C-OH), carboxylic (-COOH), carbonyl (C=O), and epoxide groups (C-O-C), which enables it to have excellent hydrophilic properties (Kiew et al., 2016). GO exhibits excellent antibacterial properties against Gram-negative and Gram-positive bacteria (He et al., 2015) and is a good candidate for fighting bacterial infections because it is free from the issue of antibiotic resistance. In addition, some scholars have noted that GO has both excellent antibacterial properties and positive regulation of cellular activity, and it could promote the attachment, proliferation, and osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) due to the ability of its surface hydrophilic functional groups to regulate cell behavior and protein adsorption (Hong et al., 2012; Luo et al., 2015).
Enlightened by the aforementioned research, zinc oxide/GO (Yang et al., 2022), MnFe2O4/GO (Yang et al., 2024), and nisin/GO (Kumar et al., 2023) systems were respectively designed and deposited onto the sulfonated PEEK. However, the composites exerted the antibacterial effect in a mass-ratio-dependent manner. Single GO was coated onto the sulfonated PEEK by Guo et al. (2021a) and Ouyang et al. (2018b) to explore the biological effect of the modified surfaces, either dental pathogens (P. gingivalis and S. mutans) or tumor-derived cell lineage (MG-63). However, the variations in the mechanical properties of PEEK after the surface treatments were neglected. In fact, adequate mechanical strength is crucial for the service of a biomaterial (Qian et al., 2024a).
In this study, we first prepared a porous surface on PEEK by sulfonation and then grafted GO onto the sulfonated surface to explore how the modified surface influences the growth of bacteria [Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus bacteria; these two strains are the main pathogenic microbes responsible for implant-related infections (Qian et al., 2024b)] and the osteogenic properties of cells [MC3T3-E1, a pre-osteoblast cell lineage; its ability to differentiate to osteoblasts is considered a precursor for the successful osteointegration of an implant (Bhaskar et al., 2023)]. In addition, the mechanical properties of the untreated/treated PEEK were also compared. Our obtained results identified that PEEK could be modified by simply combining treatment with surface sulfonation and GO grafting to simultaneously gain both good antimicrobial properties and bioactivity as well as mechanical properties, laying a theoretical foundation for the clinical development of long-lasting orthopedic implants.
2 EXPERIMENTAL METHODS
2.1 Materials
Pure PEEK (99%) was purchased from Junhua Technology (Changzhou, China). GO liquid dispersion with a concentration of 1 mg/mL was provided by Dazhan NAMI (Guangdong, China). Concentrated sulfuric acid, acetone, and ethanol were obtained from Kolon Chemical (Chengdu, China).
2.2 Sample preparation
Pure PEEK was crushed into a 10 mm × 10 mm × 3 mm sheet. The sheets were successively polished with 200-, 300-, 500-, 800-, 1,200-, 2000-, 3,000-, 5,000-, and 7000-grit silicon carbide sandpaper and then sequentially put into acetone, anhydrous ethanol, and ultra-pure water for ultrasonic cleaning for 15 min, respectively, to remove impurities from the surfaces.
The cleaned PEEK sheets were immersed into a solution of sulfuric acid at a concentration of 95 wt% for 5 min at 25°C and then washed in a 1 mol/L NaOH solution to remove the residual sulfuric acid. The above sheets were then dried in an oven at 60°C. Afterward, the sulfonated PEEK pieces were designated as SPEEK. The SPEEK specimens further modified with GO (designated as GO-SPEEK) were prepared as follows: first, the SPEEK specimens were immersed in a GO dispersion at a concentration of 1 mg/mL for 5 min, and then the specimens were removed and dried in an oven at 60°C for 30 min. The schematic diagram of the GO-SPEEK sample preparation procedure is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The preparation procedure for the GO-SPEEK sample.The shape of the sample for the tensile test.
2.3 Surface structure characterization
Scanning electron microscopy (SEM, Zeiss Gemini 300, Germany) was used to observe the surface morphology of PEEK, SPEEK, and GO-SPEEK. All samples were sprayed with gold for 2 min before the SEM observation with a scanning wavelength range of 3,000–500 cm−1. Fourier transform infrared spectroscopy (FT-IR, Hermo Scientific Nicolet iS20, America) was used to analyze the surface chemical composition of the samples by using attenuated total reflection. The crystal state of samples was tested by X-ray diffraction (XRD, Rigaku Smartlab SE, Japan) with a scanning range of 2θ from 10° to 80° and a step length of 5°/min. The Raman spectra of the different samples were recorded using the LabRam HR Evolution (SPM-960, Japan) laser Raman spectrometer, with a laser wavelength of 633 nm and a wavenumber range of 2,500–1,000 cm−1. In addition, X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB, United States) with Al Kα radiation was utilized to detect the chemical composition and elemental state of the elements.
2.4 Surface wettability of the samples
The hydrophilicity of the samples was assessed by the static droplet method using a contact angle tester. The volume of water droplets was 4 μL. After the droplet touched the surface of the samples for 5 s, the water contact angle was recorded. Three parallel samples were selected for each group, and three different locations on the surface of each sample were tested.
2.5 Antibacterial test
The antimicrobial capacity of the samples was assessed by using the bacterial strains of Escherichia coli (E. coli, ATCC25922) and Staphylococcus aureus (S. aureus, ATCC25923). The bacterial inoculum was prepared with 10 g/L peptone, 5 g/L NaCl, and 3 g/L beef paste. E. coli and S. aureus were then added to PBS at a concentration of 106 cells/mL (calibrated according to colony forming units (CFU) using the diffusion plate method). The tested samples were sterilized using medical alcohol immersion as well as UV irradiation and then placed in individual wells of a 24-well culture plate. A 1-mL aliquot of the above bacterial suspension was added to each sample in the wells and incubated at 37°C for 24 h. To examine the bacterial morphology, the samples were washed three times with PBS to remove the unadhered bacteria and immersed in 2.5% glutaraldehyde for 1 h at 4°C. The samples were subsequently dehydrated in ethanol and then vacuum-dried. After gold spraying, the samples were observed under FESEM. To quantitatively explore the live bacteria colonies on different surfaces, the above-mentioned 24-h incubation samples were rinsed using PBS and placed separately in 3 mL of PBS. After being ultrasonically shaken to detach the adhered bacteria from the samples, the resulting bacterial suspension was diluted 10,000-fold and incubated at 37°C for 24 h in a standard agar medium (Huang et al., 2021), after which the active bacteria were counted by the plate method. Three samples for each group were tested, and each test was repeated three times (n = 3).
2.6 Simulated body fluid (SBF) immersion
The biomineralization capacity of different samples was assessed by exploring the hydroxyapatite (HA)-precipitation activity on the surfaces by immersing the samples in a simulated body fluid (SBF) solution. The SBF solution was formulated as follows: NaCl (8.035 g), NaHCO3 (0.355 g), KCl (0.255 g), K2HPO4 (0.176 g), MgCl2 (0.146 g), CaCl2 (0.292 g), and Na2SO4 (0.072 g). During the preparation, the ingredients were dissolved in deionized water and kept at a temperature of 36.5°C, and the solution was adjusted to pH = 7.35 by using 1 mol/L hydrochloric acid and Tris (hydroxymethyl)aminomethane (Tris) (Barooghi et al., 2018). The samples were placed in centrifuge tubes after the SBF solution was added, and the tubes were transferred into a constant temperature incubator at 37°C. At the target times of 14 days and 28 days, the samples were removed, dried, and sprayed with gold to observe the surface morphology by SEM. In addition, to reveal the surface elemental distribution of the SBF-immersed samples, EDS-mapping analysis was conducted on the SEM equipment using an SEM-EDS system. The substances formed on the different surfaces were also investigated by means of XRD.
2.7 In vitro cell response experiment
2.7.1 Cell culture
The mouse embryonic osteoblastic cell line, MC3T3-E1, was purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in normal growth medium (DMEM; HyClone, United States) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, United States) and 1% penicillin/streptomycin (Sigma, United States). Cells were used for four passages and incubated in an atmosphere with the CO2 of 5% and the air of 95% at a temperature of 37°C. Cells were seeded on different sample surfaces in 24-well plates at a density of 5×104 cells per well, and the culture medium was refreshed every 2 days.
2.7.2 Cell morphology, cytotoxicity, and cell proliferation
To explore the cell adhesion on different sample surfaces, after 5 h of culture, the cell-adhered samples were gently rinsed three times with PBS to remove the unadhered cells. Then, the samples were immersed in a 2.5% glutaraldehyde solution for 1 h. After that, the cell-fixed samples were dehydrated with a gradient concentration of ethanol for 15 min at every step. Finally, the samples were dried and sprayed with gold, and the typical morphology of the cells on the samples was observed by SEM. The cytotoxicity and proliferation of cells on different sample surfaces were evaluated using a Cell counting kit-8 (CCK-8) assay (Qian et al., 2023). Specifically, the samples were laid centrally in 24-well plates, and cells were seeded on each sample and incubated for 1 h, 5 h, 24 h, 72 h, 168 h, and 336 h. At each targeted time, the complete medium was discarded, and the samples were washed three times with PBS and then transferred to new 24-well plates. Then, 1 mL of medium containing 100 mL of CCK-8 reagent (Dojindo, Japan) was added to each well and incubated for a further 4 h in the incubator. Afterward, the cell viability of each sample was measured at an absorbance of 450 nm using a microplate reader. Three replicates for each group were tested, and each test was repeated three times (n = 3).
2.7.3 Osteogenesis-related gene expressions
The expression of osteogenesis-related genes (such as RUNX2, OCN, and COL-I) in cells cultured on the different samples was analyzed by real-time polymerase chain reaction (real-time PCR). After incubation for 3 days, 7 days, and 14 days, the total RNA from the samples was extracted using an RNA kit (Gibco, United States). Then, 1 μg of RNA from the cells on each sample was reversely transcribed into complementary DNA using a PrimeScripTM RT reagent kit (TaKaRa, Japan). Subsequently, the expression of osteogenesis-related genes was quantified via an RT-PCR method, as described in detail in our previous work (Huang et al., 2021). Genes and related specific primers are listed in Table 1, and the acquired relative expression data were all normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using the delta Ct method. Three samples from each group were tested, and each test was repeated three times (n = 3).
TABLE 1 | The specific primer set sequences.
[image: Table 1]2.7.4 Evaluation of the extracellular matrix (ECM) mineralization property
Alizarin red staining (ARS) was used to assess the ECM mineralization of the cells cultured on different samples. After 7 days and 14 days of culture, the cell-seeded samples were fixed in 4% paraformaldehyde for 30 min. Then, the samples were stained with ARS solution (2%, pH 4.2; Sigma-Aldrich) for 20 min. After washing the stained samples with deionized water several times to remove the excess ARS, the stained pictures of the samples were taken with an optical microscope. To quantitatively reveal the ECM mineralization of the samples, the stained samples were also immersed into hexadecyl pyridinium chloride (1 w/v%; Sigma-Aldrich) and shaken for 2 h. The absorbance values were measured at 550 nm. Three samples for each group were tested, and each test was repeated three times (n = 3).
2.7.5 Statistical analysis
The obtained data from the above cell experiments were analyzed by SPSS 14.0 software and expressed as the mean ± standard deviation (SD) for n = 3. Statistically significant differences (p) between the groups were detected by a Student’s t-test. p < 0.05 was considered statistically significant, and p < 0.01 was considered highly statistically significant.
2.8 Mechanical properties
To display the effect of surface modification on the mechanical properties of PEEK, a tensile test was conducted on the samples using an electronic universal testing machine (TY8000-A) in accordance with the ASTM standard D638 (Laureto and Pearce, 2018; Zhao et al., 2023). The shape of the test sample is shown in Figure 2. Three samples for each group were used to obtain the average.
[image: Figure 2]FIGURE 2 | The shape of the sample for the tensile test.
3 RESULTS AND DISCUSSION
3.1 Surface characterization of the samples
Figure 3 shows the PEEK, SPEEK, and GO-SPEEK surface morphology. As shown in Figures 3A, B, after being ground and polished, the PEEK surface is smooth and flat, Figures 3C, D show the SPEEK surface morphology; a three-dimensional (3D) porous structure with an average pore size of about 8 μm is formed on the surface. After further coating with graphene oxide, the porous surface varies compared to the sulfonated surface. Part of the 3D porous structure is covered by the GO layer, leading to a decrease in the average pore size (Figures 3E, F). To further disclose the morphology of the grafted GO, a magnified image (the inset in the upper right corner of Figure 3F) is taken at the location indicated with the letter A; it demonstrates that the GO deposited on the SPEEK sample exhibits a wrinkled-like sheet appearance, which is similar to the results reported by Kumar et al. (2023).
[image: Figure 3]FIGURE 3 | SEM images show the surface morphology of (A, B) PEEK, (C, D) SPEEK, and (E, F) GO-SPEEK. The inset in the upper right corner of (F) is the magnified view of the location in (F) indicated with the letter A.
Figure 4A depicts the XRD crystal phase of the different samples. As can be seen, PEEK is a semi-crystalline polymer exhibiting relatively sharp crystalline peaks, with higher-intensity peaks at 2θ about 19°, 21°, 24°, and 29°, corresponding to the diffraction of (110), (113), (220), and (213) crystalline planes respectively, which is similar to the previously reported results (Cao et al., 1994). SPEEK and GO-SPEEK also have characteristic peaks at the same positions with weakened intensity, indicating that the surfaces of the samples have been modified. The FTIR spectra of different samples are shown in Figure 4B. SPEEK and GO-SPEEK show new absorption peaks at 1,050 cm−1 and 1,251 cm−1. The 1,050 cm−1 peak corresponds to the S=O symmetric stretching absorption peak, and the 1,251 cm−1 peak corresponds to the O=S=O asymmetric stretching absorption peak (Zhao et al., 2013; Chen et al., 2018). This indicates that the -SO3H functional group has been introduced into the PEEK polymer chain by the sulfonation reaction (Zhao et al., 2013). Because of the adsorption effect of the micropores generated by the sulfonation, GO is confirmed as being successfully loaded on the SPEEK surface. As shown in Figure 4C, GO-SPEEK has two characteristic peaks that appear around 1,350 cm−1 and 1,607 cm−1, corresponding to the D-band and G-peaks (Ferrari and Basko, 2013). The peaks represent defects in the C-atom lattice and in-plane stretching vibrations of the sp2-hybridized C-atoms, respectively.
[image: Figure 4]FIGURE 4 | Surface characterization of different samples: (A) XRD patterns, (B) FTIR spectra, (C) Raman spectra, and (D) the surface water contact angle of PEEK, SPEEK, and GO-SPEEK; data are given as the mean ± SD (n = 3).
It was reported that the biological properties of the biomaterials are closely related to their surface hydrophilicity (Wang et al., 2019; Kopac, 2021). Therefore, a water contact angle tester was used to analyze the hydrophilicity of different samples. The results in Figure 4D reveal that the water contact angle of the original PEEK surface is 82.7° ± 3.8°, and the value decreases to 55.2° ± 2.6° for SPEEK due to the introduction of the more hydrophilic -SO3H by the electrophilic substitution reaction (Alimohammadi and Ramazani, 2023). Introducing the GO on the SPEEK surface further reduces the water contact angle to 10.9° ± 1.1°, which might be due to the hydrophilic functional groups, such as hydroxyl and carboxyl groups, on the modified surface (Dikin et al., 2007), causing further improvement of the GO-SPEEK hydrophilicity.
XPS was adopted to explore the chemical composition before and after surface treatment. The wide-scan spectra show that only C and O are detected for the PEEK surface. A minor amount of S could be detected for the SPEEK surface, and the relative S percentages of PEEK, SPEEK, and GO-SPEEK are 0%, 2.57%, and 0.68%, respectively (Figure 5A), suggesting a significant decrease of S after being grafted with GO. The high-resolution spectra of C 1s of different samples are shown in Figures 5B–D. The characteristic peaks appearing at 284.8 eV and 286.5 eV correspond to the C-C/C-H and C-O groups, respectively (Ouyang et al., 2018b; Al-Gaashani et al., 2019). C=O bond and π-π* bonds at 287.7 eV and 291.4 eV are observed for PEEK (Figure 5B, which change little after sulfonation (Figure 5C), similar to previous reports in the literature (Ouyang et al., 2018b). However, an O-C=O bond appears for GO-SPEEK (Figure 5D), suggesting that GO is successfully loaded on the SPEEK surface (Torrisi et al., 2020). This can also be evidenced by the increased C content of GO-SPEEK compared to SPEEK (Figure 5A) (Al-Gaashani et al., 2019).
[image: Figure 5]FIGURE 5 | (A) XPS wide-scan spectra of different samples and high-resolution C 1s XPS spectra of (B) PEEK, (C) SPEEK, and (D) GO-SPEEK.
3.2 Antibacterial properties
It has been previously observed that there is a significant competitive surface adhesion relationship between the invading bacteria and the host cells, which is described as surface competition (Gristina, 1987). Free bacteria adhere to the implant surface and subsequently form a stubborn biofilm that disrupts host-cell adhesion, leading to a failure of implant-cell integration. It is essential to prevent biofilm formation to avoid bacterial infections (Hemmati et al., 2021). Figure 6A shows the antibacterial effect of different samples on E. coli. As can be seen from the SEM result, after 24 h of co-culture, the PEEK surface shows the highest number of E. coli, and the bacteria exhibit a typically rod-like morphology. The profile of the bacteria is clear, and the cell membrane is relatively smooth. In contrast, the E. coli on the SPEEK surface reveals a deformed and elongated shape, suggesting that the SPEEK sample creates an uncomfortable environment for bacteria to live. Note that few E. coli could survive on the GO-SPEEK surface, and the attached E. coli displays a destructed appearance. The agar dilution method proves the above SEM result; the number of E. coli on the samples follows the order of PEEK > SPEEK > GO-SPEEK. The plate count result is shown in the histogram and indicates that the PEEK surface has the highest number of E. coli colonies at 3.45×106, higher than the 2.72×106 colonies formed on the SPEEK surface, and much higher than the 4.6×105 colonies formed on the GO-SPEEK surface. It is evident that the GO-grafted PEEK surface has a significant bactericidal effect on E. coli; the number of E. coli is reduced by approximately 86% after the PEEK surface modifications.
[image: Figure 6]FIGURE 6 | In vitro antibacterial property evaluation. (A) SEM images of Escherichia coli after 24-h incubation on PEEK, SPEEK, and GO-SPEEK, agar plate culture pictures, and the number of Escherichia coli colonies on the different samples. (B) SEM images of S. aureus after 24-h incubation on different surfaces, the agar plate culture pictures, and the number of S. aureus colonies on the samples. Data are given as the mean ± SD (n = 3).
S. aureus is one of the leading causes of hospital- and community-associated infections (Huang et al., 2011) and is a large proportion of the bacteria that infect orthopedic implants (Arciola et al., 2018). Therefore, it is even more important to examine the resistance of orthopedic implants to S. aureus. Figure 6B shows the antibacterial properties of different samples against S. aureus. The SEM results show that the S. aureus grows well on the PEEK surface and exhibits the typical morphology of grape bunches. Fewer S. aureus are observed on the SPEEK surface, but they still maintain the shape of intact balls. However, the S. aureus on the GO-SPEEK surface seems lysed and barely visible. The SEM result is highly consistent with the agar plate culture result: fewer S. aureus colonies are on the SPEEK surface, and many fewer colonies are on the GO-SPEEK surface than the PEEK surface. The quantitatively counted result reveals that the PEEK surface has the largest number of S. aureus colonies, 3.98×106. The number of colonies decreases to 1.95×106 for the SPEEK surface (a decline of approximately 51%), while the GO-SPEEK surface is observed to be more resistant to S. aureus with an approximately 94% reduction of bacteria colonies to about 2.3×105. The grafted GO plays an important role in endowing GO-SPEEK with high efficiency in killing both Gram-negative and Gram-positive bacteria.
The grafted GO might greatly improve the antimicrobial effect of PEEK in two ways: first, the wrinkled GO nanosheet could provide many sharp edges (Ouyang et al., 2018b; Kumar et al., 2023), which can cause physical damage to the bacterial cytosol and destroy the bacterial membrane, thus causing cytoplasmic loss and ultimately leading to death of bacteria (Akhavan and Ghaderi, 2010). Second, the bacterial membrane is mainly composed of phospholipid macromolecules, and GO has a unique two-dimensional structure with sp2 carbon, resulting in strong dispersion between GO and phospholipids, which allows GO to continuously capture the phospholipids of the bacterial membrane and leads to the eventual destruction of the bacterial membrane (Tu et al., 2013). Some scholars have noted that the hydrophobic interactions between GO and phospholipids would contribute to bacterial phospholipid translocation and overturn of the cytosolic membrane and, therefore, exacerbate damage to the bacterial membrane (Dallavalle et al., 2015; Guo et al., 2021b). In this work, the surface-modified PEEK materials exhibit higher bactericidal capacity against the Gram-positive S. aureus than the Gram-negative E. coli. The reason may be that the two kinds of bacteria have different acid resistance. E. coli has the ability to transfer Gln to Glu, which produces gaseous ammonia. The free ammonia could neutralize protons, leading to an increase in intracellular pH and improving their resistance to acidic environments (Lu et al., 2013). In contrast, S. aureus is less resistant to acids. In our article, the sulfonation treatment introduced -SO3H groups, which are highly acidic, on PEEK (Sutherland et al., 1994; Ouyang et al., 2016). Therefore, the surface-modified PEEK shows much stronger antibacterial activity for the S. aureus strain.
3.3 Biomineralization capacity in SBF solution
The bioactivity of the biomaterials could be assessed by evaluating the ability to deposit HA on the surface after a certain time of in vitro SBF immersion. PEEK, SPEEK, and GO-SPEEK were placed in an SBF solution and incubated at 37°C in a constant temperature incubator. After 14 days and 28 days of immersion, the samples were dried and observed by SEM. As shown in Figures 7A, D, there is no morphological change on the PEEK surface after soaking for 14 days and 28 days, and no deposited material is observed on the PEEK surface. SPEEK, after 14 days of immersion, displays distinct ball-like deposits on the surface (Figure 7B), and the deposits become more dense after 28 days (Figure 7E). As for GO-SPEEK, the surface is almost totally covered by the ball-like deposits, even after 14 days (Figure 7C). The GO-SPEEK surface is completely covered by densely white precipitations after 28 days of immersion in the SBF solution (Figure 7F). The EDS results from a typical ball-like deposit (indicated with a letter B in Figure 7F) on the surface of GO-SPEEK after 28 days of immersion in SBF suggests that these balls are abundant in calcium (Ca) and phosphorus (P), and the Ca/P ratio is about 1.60 (Figure 7G), which is very close to the Ca/P ratio in HA (1.67). Figure 7H shows the EDS two-dimensional mapping result of Figure 7F. It can be seen that C, O, Ca, and P are generally evenly distributed throughout the surface. The Ca and P distributions are highly correlated, further indicating that Ca combines with P to form Ca/P precipitations on the GO-SPEEK surface. The XRD profiles of the samples before and after SBF immersion for 28 days are depicted in Figure 8. As can be seen, apart from the featured peaks belonging to PEEK, the peaks located at 2θ ≈ 32.4° appear on the surface-modified samples, which fit well to the (211) crystalline plane of HA (Almasi et al., 2014). These results indicate that sulfonation could enhance the biomineralization capacity of PEEK, while the introduction of GO could further boost the formation of HA on the SPEEK surface. GO-SPEEK exhibits a much stronger biomineralization capacity than the PEEK or SPEEK samples.
[image: Figure 7]FIGURE 7 | Surface morphology of different samples after soaking in SBF solution for 14 days: (A) PEEK, (B) SPEEK, and (C) GO-SPEEK; and after 28 days: (D) PEEK, (E) SPEEK, and (F) GO-SPEEK; (G) the EDS profile and elemental composition of the location indicated with a letter B in (F); (H) EDS-mapping results showing the distribution of the C, O, Ca, and P in (F).
[image: Figure 8]FIGURE 8 | XRD patterns of PEEK, SPEEK, and GO-SPEEK before and after being immersed in SBF for 28 days.
The sulfonation could introduce -SO3H groups on the samples, which was reported to enable ion exchange and electrostatic interaction of ions with the SBF solution, thus favoring surface mimetic mineralization (Hamai et al., 2018). In addition, it has been reported that the negatively charged GO surface could adsorb a significant amount of positively charged calcium ions from the SBF solution, which facilitates the combination of the PO43− ions and subsequently accelerates the precipitation of HA in the mineralization process (Gao et al., 2015). Accordingly, the biomineralization capacity of the investigated samples in this work is GO-PEEK > SPEEK > PEEK.
3.4 Cell behavior
In general, the adhesion of osteoblasts on the surface of a biomaterial means that osseointegration is initiated (Gongadze et al., 2011). The morphology of the MC3T3 cells after 5 h of incubation on different sample surfaces was imaged by SEM, as shown in Figure 9A. The cell is weakly adherent to the PEEK surface with an overall spherical shape, and the elongation of the cell pseudopods is not observed. In contrast, the cell on SPEEK is irregularly shaped and stretched much wider with distinct pseudopods. The cell on GO-SPEEK is observed to be fully spread and tightly bound to the surface, implying that the GO-SPEEK surface provides the optimal circumstances for the osteoblasts to attach. The CCK-8 assay was used to further disclose the adhesion and proliferation conditions of cells on the samples. It can be seen from Figure 9B that, at the initial incubation times of 1 h and 5 h, no significant difference in the viable cells adhered to the samples was observed. At 24 h, the numbers of adherent cells on the different samples all increased compared to 5 h. As time progressed, the cells on the three kinds of samples all proliferated. These results prove that the PEEK, SPEEK, and GO-PEEK samples in this study all exhibit good cytocompatibility, and they boost cell growth on the surfaces. Notably, the cell proliferation is observed to be accelerated on the SPEEK sample, and the acceleration is more pronounced on the GO-PEEK sample than on the PEEK sample.
[image: Figure 9]FIGURE 9 | Evaluation of the cell adhesion and proliferation on the samples: (A) typical cell morphology on different surfaces after 5 h of incubation, (B) cell proliferation measured by CCK-8 after 1 h, 5 h, 24 h, 72 h, 168 h, and 336 h of culture. Data are given as the mean ± SD (n = 3), *p < 0.05 and **p < 0.01 compared with PEEK, &p < 0.05 and &&p < 0.01 compared with SPEEK.
The enhanced cell adhesion and proliferation will influence subsequent differentiation and ECM mineralization (Luo et al., 2015; Huang et al., 2021). The osteogenic differentiation of MC3T3 cells on different samples was evaluated by the determination of mRNA expression levels of several osteogenesis-related gene markers. As shown in Figure 10, the RUNX2, OCN, and Col-I mRNA expression levels of the cells on each sample sustainably increase with an incubation time of up to 14 days. At each time point, the expressions of mRNA of each marker in the cells on the SPEEK sample are higher than that on the PEEK sample. However, the GO-SPEEK sample exhibits the strongest positive effect of boosting the osteogenic differentiation of cells.
[image: Figure 10]FIGURE 10 | Gene expressions of cells cultured on the samples after incubation for 3 days, 7 days, and 14 days: (A) RUNX2, (B) OCN, and (C) Col-I. Data are given as the mean ± SD (n = 3), *p < 0.05 and **p < 0.01 compared with PEEK, &p < 0.05 and &&p < 0.01 compared with SPEEK.
RUNX2 is a transcription factor necessary for early osteoblast differentiation. OCN, responsible for calcium ion binding, is a late-stage maker of osteoblast differentiation, and Col-I is the most abundant bone matrix protein (Huang et al., 2021). In this work, GO-SPEEK remarkably enhances levels of RUNX2 mRNA compared to SPEEK and PEEK (Figure 10A), indicating that GO-SPEEK can accelerate the differentiation by promoting a mature phenotype at earlier time points (Kaur et al., 2024). The upregulation of RUNX2 mRNA expression was reported to facilitate the mRNA expression of OCN and Col-I (Huang et al., 2019), thus leading to more pronounced OCN and Col-I proteins to secrete into the ECM and thereby accelerating ECM mineralization. The ECM mineralization results in our investigation confirmed the above point. As seen in Figure 11A, it is obvious that much denser ECM mineralization is deposited on the GO-SPEEK surface than on the PEEK and SPEEK surfaces (especially the PEEK surface) at each time point. In addition, at 14 days, much denser stained deposits are observed on the SPEEK and GO-SPEEK samples than at 7 days. The quantitatively determined ECM mineralization results are in accordance with the above staining pictures, as shown in Figure 11B. It is indicated that both SPEEK and GO-SPEEK reveal promote ECM mineralization compared to PEEK, and the mineralization level was much higher on the GO-SPEEK surface than on the SPEEK surface at each incubation time.
[image: Figure 11]FIGURE 11 | (A) Alizarin red staining pictures of the samples after 7 days and 14 days of incubation, and (B) ECM mineralization after 7 days and 14 days of osteoblast incubation on different samples. Data are given as the mean ± SD (n = 3), *p < 0.05 and **p < 0.01 compared with 7 days of incubation.
In this study, we built a 3D porous structure on PEEK through sulfonation and found the modified surface promotes the adhesion and osteogenic functions of MC3T3 cells. Additionally, GO grafted on the sulfonated PEEK surface was proven to further improve the cell–material interactions. The generated microporous structure of the implant surface has been reported to be favorable for cell adhesion and osteogenic functions (Lee et al., 2004; Liu et al., 2021). Cai et al. (2020) used a femtosecond laser to construct a porous surface on a PEEK surface, which was also proved to significantly promote the adhesion and proliferation of rat bone marrow mesenchymal stem cells. Apart from the microporous structure, GO could also provide an affirmative effect to regulate cell behavior. Su et al. (2020) combined GO with polydopamine and loaded it on the surface of a titanium alloy, which greatly enhanced the osteogenic mineralization of hMSCs. The previous study disclosed that the combination of π–π stacking, electrostatic forces, and hydrogen bonding of the GO surface allows it to take up osteoinductive factors from the medium via non-covalent binding, thus enhancing osteogenesis (Lee et al., 2011). Some studies have proposed that the GO can activate osteogenesis-related signaling pathways and promote bone formation (Wu et al., 2015; Zhang et al., 2016; Wu et al., 2018). Moreover, it is notable that, in this work, both sulfonation and GO grafting are beneficial for the enhancement of PEEK hydrophilicity (as shown in Figure 4D). The hydrophilic surfaces were confirmed to be conducive to regulating the osteoblastic response (Sun et al., 2017; Huang et al., 2019; Kopac, 2021; Tseng et al., 2021). Hence, the improvement of the hydrophilicity of PEEK after surface modification is also responsible for the ameliorated cell-material interactions (including cell adhesion, proliferation, osteodifferentiation, and ECM mineralization) in our investigation.
3.5 Mechanical properties
The mechanical properties of the samples evaluated by using the tensile experiment and the typical tensile curve, as well as the acquired data, are shown in Figure 12. PEEK, SPEEK, and GO-SPEEK all have tensile yield zones, indicating that the samples are generally ductile materials. The tensile stress versus tensile strain curves of different samples substantially look analogous (Figure 12A), suggesting that little variation of the mechanical properties of PEEK occurs after the surface modification. Figure 12B compares the tensile strength and the elastic modulus of different samples, and the data are summarized in Table 2. SPEEK and GO-SPEEK have similar values of yield/break tensile strength and elastic modulus compared to the original PEEK because sulfonation and the subsequent GO-grafting treatment were only applied to the surface of the samples; the mechanical properties of the bulk material were maintained. Although the measured elastic modulus of GO-SPEEK (1.55 GPa) is slightly less than PEEK (1.69 GPa), which might be due to the formed micropores on the surface, the value is still much larger than that of the 1.33 GPa of the cancellous bone (Clausing et al., 2023). With the maintained mechanical properties, the enhanced surface biomineralization capacity, and cell-material interactions, as well as the highly efficient bacterial killing activity, GO-SPEEK is expected to be extensively used in the bone replacement and orthopedic field.
[image: Figure 12]FIGURE 12 | (A) Tensile stress versus tensile strain plot for PEEK, SPEEK, and GO-SPEEK; (B) tensile strength and elastic modulus of different samples. Data are given as the mean ± SD (n = 3).
TABLE 2 | Parameters of the mechanical properties of different samples.
[image: Table 2]4 CONCLUSION
GO-SPEEK was fabricated using a two-step method of surface sulfonation followed by GO grafting on PEEK. The results show that the GO-SPEEK surface possesses a 3D porous structure and exhibits superior hydrophilicity to the original PEEK. In addition, GO-SPEEK reveals a good bactericidal effect against Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria, and the antibacterial rate for the two kinds of bacteria strains is about 86% and 94%, respectively. GO-SPEEK displays much better biomineralization capacity than PEEK and SPEEK (especially compared to PEEK) and has the strongest activity to induce HA precipitation on the surface while soaking in an SBF solution. The in vitro cellular experiments indicate that osteoblastic adhesion, proliferation, osteodifferentiation, and ECM mineralization could also be promoted on the GO-SPEEK surface due to the positive effect of the hydrophilicity and the porous structure as well as the grafted GO for MC3T3 cells. Furthermore, the tensile test result suggests that GO-SPEEK has comparable values of elastic modulus and tensile strength to those of the original PEEK. With the maintained mechanical properties, enhanced surface biomineralization capacity, and cell-material interactions, as well as the highly efficient bacterial killing activity, GO-SPEEK is expected to be widely utilized in the orthopedic implantation field.
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Objective: We aimed to evaluate the efficacy of antibiotic-loaded calcium sulfate combined with autologous iliac bone transplantation in the treatment of limb-localized osteomyelitis (Cierny–Mader type III) and analyze the causes and risk factors associated with infection recurrence.Methods: Clinical data of 163 patients with localized osteomyelitis of the extremities treated with antibiotic-loaded calcium sulfate combined with autologous iliac bone transplantation in Xi’an Honghui Hospital from January 2017 to December 2022 were retrospectively analyzed. All patients were diagnosed with localized osteomyelitis through clinical examination and treated with antibiotic-loaded calcium sulfate combined with autologous iliac bone. Based on the infection recurrence status, the patients were divided into the recurrence group and the non-recurrence group. The clinical data of the two groups were compared using univariate analysis. Subsequently, the distinct datasets were included in the binary logistic regression analysis to determine the risk and protective factors.Results: This study included 163 eligible patients, with an average age of 51.0 years (standard deviation: 14.9). After 12 months of follow-up, 25 patients (15.3%) experienced infection recurrence and were included in the recurrence group; the remaining 138 patients were included in the non-recurrence group. Among the 25 patients with recurrent infection, 20 required reoperation, four received antibiotic treatment alone, and one refused further treatment. Univariate analysis showed that education level, smoking, hypoproteinemia, open injury-related infection, and combined flap surgery were associated with infection recurrence (p < 0.05). Logistic regression analysis showed that open injury-related infection (odds ratio [OR] = 35.698; 95% confidence interval [CI]: 5.997–212.495; p < 0.001) and combined flap surgery (OR = 41.408; 95% CI: 5.806–295.343; p < 0.001) were independent risk factors for infection recurrence. Meanwhile, high education level (OR = 0.009; 95% CI: 0.001–0.061; p < 0.001) was a protective factor for infection recurrence.Conclusion: Antibiotic-loaded calcium sulfate combined with autologous iliac bone transplantation is an effective method for treating limb-localized osteomyelitis. Patients without previous combined flap surgery and non-open injury-related infections have a relatively low probability of recurrence of infection after treatment with this surgical method. Additionally, patients with a history of smoking and hypoproteinemia should pay attention to preventing the recurrence of infection after operation. Providing additional guidance and support, particularly in patients with lower education levels and compliance, could contribute to the reduction of infection recurrence.Keywords: calcium sulfate, osteomyelitis, recurrence of infection, autogenous iliac bone, analysis of risk factors
1 INTRODUCTION
Osteomyelitis is an inflammatory bone disease caused by infection, which can easily lead to necrosis and destruction of bone tissue. It is one of the most challenging musculoskeletal complications of traumatic orthopedic surgeries (Rao et al., 2011; Metsemakers et al., 2018). In recent years, the prevalence of osteomyelitis has steadily increased due to several factors such as advancements in diagnostic capabilities, increased incidence of trauma, inappropriate use of implants, or occurrence of bloodstream infections (Walter et al., 2021). Concurrently, bacterial virulence and autoimmunity contribute to the difficulty of controlling infections or result in a high recurrence rate, presenting an ongoing concern for orthopedic surgeons (Wang et al., 2020). Once osteomyelitis manifests, more severe complications develop, including nonunion, pathological fractures, and amputation, significantly diminishing patients’ quality of life (Zhou et al., 2020). Despite standardized treatment protocols, the recurrence rate of chronic osteomyelitis remains high (20%–30%) (Zhou et al., 2020).
In 1985, Cierny and Mader introduced a new classification system for osteomyelitis to describe the degree of inflammation and improve the therapeutic effect. According to anatomical bone involvement, osteomyelitis is divided into four types: medullary type (Type I), superficial type (Type II), localized type (Type III), and diffuse type (Type IV). Furthermore, patients are divided into three groups based on their physiological condition as follows: healthy patients (Group A), damaged patients (Group B), and frail patients who cannot undergo surgery (Group C). This classification has since been widely acknowledged as the standard classification of long bone osteomyelitis (Cierny et al., 2003). Compared with severe diffuse osteomyelitis (Cierny–Mader [C-M] type IV), localized osteomyelitis (type III) has a limited infection range, milder clinical symptoms, and lower treatment complexity. Consequently, prompt and accurate surgical intervention can yield superior clinical outcomes. Traditional treatment typically involves a staged approach, beginning with antibiotic chain bead implantation followed by cancellous bone transplantation after achieving infection control (Emami et al., 1995). In 1986, Masquelet introduced a two-stage technique for repairing large bone defects. In 2000, he proposed the concept of an induced membrane based on his case results (Masquelet et al., 2000). Subsequent studies have demonstrated the efficacy of this technique in the treatment of osteomyelitis, establishing it as a notable representative of staged treatment due to its simplicity and low infection rate (Tong et al., 2017; Wang et al., 2020; Shi et al., 2023; Zhang et al., 2023). However, its drawbacks include the need for multi-stage and complex surgical management, prolonged systemic antibiotic therapy leading to potential damage to the metabolic organs, and the risk of donor complications, all of which increase the patients’ economic burden and psychological stress. To address these challenges, topical antibiotic-loaded bone substitute material implantation has emerged as an effective method (Batista Campos et al., 2023). Calcium sulfate has been widely used in orthopedic trauma in recent years owing to its excellent biocompatibility, degradability, and bone conductivity (Zhou et al., 2020; Batista Campos et al., 2023). When implanted into the lesion as an antibiotic-impregnated material, calcium sulfate offers numerous benefits, including versatility in drug loading, stable degradation rate, high local antibiotic concentration, and minimal side effects (Batista Campos et al., 2023; Domenicucci et al., 2023; Du et al., 2023). With the advancements in surgical debridement and microsurgical techniques, one-stage treatment of localized osteomyelitis has been achieved (Ruan et al., 2021). Previous studies have shown that antibiotic-loaded calcium sulfate can yield favorable clinical outcomes in the treatment of localized osteomyelitis of the tibia (Zhou et al., 2020).
In the radical treatment of osteomyelitis, recurrence is the primary concern among patients. However, despite the increasing incidence of osteomyelitis, only a few studies have examined the risk factors of antibiotic-loaded calcium sulfate in the treatment of localized osteomyelitis recurrence or reinfection. In this study, the data of 163 patients who met the inclusion and exclusion criteria were retrospectively analyzed. We aimed to determine the efficacy of antibiotic-loaded calcium sulfate combined with autologous iliac bone transplantation in the treatment of localized osteomyelitis of the extremities, and to identify the causes and risk factors of infection recurrence. The study results will provide clinical guidance for reducing the occurrence of such complications.
2 MATERIALS AND METHODS
2.1 Inclusion and exclusion criteria
This study included 163 patients with limb-localized osteomyelitis who were treated with antibiotic-loaded calcium sulfate combined with autologous iliac bone transplantation in our hospital from January 2017 to December 2022. Two experienced orthopedic surgeons performed the C-M classification on the patients, and a third surgeon was tasked to evaluate the decisions. This study was approved by the Ethics Committee of Xi’an Red Cross Hospital, and all patients signed an informed consent form. The flow chart of this study is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart showing the research ideas and results of this study.
Inclusion criteria were as follows: Patients who (Rao et al., 2011) were diagnosed with localized osteomyelitis of the extremities (C-M type III) based on the clinical manifestations, laboratory examination results, and imaging findings (Metsemakers et al., 2018); were followed up for ≥12 months (Walter et al., 2021); were aged ≥18 years; and (Wang et al., 2020) underwent antibiotic-loaded calcium sulfate treatment combined with autologous iliac bone transplantation after thorough debridement.
Exclusion criteria were as follows: Patients (Rao et al., 2011) who did not undergo any surgical treatment or other surgical methods (Metsemakers et al., 2018); with incomplete follow-up data (Walter et al., 2021); aged <18 years; and (Wang et al., 2020) who developed malignant diseases.
2.2 Operative procedure
Thorough debridement: All surgical procedures were performed under nerve block combined with general anesthesia, using an upper airbag tourniquet. Based on the site of infection and preoperative imaging results, an incision was made along the wound or the original surgical incision. The sinus tract and the surrounding bone scar were excised, and the internal fixation materials were exposed and removed. The intramedullary pus, inflammatory granulation tissue, and scar tissue were cleared; the dead bone was extracted using a bone rongeur; and the hardened tissue was removed with a high-speed grinding drill until punctate bleeding was observed at the fracture end and within the soft tissue (Paprika sign), indicating thorough debridement and adequate local blood supply. After debridement, the wounds were cleansed thrice with 3% hydrogen peroxide, normal saline, and iodophor stock solution. During surgery, at least four specimens (including pus, inflammatory granulation tissue, and necrotic bone) were collected from different sites for bacterial culture and histopathological examination. The size of the residual defect after debridement was measured. Surgical instruments were replaced, and the sheets were repositioned after a local disinfection.
Defect filling: Based on the size of the defect, an appropriate amount of autologous iliac bone was harvested from the iliac plate and processed into 3 mm × 3 mm × 3 mm particles. According to the results of the preoperative bacterial culture, either vancomycin or gentamicin powder was thoroughly mixed with calcium sulfate powder at a predetermined proportion in a sterile mixing bowl (or mixed solely with calcium sulfate powder for those with a negative bacterial culture result), and an appropriate amount of injectable water was added. After thorough mixing, the mixture was molded into granules using a silica gel mold. The antibiotic-loaded calcium sulfate and the iliac bone particles were combined at a 1:3 volume ratio. The mixture was then implanted into the cavity after it had completely solidified. Before wound closure, a negative pressure drainage tube was inserted to ensure smooth drainage. Patients with unstable bone structures underwent stabilization using an Ilizarov external fixator. Wounds with minimal tension were sutured directly, whereas those with significant tension or large skin defect areas underwent flap transfer to cover the wound.
2.3 Infection recurrence and treatment
The following criteria were employed to assess the possibility of infection recurrence: redness, swelling, heat, pain, and other symptoms in the primary site; increased body temperature; elevated levels of inflammatory markers on blood routine examination; and recurrence of sinus tract or infectious exudation in and around the wound. Distinguishing infectious exudation from serous exudation is crucial. Infectious exudation serves as a pivotal indicator for diagnosing infection recurrence. However, individuals who are unfamiliar with the characteristics of serous exudation may misdiagnose this condition as infectious exudation, potentially leading to unnecessary treatment interventions. Serous exudation occurs as a component of the slurry discharged from the wound during the absorption of calcium sulfate. Typically, this condition resolves naturally within 8 weeks without necessitating secondary surgical treatment. By contrast, infectious exudation commonly manifests as yellow-white pus, which can be accompanied by bloody exudation and a foul odor. Meanwhile, serous exudation primarily presents as light yellow exudates. Furthermore, infectious exudation is frequently associated with alterations in appearance and abnormalities in the levels of inflammatory indicators detected through laboratory testing; bacterial culture and pathological examination are also important bases for diagnosis. In patients with suspected false-negative or false-positive results on bacterial culture, further metagenomic testing can be performed to confirm the diagnosis.
Treatment after infection recurrence: When signs of infection recurrence were observed, sensitive antibiotics were administered intravenously based on the initial bacterial culture results until the symptoms improved. If no remission was observed or if symptoms worsened within 2 weeks, antibiotic-loaded calcium sulfate combined with autologous iliac bone transplantation was performed after debridement.
2.4 Observed indexes
The following demographic data of patients were collected from the electronic medical records: age, sex, education level, smoking history, comorbidities (diabetes, heart disease, hypertension, and hypoproteinemia), previous surgery (≥2 times), open injury-related infection, infection site, bacterial species, and combined flap surgery. Followup was conducted through outpatient review, WeChat messaging, or telephone consultations.
2.5 Statistical analysis
Statistical Package for Social Sciences (SPSS for Windows, version 22.0, Chicago, SPSS Inc.) was used to analyze data. Univariate analysis was conducted on variables that could contribute to the recurrence of infection, including age, sex, education level, smoking history, comorbidities (diabetes, heart disease, hypertension, and hypoproteinemia), previous surgery (≥2 times), open injury-related infection, infection site, bacterial species, and combined flap surgery. The measurement data were expressed as the mean ± standard deviation and analyzed using the normality test and two independent samples t-test. The count data were expressed as cases and percentages (%) and analyzed using the chi-square or Fisher’s exact test. Variables with significant differences in the univariate analysis were included in the multivariate logistic regression models. Binary logistic regression analysis was used to evaluate the independent association between these factors and infection recurrence. Statistical significance was set at a 5% level (p < 0.05) for all analyses.
3 RESULTS
According to the predefined inclusion and exclusion criteria, a total of 163 eligible patients were identified and enrolled in this study. Among them, 136 were men, while 27 were women, with an average age of 51.0 years (range: 18–85 years). In terms of educational attainment, 66, 67, and 30 participants had completed primary school or a lower education level, secondary education, and university education or a higher education level, respectively. Additionally, 68 people patients had a history of smoking. In terms of comorbidities, 49 patients had diabetes, 17 had heart disease, 30 had hypertension, and 53 had hypoproteinemia. Furthermore, 32 patients had previously undergone surgery two or more times, while 91 patients developed open injury-related infection. The affected sites included tibia (84 patients), femur (39 patients), calcaneus (15 patients), fibula (7 patients), patella (10 patients), humerus (6 patients), and ulna and radius (2 patients). Pathogenic bacteria were not detected in six patients. Meanwhile, Staphylococcus aureus was detected in 82 patients, methicillin-resistant Staphylococcus aureus in 22 patients, Pseudomonas aeruginosa in 34 patients, Escherichia coli in eight patients, and Staphylococcus epidermidis in 11 patients. Additionally, 45 patients underwent combined flap surgery.
3.1 Characteristics and treatment of infection recurrence
A total of 163 patients were treated with antibiotic-loaded calcium sulfate combined with autologous iliac bone transplantation. Based on outpatient reviews and 12-month follow-up data, 125 patients exhibited satisfactory wound healing after surgery without any notable abnormalities, as illustrated in Figure 2. Wound fluid exudation and sinus formation occurred in 38 patients. The exudate was subjected to bacterial culture and pathological examination, and blood routine and biochemical examinations were performed. Thirteen patients showed negative bacterial culture results, with the exudate appearing light yellow and bright. Additionally, no signs of redness, swelling, heat, and pain were noted around the wound. Combined with a routine blood test, no abnormalities were found in the infection indicators. Hence, the condition was considered a serous exudation caused by calcium sulfate absorption and therefore excluded from the study. The remaining 25 patients exhibited elevated local skin temperature and yellowish-white purulent secretions. Bacterial culture showed positive and negative results in 20 and five patients, respectively. Further metagenomic detection yielded positive and negative results in three and 2, respectively. Considering that most patients had used antibiotics before bacterial culture, potentially affecting the examination results, along with the presence of clinical manifestations, these two patients were also diagnosed with infectious exudation and therefore included in the study. After excluding 13 patients with serous exudation, only 25 patients with postoperative infection recurrence were analyzed.
[image: Figure 2]FIGURE 2 | Male patient aged 43 years. Radiographs obtained before and after treatment with antibiotic-loaded calcium sulfate combined with autogenous iliac bone transplantation to manage proximal tibial osteomyelitis. (A, B) Preoperative anteroposterior and lateral position. (C, D) Anteroposterior and lateral position 1 d after the surgery. (E) Twelve months after the surgery.
Among 25 (15.3%) patients with recurrent infection, four were successfully treated with intravenous antibiotics for only 2 weeks. Twenty patients underwent redebridement and reimplantation of antibiotic-loaded calcium sulfate combined with autologous iliac bone to manage the infection, with no recurrence observed within 12 months. One patient refused further treatment, expressing satisfaction with the current treatment outcomes due to low physical demand.
3.2 Analysis of risk factors for recurrence of infection
First, univariate analysis was performed to assess the association between potential factors and infection recurrence. The results were as follows (Table 1): age (p = 0.630), sex (p = 1.000), diabetes (p = 0.239), heart disease (p = 1.000), hypertension (p = 1.000), previous surgery (≥2 times) (p = 0.746), infection site (p = 0.990), and infected bacteria (p = 0.391) (p > 0.05). Compared with the no-recurrence group, education level (p = 0.010), smoking history (p = 0.044), hypoproteinemia (p = 0.024), open injury-related infection (p = 0.027), and combined flap surgery (p = 0.046) were significantly associated with recurrence (p < 0.05). These factors were further included in the binary logistic regression analysis. Results of the analysis showed that open injury-related infection (odds ratio [OR] = 35.698, 95% confidence interval [CI]: 5.997–212.495), p < 0.001) and combined flap surgery (OR = 41.408, 95% CI: 5.806–295.343, p < 0.001) were independent risk factors for the recurrence of osteomyelitis infection treated with antibiotic-loaded calcium sulfate combined with autologous iliac bone transplantation. Meanwhile, a high education level (OR = 0.009, 95% CI: 0.001–0.061, p < 0.001) was a protective factor for infection recurrence (Table 2).
TABLE 1 | Single-factor analysis of infection recurrence.
[image: Table 1]TABLE 2 | Multivariate analysis of infection recurrence.
[image: Table 2]4 DISCUSSION
Antibiotic-loaded calcium sulfate combined with autologous iliac bone transplantation was used to treat localized osteomyelitis in one stage.
The current clinical treatment of osteomyelitis is primarily divided into staged treatment and one-stage treatment. The Masquelet technique serves as a representative method of staged treatment. Some researchers used the Masquelet technique to treat 424 patients with limb osteomyelitis, achieving a final infection control rate of 87.74% (372/424) (Wang et al., 2020). Compared with staged treatment, the time cycle of one-stage treatment offers a shorter time cycle, fewer number of operations, and lower infection control rates compared with its counterpart. Moreover, considering that osteomyelitis is mostly caused by severe trauma or fracture surgery, multiple operations in the early stage can significantly increase the patients’ economic burden. Conversely, one-stage treatment has a lower cost, alleviating the economic and psychological burdens faced by patients and their families (Ren et al., 2022). With advancements in surgical techniques and increasing patient demands, one-stage treatment of osteomyelitis is gaining popularity. In a previous study involving the primary treatment of 505 patients with chronic osteomyelitis, the use of muscle flaps, antibiotic-containing bioceramics or calcium sulfate, and bioactive glass for treatment yielded effective rates ranging from 87.5% to 94.2% (Pincher et al., 2019). Other studies used gentamicin-loaded calcium sulfate/nano-hydroxyapatite composites to treat osteomyelitis in one stage and achieved an infection control rate of 96% (96/100) (McNally et al., 2016). These findings suggest that the infection control rate of our one-stage treatment is comparable to, if not better than, than that of staged treatment.
In addition, the primary objective of osteomyelitis treatment is to control infection. A local drug delivery systems has been widely used in the control of infection in patients with osteomyelitis, as it can provide drug concentrations several times higher than the bacteriostatic concentration at the infection site. This approach reduces the systemic drug concentrations, thereby minimizing the occurrence of systemic adverse reactions (Zhang et al., 2010). Previously, the most commonly used local drug delivery system was antibiotic-loaded polymethyl methacrylate (PMMA), which can be combined with various antibiotics and released locally at the lesion site. However, it exhibits poor biodegradability, thus necessitating secondary surgery for removal after infection control. Although PMMA is suitable for the Masquelet technique of staged treatment, it is not applicable in one-stage treatment. Therefore, the antibiotic-loaded absorbable system with calcium sulfate as a typical example has emerged as the primary option in the first-stage treatment of osteomyelitis. This system has been used clinically to treat osteomyelitis and has achieved good results (Shi et al., 2022). Calcium sulfate is an excellent carrier of antibiotics. It can be combined with various antibiotics such as vancomycin, gentamicin, and tobramycin, and can completely release antibiotics after its degradation. Additionally, calcium sulfate has been reported to possess osteogenic properties, which can promote the endochondral ossification of the fracture end by stimulating growth factors such as vascular endothelial growth factor, transforming growth factor-1, and bone morphogenetic protein-2 (Ma et al., 2018). In addition, the implantation of calcium sulfate into the defect site not only prevents the inward growth of fibrous tissue, but also provides a bone-guided matrix for the growth of blood vessels and osteoblasts. As calcium sulfate gradually absorbs, new bone can replace the collagen scaffold, ultimately restoring the normal anatomical properties and structural characteristics (Kolk et al., 2012).
However, the problem of serous exudation during the process of calcium sulfate absorption cannot be ignored. Our previous study found that an increase in the amount of calcium sulfate implanted led to a higher incidence of serous exudation (Du et al., 2023). Jiang et al. used calcium sulfate alone to treat localized calcaneal osteomyelitis in a one-stage procedure. Although the infection eradication rate reached 85.3% (29/34), the nonserous exudation rate was as high as 32.35% (11/34) (Jiang et al., 2020). In addition, Rathbone CR et al. reported that high concentrations of local antibiotics can inhibit osteoblasts, which possibly contributes to nonunion after osteomyelitis treatment (Rathbone et al., 2011). In addition, when calcium sulfate was implanted at the bone defect site, although a new bone could gradually grow and replace the absorbed calcium sulfate, the degradation rate of calcium sulfate is much faster than the speed of new bone formation. The implantation of calcium sulfate alone or biological materials that did not match the speed of new bone formation could easily lead to nonunion of the defect (Peters et al., 2006). Some studies have used calcium sulfate hydroxyapatite composite materials to treat infectious bone defects, and the infection control rate reached 92.6%. However, the incidence of nonunion was approximately11% (Drampalos et al., 2020). Considering the possibility of complications such as serous exudation and nonunion caused by the simple implantation of calcium sulfate in the defect during the first-stage treatment, antibiotic-loaded calcium sulfate treatment combined with autogenous iliac bone transplantation was performed to utilize calcium sulfate solely as a carrier of sustained-release drugs. This approach reduced the total amount of implantation, thereby decreasing the incidence of complications. The incidence rates of aseptic serous exudation and nonunion in this study were 7.9% (13/163) and 0%, respectively, validating the effectiveness of this approach. Although the use of an autogenous iliac bone graft can reduce the incidence of these infection-related complications, this procedure can also cause complications in the bone removal area, including persistent chronic pain, hematoma formation, or anterolateral thigh hypoesthesia (Myeroff and Archdeacon, 2011). Although most of these complications typically resolve within a few months to half a year, it does not interfere with the final prognosis of patients. However, the discomfort experienced by patients during the recovery process warrants attention from clinical orthopedic surgeons (Kook et al., 2024). Therefore, during bone extraction, meticulous surgical technique is crucial to avoid organ damage; efforts should be made to preserve the iliac crest so that the pelvic belt is supported, thereby reducing the impact on the patient’s daily life (Huo et al., 2023).
In this study, antibiotic-loaded calcium sulfate combined with autologous iliac bone transplantation was used to treat limb-localized osteomyelitis in one stage. Compared with the traditional staged treatment, the treatment cycle was shortened, the number of operations was reduced, the treatment cost was reduced, and the infection control rate and fracture healing rate were not affected. Overall, this approach demonstrated favorable therapeutic efficacy. However, the associated risks cannot be ignored. The performance of autologous iliac bone transplantation in the first stage of treatment poses potential complications due to bone removal. If the infection recurs in the later stage, the remaining bone mass may be difficult to support the reconstruction of the bone defect, highlighting the importance of recognizing the risks of infection recurrence. Despite achieving positive outcomes in the treatment of localized osteomyelitis using this relatively novel method, the possibility of recurrence persists. Some scholars attribute infection recurrence to the type of bacteria and the site of infection, while others suggest a correlation with the number of operations and the method of fixation. However, no studies have specifically identified the risk factors of infection recurrence following this treatment for localized osteomyelitis. Our study addresses this gap by identifying the risk factors associated with infection recurrence and determining the patients suitable for one-stage treatment.
Risk factors for antibiotic-loaded calcium sulfate treatment combined with autogenous iliac bone transplantation as treatment for recurrent infection in patients with localized osteomyelitis.
The recurrence of osteomyelitis can be influenced by various factors, such as the cause of injury, the host’s immune status, type of bacteria, and condition of the skin and soft tissue. Some scholars have found that the risk factors for the recurrence of limb osteomyelitis infection treated with induced membrane technology include repeated surgery, post-traumatic osteomyelitis, and one-stage fixation (Wang et al., 2020). In addition, previous studies have shown that segmental bone defects, Gram-negative bacterial infections, and smoking are risk factors for infection recurrence in patients with osteomyelitis treated with antibiotic bone cement spacers (Wu et al., 2023). Different treatment methods have different risk factors for the recurrence of osteomyelitis infection. Our results suggest that combined flap surgery (OR = 41.408, 95% CI: 5.806–295.343, p < 0.001) and open injury-related infection (OR = 35.698, 95% CI: 5.997–212.495, p < 0.001) are independent risk factors for the recurrence of localized osteomyelitis infection treated with antibiotic-loaded calcium sulfate combined with autogenous iliac bone transplantation.
Previous studies have reported that good blood supply and skin and soft tissue coverage of the upper limbs are more successful than lower limb bone infections (Honda and McDonald, 2009). Wang et al. proposed that the high recurrence rate of tibial osteomyelitis could be attributed to poor blood supply and inadequate soft tissue coverage in the tibia (Wang et al., 2020). This aligns with the findings of our study. Our study found that patients undergoing combined flap surgery had a recurrence rate of 24.4% (11/45), which was higher than that of patients without skin and soft tissue involvement (11.9%, 14/118). Similarly, patients with open injury-related infections had a recurrence rate of 20.9% (19/91), which was higher than that of patients with closed injuries (8.3%, 6/72). This discrepancy can be attributed to several factors. First, early soft tissue coverage can improve the patient’s blood supply, provide nutritional support, promote local immune defense, and enhance antibiotic efficacy (McNally et al., 2017). On the contrary, patients who undergo combined flap surgery and develop open injury-related infections often present with varying degrees of skin and soft tissue damage, poor local blood supply, and incomplete pathogen eradication in the deep part of the lesion. After the host’s immunity decreases, the likelihood of infection recurrence significantly increases. Second, patients with open injury-related infections typically experience significant wound contamination and are prone to contracting multiple microbial infections (Tennent et al., 2018). In addition, patients with open injuries often endure extended hospital stays and are at higher risk of acquiring nosocomial infections caused by drug-resistant bacteria (Kay et al., 2014). These factors contribute to the difficulty of eliminating infections and heighten the likelihood of recurrence. Therefore, meticulous surgical planning, the active reconstruction of soft tissue defects, restoration of local blood supply, and focused attention on the treatment of open injuries are crucial strategies for controlling the recurrence of osteomyelitis. In addition, our regression model showed that a higher education level (OR = 0.009, 95% CI: 0.001–0.061, p < 0.001) was a protective factor against infection recurrence. This does not imply that individuals with higher education levels are immune to relapse. Individuals with higher education levels have a reduced likelihood of recurrence of infection compared with those with lower education levels. The author believes that individuals with low education levels often demonstrate lower compliance and may overlook or struggle to understand the postoperative precautions prescribed by doctors, thus affecting the prognosis of surgery. Therefore, for patients with lower education levels, clinicians should thoroughly explain all post-surgery instructions. Additionally, when patients are older adults or exhibit poor compliance, involving their spouses or children in the education process can help ensure comprehension and adherence to the recommended guidelines.
In addition, through a univariate analysis, a difference was found between smoking history (p = 0.044) and hypoproteinemia (p = 0.024). Binary logistic regression analysis showed that smoking history and hypoproteinemia were not independent risk factors for infection recurrence. However, smoking can affect the prognosis by impairing the immune status of patients and is an important risk factor for multiple bone infections (Lenguerrand et al., 2019). Hypoproteinemia reflects the nutritional status of patients. Malnourished patients often exhibit compromised immunity, delayed wound healing, and a high risk of infection recurrence. Another study highlighted hypoproteinemia as a risk factor for flap coverage necrosis (Keys et al., 2010). Therefore, more attention should be paid to patients with smoking history and hypoproteinemia. In summary, patients who have undergone combined flap surgery and those with open injury-related infections may not be suitable candidates for this surgical approach. On the contrary, patients with high education levels and strong compliance may benefit more from using this one-stage treatment.
This study has some limitations. First, this retrospective study was conducted in a single center and used a small sample size, potentially introducing bias into the data. Second, only one method was used to treat osteomyelitis, without providing a comparison to other techniques. Additionally, including all potential risk factors is challenging, and some important factors may be overlooked. Future studies should involve collaborating with medical centers in other regions to expand the sample size and include more risk factors for analysis.
5 CONCLUSION
Antibiotic-loaded calcium sulfate combined with autologous iliac bone transplantation is an effective method for the treatment of limb-localized osteomyelitis. Patients without previous combined flap surgery and non-open injury-related infections have a relatively low probability of recurrence of infection after treatment with this surgical method. Patients with smoking history and hypoproteinemia should pay attention to preventing the recurrence of infection after operation. Provided that implementation is feasible, offering more guidance tailored to patients with lower education levels and compliance could potentially yield positive outcomes in reducing the recurrence rate of infection.
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Introduction: 3D-printed scaffolds have emerged as an alternative for addressing the current limitations encountered in bone reconstruction. This study aimed to systematically review the feasibility of using 3D bio-printed scaffolds as a material for bone grafting in animal models, focusing on femoral and tibial defects. The primary objective of this study was to evaluate the efficacy, safety, and overall impact of these scaffolds on bone regeneration.Methods: Electronic databases were searched using specific search terms from January 2013 to October 2023, and 37 relevant studies were finally included and reviewed. We documented the type of scaffold generated using the 3D printed techniques, detailing its characterization and rheological properties including porosity, compressive strength, shrinkage, elastic modulus, and other relevant factors. Before incorporating them into the meta-analysis, an additional inclusion criterion was applied where the regenerated bone area (BA), bone volume (BV), bone volume per total volume (BV/TV), trabecular thickness (Tb. Th.), trabecular number (Tb. N.), and trabecular separation (Tb. S.) were collected and analyzed statistically.Results: 3D bio-printed ceramic-based composite scaffolds exhibited the highest capacity for bone tissue regeneration (BTR) regarding BV/TV of femoral and tibial defects of animal models. The ideal structure of the printed scaffolds displayed optimal results with a total porosity >50% with a pore size ranging between 300- and 400 µM. Moreover, integrating additional features and engineered macro-channels within these scaffolds notably enhanced BTR capacity, especially observed at extended time points.Discussion: In conclusion, 3D-printed composite scaffolds have shown promise as an alternative for addressing bone defects.Keywords: bone repair, 3D printing, biomaterials, meta-analysis, bone defects
1 INTRODUCTION
Bone tissue constitutes approximately 15% of total body weight and consists of two distinct layers: the outer layer, known as cortical bone, boasts high mechanical strength, while the inner layer, spongy bone, exhibits significant porosity, with a coefficient ranging from 80% to 90% (Dec et al., 2022). The hardness of bone is attributed to its extracellular collagen matrix, which is infused with inorganic calcium phosphate molecules, primarily hydroxyapatite (Ca10(PO4)6(OH)2) (Jeong et al., 2019). Bone tissue is metabolically active and constantly undergoes resorption and remodeling process. Bone tissue has a natural ability to regenerate itself that is adequate for repairing minor bone defects like cracks and certain types of fractures (Dimitriou et al., 2011). However, larger bone defects (>2 cm or 50% loss of bone circumference) are caused by various factors like trauma, tumor removal, or age-related conditions that can lead to issues like incomplete fusion, abnormal fusion, or pathological fractures (Dumont and Exner, 2009). These larger bone defects cannot heal independently but require clinical interventions for a complete healing process (Dimitriou et al., 2011; Dumont and Exner, 2009). The present gold-standard treatments for addressing substantial bone defects involve bone fixation through biologically inert metallic devices and employing bone autografts and allografts. Nevertheless, these approaches are fraught with inherent risks encompassing potential disease transmission and the intricate healing processes that affect both the recipient patients and the donor sites. To address these challenges, bone tissue engineering, an interdisciplinary field, integrates knowledge from cell biology, engineered materials, and biochemical factors (Xue et al., 2022). Utilizing suitable biomaterials, scaffolds or templates is essential to sustain injured tissues or expedite their regeneration. Various fabrication methods have been employed to create these templates, such as salt-leaching, solvent-casting, phase separation, gas foaming, and freeze-drying.
Recently, three-dimensional (3D) printing, referred to as additive manufacturing, is a tool that entails the building of 3D solid objects from a digital file. Conventional 3D printing cannot integrate living components, which limits its relevance in biological contexts (Tripathi et al., 2020). However, this technological advancement has facilitated the emergence of 3D bio-printing, a ground-breaking field in which biological materials are precisely deposited layer by layer to fabricate complex biological structures with potential applications in tissue engineering, synthetic biology, micro/nanofabrication, and regenerative medicine (Ramadan and Zourob, 2020). 3D printers can be categorized into three main types of printing systems: inkjet printers, laser-assisted printers, and micro extrusion printers (Ventola, 2014; Agarwal et al., 2023). While they all involve coordinated spatial motion, they vary in their bioink dispensing methods. The choice of the appropriate printing system should consider factors such as surface resolution, the selection of biological materials, and considerations related to cell viability. 3D bioprinting is regarded as a promising method for the fabrication of biomaterials, scaffolds, or personalized templates and involves the simultaneous printing of biomaterials and cells. Importantly, it enables the creation of intricately porous structures with excellent interconnectedness, allowing for the swift and consistent manufacture of templates tailored to specific or intricate anatomical shapes. This method offers a potential solution for the organ transplant shortage, allowing the fabrication of functional organs like hearts, livers, kidneys, lungs, cartilage, bone, and skin. These 3D bio-printed tissues and organs offer distinct advantages over traditional implants and transplants due to their closer resemblance to biological systems (Panda et al., 2022). Importantly, they significantly reduce the risk of immune system rejection, thereby enhancing the success rate of organ transplantation.
In bone tissue engineering, additive manufacturing starts with the creation of a 3D model of the desired scaffold using computer-aided design (CAD) software. The digital design can be customized to match the patient’s specific anatomical requirements, ensuring the exact geometry of the bone defect or structure to be repaired. The biomaterials utilized in 3D printing for in vivo applications in bone tissue engineering must be printable, biocompatible, biodegradable, non-toxic, and capable of providing adequate mechanical strength. Various prototypes of biodegradable scaffolds have been developed using printed polymers, ceramics, and composite for bone tissue regeneration (BTR) and implanted into the femur and tibia of animal models (McGovern et al., 2018; Alonso-Fernandez et al., 2023). The utilization of degradable biomaterials in medicine commenced in 1969 with polymeric biomaterials. The US Food and Drug Administration (FDA) approved various biomaterials for bone tissue engineering such as polyglycolide (PGA), polylactide (PLA), and their co-polymers (PLGA) in varying ratios (Ulery et al., 2011). Some of these polymeric biomaterials have been combined with osteogenic cells or functionalized with bioactive molecules or growth factors to enhance bone regeneration in the femoral and tibial defects of animal models. Another generation of biomaterials, bioactive glasses (BG) and calcium phosphate (CaP)-based bioceramics are widely used in bone tissue engineering due to their excellent bioactivity, osteoconductive and compositional similarities to the bone (Hou et al., 2022). CaP-based bioceramics include β-tricalcium phosphate (β-TCP) and hydroxyapatite (HA) are well-known bone grafting materials due to their resemblance to the bone mineral phase. β-TCP and HA are used for the repair of bone defects in animal models when used alone or in the form of composites with other polymers due to their bioresorbable properties.
Consequently, 3D bioprinting has emerged as a potent tool for manufacturing scaffolds in the field of bone tissue engineering. We conducted this systematic review and meta-analysis to determine the current state of the field of 3D bio-printed scaffolds or templates in bone tissue regeneration of the femur and tibial defects of animal models. We also discussed the challenges associated with transitioning 3D bioprinting technology from the laboratory to the clinical setting.
2 MATERIALS AND METHODS
We conducted this study according to the protocols adopted in published systematic reviews and meta-analysis (Rajput et al., 2023).
2.1 Systematic search strategy
A systematic search for relevant articles was performed by the recommendation of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Figure 1) to evaluate the impact of 3D printed scaffolds in bone tissue engineering of femoral and tibial defects of animal models. The preclinical studies were identified through a systematic search across electronic databases including PubMed, Web of Science, and Google Scholar, published from January 2013 to October 2023. The terms used for the search included “3D bioprinting, bone, animal studies,” “3D bioprinting, bone, in vivo studies,” “3D bioprinting, bioink, animal models,” “3D bioprinting, bioink, bone tissue engineering,” “3D bioprinting, bone tissue engineering, animal studies,” “3D bioprinting, biomaterials, femur defects, in vivo,” “3D bioprinting, biomaterials, tibia defects, in vivo,” and “3D bioprinting, bone, clinical studies.” The results of the literature review and study screening are displayed in the PRISMA flow diagram in Figure 1.
[image: Figure 1]FIGURE 1 | PRISMA flow diagram showing the process of identifying studies chosen for quantitative meta-analysis.
2.2 Study inclusion and exclusion criteria
The inclusion criteria were as follows:
Articles published from January 2013 to October 2023, on the utilization of 3D bioprinting-based scaffolds in bone tissue engineering of femoral and tibial defects in animal models (rat, dog, rabbit, sheep, and pig) were included. The database collection strategy was kept broad to avoid the exclusion of any relevant papers. The literature search results of quantitative data are outlined in the PRISMA flow chart (Figure 1). Inclusion criteria were discussed to assess the relevance of the included in vivo studies in the meta-analysis study and to minimize data heterogenicity. Data extraction encompassed a range of information, including but not limited to descriptions of the cells utilized, and materials employed for constructing the structures. Evaluation methods for tissue characterization such as µCT scan, histological, and histomorphometric analysis were assessed for proof-of-concept. Data from animal models was also included. The material characterization for each scaffold, rheological properties (porosity %, compressive modulus, and other relevant parameters) as well as qualitative details of animal models with the femur and tibial defects were extracted from each study included in Supplementary Table S1.
The exclusion criteria were as follows:
1) Articles published before 2013, 2) review articles, 3) short communications, 4) duplication information, 4) case reports, 5) articles written in non-English languages, 6) articles that do not meet the definition of 3D bioprinting or were published in a journal with impact factor (IF, Clarivate) < 1 were excluded. In addition, all in vivo studies on 3D-printed templates for craniofacial, mandibular reconstructions, calvarial, and tumor-associated bone defects were also excluded.
2.3 Study selection
In this systematic review, two authors (NS and AN) independently searched PubMed, Web of Science, and Google Scholar for all studies. The bibliographies of relevant articles were studied to identify further relevant publications. Titles were initially screened to exclude duplicates and further screened using the abstracts against inclusion and exclusion criteria. Finally, a full-text review of the remainder was performed to assess eligibility.
2.4 Data extraction and main outcomes
Two investigators (NS and AN) independently conducted literature screening and disagreements were resolved by discussion with other authors. The data were extracted in numeric form from bar plots of each article using the WebPlotDigitilizer program and from the tables according to PRISMA guidelines. The data were presented in a Microsoft Excel spreadsheet (Windows 10 edition; Microsoft Corporation, Lisbon, Portugal) to record the author name with publication year, types of scaffolds, material characterization, cell type, in vitro assay (cell viability), rheological properties, animal models for bone defects such as femur or tibia and defect size, sample size and duration of treatment. Data extracted from all articles included in the meta-analysis is shown in Table 2. The quantitative assessment of the regeneration of femur and tibial defects for each scaffold was calculated and collected for animal models including rabbits, pigs, sheep, dogs, and rats (Table 2). The primary outcome of this study includes the evaluation of immediate and long-term bone repair by analyzing bone volume to tissue volume ratio (BV/TV), bone mineral density (BMD), bone volume (BV), new bone area (NBA), trabecular thickness (Tb. Th.), trabecular number (Tb. N.), and trabecular separation (Tb. S.) using histological or radiographic methods (Table 2).
2.5 Quantitative data analysis
Cochran’s Q test and heterogeneity index (I2) were used for assessing heterogeneity across studies (Rajput et al., 2023). Due to the low stringency of the heterogeneity test, p values <0.10 were considered statistically significant. I2 heterogeneity scale of low heterogeneity (<25%), moderate heterogeneity (50%), and high heterogeneity (>75%) was used for quantitative assessment. The pooled effect size was computed using the fixed effect and random effects models and one of the models was adopted depending upon the quantum of heterogeneity. Pooled data analysis was performed using the Comprehensive Meta-Analysis Software (CMA). A sub-group analysis was performed, stratifying the data based on the type of animals and bone defects (whether femoral or tibial defects).
2.6 Sensitivity analysis
Sensitivity analysis was performed based on the exclusion of one study at a time. For this, the pooled effect size was computed upon the exclusion of studies one at a time to estimate the sensitive nature of a particular study.
2.7 Publication bias analysis
We undertook publication bias analysis qualitatively based on asymmetry in the funnel plot and quantitatively based on Egger’s intercept test and Begg and Mazumdar rank correlation test respectively. In the presence of publication bias, the adjusted values from Duval and Tweedie’s trim and fill method were used to conclude.
3 RESULTS
3.1 Search results and study selection for different parameters
A total of 1336 potential articles were identified from the literature search. As shown in Figure 1, after reviewing abstracts and titles, 350 potentially eligible studies of animal models for bone defects were assessed carefully by full-text review. 313 studies were excluded due to the unavailability of full text and useful information on 3D bioprinting in bone tissue engineering. Finally, 37 studies of 3D bio-printed scaffolds were considered to meet the inclusion criteria and included in the systematic review and meta-analysis to investigate the advantage of scaffolds in bone tissue regeneration, specifically focusing on animal models with femoral and tibial defects. Among the selected studies, 25 were evaluated for femoral bone defects, while 12 were considered for tibial bone defects in animal models. We summarized the qualitative data from selected studies, providing the details of scaffolds in Supplementary Table S1 and detailed information of animal models with bone defects in Table 1. Notably, we extracted the quantitative data encompassing BV/TV, NBA, Tb. Th., Tb. N., Tb. S. and BV from only 15 out of the 35 studies involving animal models included in the systematic review. Details for the inclusion of studies in the meta-analysis, aligning with the inclusion criteria checklist mentioned earlier, have been incorporated into Table 2. Of these selected studies, 7 studies were conducted to analyze BV/TV specifically for femoral defects (Liu et al., 2016; Lin et al., 2016; Feng et al., 2021; Fairag et al., 2021; Chai et al., 2022; Lei et al., 2023; Ho et al., 2022), and 3 studies focused on tibial defects in animal models (Zhang et al., 2017; Li et al., 2021; Teotia et al., 2020). Among these, 2 studies were excluded due to incomparable control and experimental groups (Chai et al., 2022; Li et al., 2021). Furthermore, for the analysis of NBA, 3 studies about the femur and 2 studies related to the tibia in animal models were selected (Feng et al., 2021; Lei et al., 2023; Tarafder et al., 2015). Notably, 5 studies were undertaken to analyze trabecular thickness Tb. Th., Tb. N., Tb. S. and BV (Fairag et al., 2021; Chai et al., 2022; Ho et al., 2022; Zhang et al., 2017; Li et al., 2021). Two studies were excluded from this analysis due to the incomparable groups of control vs. treatment (Chai et al., 2022; Li et al., 2021). The sample size in these studies ranged from 3 to 15 per group, and treatment duration ranged from 4 weeks to 16 weeks. Subsequently, a meta-analysis was conducted to assess the impact of composite scaffolds on bone tissue regeneration, including parameters such as BV/TV, NBA, Tb. Th. and BV. We used the random-effects model for making inferences due to significant heterogeneity across the studies unless stated otherwise. The pooled and subgroup analyses of all parameters including BV/TV, NBA, Tb. Th and BV have been summarized in Table 3. Most of the studies employed a scaffold-only approach as their control, while their treatment groups utilized 3D-printed composite scaffolds. However, it’s important to note that some studies used a sham as a control which was not included in our analysis.
TABLE 1 | Methodological characteristics of the studies included in the systematic reviews and meta-analysis for femoral and tibial defects in vivo (n = 37 studies).
[image: Table 1]TABLE 2 | Methodological characteristics of the studies included in the meta-analysis for the repair and regeneration of bone.
[image: Table 2]TABLE 3 | Data from pooled and subgroup analysis summarized for the studied parameters.
[image: Table 3]3.2 Study characteristics
The research articles included in this systematic review were published from January 2013- October 2023, focusing on the advancement of 3D-printed scaffolds for the repair of femoral and tibial defects in animal models. Indeed, 3D-printed scaffolds have emerged as a promising alternative for bone regeneration. Based on the qualitative data as shown in Supplementary Table S1, it is evident that a total of 37 articles were published over the last 10 years, a mean of 3.7 articles per year. Research groups in the USA and China predominantly initiated these studies. Within the past 5 years (2018–2023), the field was rapidly growing with 30 published articles dominated by research groups in the USA and China (Figure 2).
[image: Figure 2]FIGURE 2 | Line chart representing the number of the published studies included in the systematic review sorted by the year of publishing. Insert graph for a pie chart representing the country affiliations of all included papers in this systematic review.
Within the included studies, 3D-printed composite scaffolds were employed in addressing femoral and tibial defects across five distinct animal models. Specifically, 20 studies were conducted in New Zealand White (NZW) rabbits, 11 studies involved rats (comprising 5 studies with the Wistar strain and 6 studies with Sprague-Dawley rats), 3 studies utilized dogs (2 studies involving beagle dogs and 1 study with canines), 1 study involved sheep, and 2 studies employed pigs. The predominant focus of the studies centered on rabbits, examining the impact of a variety of printed biomaterials, scaffolds, and templates with different combinations and ratios (Supplementary Table S1). More than half of the included studies were found to combine printed templates with cells, growth factors, or both. Histology or micro-computed tomography (µCT) or both emerged as the most common methods to assess the repair of femoral and tibial bone defects. Importantly, critical-sized bone defects (CSD) are not expected to heal spontaneously within the lifetime of the animal. In this systematic study, all the defects made in animals were performed in the femur or tibia. Still, only 9 could be considered as CSD, performed in the femur of rabbit (N = 4) and rat (N = 3) and tibia of rabbit (N = 2) respectively.
3.3 Effects of 3D printed composite scaffolds on BV/TV of femoral and tibial defects in animal models
In our current study, we conducted a meta-analysis that was stratified based on two key factors: bone defects (specifically femoral or tibial) and animal models. This approach was taken to prevent any potential bias in the results stemming from differences in methodology and species used across various studies included in our analysis.
We pooled data from the studies that used 3D bioprinted composite scaffolds to determine the overall effect of fabrication in bone tissue engineering on a BV/TV of the femur and tibia of animal models. Six studies were included in the meta-analysis for femoral defects of BV/TV (Liu et al., 2016; Lin et al., 2016; Feng et al., 2021; Fairag et al., 2021; Chai et al., 2022; Lei et al., 2023; Ho et al., 2022). The pooled analysis was performed using a random-effect model which showed a significant increase in BV/TV of the femur after implantation of fabricated 3D printed composite scaffolds in animal models (rabbits, rats, beagle dogs) compared with control groups (SDM = 4.545, 95% CI = 3.383 to 5.707, p = 0.000) (Figure 3A). The funnel plots did not demonstrate apparent asymmetry for BV/TV (Supplementary Figure S1A) and the heterogeneity among studies was significant (p = 0.000, I2 = 89.990%, Q = 181.661).
[image: Figure 3]FIGURE 3 | Composite scaffolds increase BV/TV of femur and tibial defects of animal models. (A) Forest plot of a pooled analysis of animal models of BV/TV of femoral defects (B) Forest plot of a subgroup of rabbit femur defects (C) Forest plot of a subgroup of rabbit tibial defects.
A subgroup analysis was performed to analyze the effect of implantation of 3D printed scaffolds in rabbit femur. This analysis showed that 3D printed composite scaffolds significantly increased BV/TV of rabbit femur (SDM = 4.736, 95% CI = 3.443 to 6.029, p = 0.000) (Figure 3B). The heterogeneity among studies was relatively high (I2 = 90.090, Q = 181.642, p = 0.000) and funnel plots did not demonstrate apparent asymmetry for BV/TV of rabbit femur (Supplementary Figure S1B). In addition to that, another subgroup of rabbit tibial defect showed that implantation of 3D printed composite scaffolds significantly increased BV/TV of rabbit tibia in comparisons to control with significant heterogeneity among studies (SDM = 20.024, 95% CI = 0.738 to 39.309, p = 0.042 and I2 = 95.233, Q = 41.953, p = 0.000) (Figure 3C). The funnel plots also did not demonstrate apparent asymmetry for BV/TV of rabbit tibia (Supplementary Figure S1C).
3.4 Effects of 3D bio-printed composite scaffolds on NBA of femoral and tibial defects in animal models
Three studies were included in the meta-analysis for NBA regeneration in animal models of femoral defects. The pooled analysis was performed using a random-effect model which showed a significant increase in the regeneration of NBA of the femur after implantation of fabricated 3D printed composite scaffolds in animal models (rabbits, and beagle dogs) compared with control groups (SDM = 2.252, 95% CI = 1.138 to 3.365, p = 0.000) (Figure 4A) and significant heterogeneity was observed among studies (I2 = 67.987, Q = 15.619, p = 0.008). A subgroup analysis was performed to analyze the effect of implantation of 3D printed scaffolds in rabbit femur. This analysis showed that 3D printed composite scaffolds significantly increased NBA of rabbit femur (SDM = 2.282, 95% CI = 0.958 to 3.606, p = 0.001) (Figure 4B). The heterogeneity among studies was relatively high (I2 = 74.152, Q = 15.475, p = 0.004). Another subgroup of rabbit tibia showed that 3D printed composite scaffolds increased NBA (SDM = 9.219, 95% CI = 7.475 to 10.964, p = 0.000) (Figure 4C). The heterogeneity among studies was relatively high (I2 = 52.408, Q = 10.506, p = 0.062).
[image: Figure 4]FIGURE 4 | Composite scaffolds increase NBA of femur and tibial defects of animal models. (A) Forest plot of a pooled analysis of animal models of NBA of femoral defects (B) Forest plot of a subgroup of rabbit femur defects (C) Forest plot of a subgroup of rabbit tibial defects.
3.5 Effects of 3D bioprinted composite scaffolds on Tb. Th. and BV of tibial defects in rabbits
Three studies were included for the analysis of trabecular thickness. A pooled analysis of femoral defects of animal models (rabbit and rat) showed that 3D-printed composite scaffolds significantly increased Tb. Th. of the femur (SDM = 2.401, 95% CI = 1.594 to 3.208, p = 0.000) (Figure 5A). The heterogeneity among studies was relatively low (I2 = 7.872, Q = 5.427, p = 0.366). A subgroup analysis of rabbit femoral models also showed a significant increase in Tb. Th. after the implantation of 3D printed scaffolds (SDM = 2.514, 95% CI = 1.376 to 3.653, p = 0.000 and I2 = 26.292, Q = 5.427, p = 0.246) (Figure 5B).
[image: Figure 5]FIGURE 5 | Composite scaffolds increase Tb. Th. of femur and tibial defects of animal models. (A) Forest plot of a pooled analysis of animal models of Tb. Th. of femoral defects (B) Forest plot of a subgroup of femoral defects of rabbit.
Two studies at different time points were included in this study to analyze the BV of rabbit femur after implantation of fabricated 3D printed composite scaffolds in comparison with control groups. This analysis showed that 3D-printed composite scaffolds significantly increased the BV of rabbit tibia (SDM = 1.314, 95% CI = 0.352 to 2.276, p = 0.007) (Figure 6). The heterogeneity among studies was relatively high (I2 = 58.229, Q = 9.576, p = 0.048).
[image: Figure 6]FIGURE 6 | Composite scaffolds increase BV of rabbit tibial defects. Forest plot of BV of rabbit tibia.
3.6 Publication bias
We undertook publication bias analysis qualitatively based on asymmetry in the funnel plot and quantitatively based on Egger’s intercept test. We conclude that the estimated effects are free of bias for most parameters; however, for the remainder, we have provided unbiased estimates using the trim and fill method.
3.7 Sensitivity analysis
The sensitivity analysis was performed with the exclusion of one study at a time. No study was found to be sensitive enough to change the conclusion.
4 DISCUSSION
4.1 Summary of results
Tissue engineering presents a diverse range of innovative approaches to regenerate bone tissue, with the fabrication of 3D porous scaffolds using biodegradable materials emerging as a prominent method. This strategy effectively mimics key characteristics of natural bone tissue, contributing to innovative solutions for bone regeneration (Shin et al., 2003). The major forms of 3D printing used for bone-tissue engineering materials include extrusion, stereolithography, selective laser sintering, and inkjet printing. This systematic review and meta-analysis aimed to evaluate the possible use of 3D-printed composite scaffolds in bone tissue engineering, especially in the femur and tibial defects of animal models. Femur and tibia of animals are of significant interest due to their load-bearing roles, anatomical similarities to human bones, high incidence of clinically relevant fractures, and utility as robust models for testing and validation. These bones often present critical-sized defects that cannot heal on their own, making them ideal candidates for tissue-engineered solutions that can fill and repair large gaps. The composite scaffolds provide a 3D environment for cell seeding and proliferation as well as repair of bone defects in animals while ensuring mechanical strength during the process of bone regeneration.
4.2 The role of scaffolds architecture in bone tissue engineering
The internal architecture of scaffolds is recognized as a pivotal factor in tissue engineering, influencing both mechanical and biological properties. Scaffolds featuring highly interconnected 3D pores offer advantages by promoting cell adhesion, facilitating mechanical interlocking between the host tissue and scaffold through bone ingrowth, and supporting the transport of nutrients and metabolic waste. However, scaffolds need to possess adequate strength to withstand in vivo stresses at the application site until the biodegradable scaffold matrix is replaced by newly formed bone through the process of bone regeneration. The critical parameters investigated in this study include pore interconnection, microporosity, macroporosity, overall porosity, pore size, and pore shape within the 3D bio-printed composite scaffold which play a critical role in the joining of bone-implant boundary (Otsuki et al., 2006; Van Bael et al., 2012). A diverse range of pore sizes is applicable for bone regeneration, where macroporosity generally supports osteogenesis, and microporosity enhances surface area for protein adsorption, providing attachment points for bone-forming cells. Studies suggest an optimal pore size ranging from 200 to 500 µM, with a minimum size of 100 μm to avoid non-mineralized osteoid or fibrous tissue formation, which could limit oxygen and nutrient diffusion throughout the scaffolds (Bohner et al., 2005). Maintaining pores above 300 μm is recommended to facilitate cell proliferation and enhance neovascularization. Pore interconnectivity positively influences the rate and depth of bone deposition, improving nutrient and oxygen supply to the scaffold’s inner part and facilitating cell infiltration. AKT-H-N scaffolds featuring hollow channels and a micro-nano surface were successfully created by 3D printing approach coupled with hydrothermal treatment, leading to a slight improvement in mechanical strength (Feng et al., 2021). The AKT-H-N scaffolds demonstrated enhanced attachment and proliferation of BMSCs in vitro, with the hollow channels proving capable of accommodating more cells than solid scaffolds. The scaffold, characterized by its micro-nano surface and hollow channels, overcomes limitations associated with traditional scaffolds and exhibits synergistic effects in promoting bone regeneration.
4.3 Role of 3D printed calcium phosphates in femoral and tibial defects of animal models
Various scaffolds have been developed and tested in animal models to facilitate bone tissue regeneration (Giron et al., 2021). CaP bioceramics have been widely used in bone tissue engineering due to their outstanding bioactivity, osteoconductivity, and similarity in composition to natural bone. Notably, CaPs, such as β-TCP stand out due to their bioresorbable nature, allowing for gradual degradation over time with concurrent host tissue ingrowth, making it suitable for diverse applications. Besides biocompatibility, three crucial factors contribute to the success of scaffold material for bone implants: osteoinduction, osseointegration, and osteoconduction (Habibovic et al., 2005). β-TCP is recognized for its osteoconductive properties; however, it inherently lacks osteoinductive capabilities. Substantial efforts have been directed toward enhancing this quality through the incorporation of pharmaceuticals and biologics (Matsumoto et al., 2007; Yoshinari et al., 2002; Lan Levengood et al., 2010). Among 37 studies, only nine studies specify employing a 3D-printed β-TCP template. These templates involve different combinations of biomaterials and are applied in addressing femoral and tibial bone defects within animal models.
3D printed akermanite scaffolds were introduced by a research group from China at Zhejiang University, Hangzhou, China in 2016 with desirable interconnected pores and appreciable compressive strength (>70 MPa). The akermanite scaffolds were fabricated and applied in critical size defects (6 × 6 mm Ø) in male NZW rabbits for its osteogenesis effect and mechanical evolution at 6 and 12 weeks, in comparison with the clinically available β-TCP material which is fabricated by the same 3D printing technique (Liu et al., 2016). The akermanite scaffolds enhance tissue regeneration and repair of load-bearing bone defects. 3D-printed akermanite scaffolds (Ca2MgSi2O7), utilizing the well-established osteoinductive properties and predictable degradation rate of akermanite, represent a significant advancement in bone graft technology, manufactured by the widely-adopted ceramic ink writing technique. Notably, their degradation rate surpasses that of β-TCP counterparts. An intriguing aspect of the akermanite scaffolds is the unique release of Si and Mg. Furthermore, the concentration of calcium (Ca) release from akermanite scaffolds is more than three times higher than that from β-TCP scaffolds (Wu and Chang, 2007). This distinctive feature contributes to the overall efficacy of the akermanite scaffolds in promoting bone regeneration for load bearing bone defects (Liu et al., 2016).
4.3.1 Role of added dopant in to 3D printed β-TCP
The addition of dopant into β-TCP such as silicon, zinc, strontium, magnesium, and metal oxide such as SiO2/ZnO not only allow for the customization of strength but also augments the biological response both in vitro and in vivo (Bohner, 2009; Bose et al., 2011; Fielding and Bose, 2013). In earlier attempts, β-TCP (particle size around 550 nm and specific average surface area of 10–50 m2g−1) scaffolds were fabricated through the direct inkjet 3D printing method and used in the absence of cells by a research group from the USA in 2013 (Fielding and Bose, 2013). Subsequently, these fabricated scaffolds, including both the β-TCP template and SiO2/ZnO doped β-TCP, were implanted into the femoral defect model of SD rats (diameter 2.5 mm) and evaluated using histology and histomorphometry over 16 weeks for osteogenic properties. The addition of SiO2 and ZnO was found to provide robust osteoinductive capabilities to β-TCP bone replacement materials. Pure β-TCP and SiO2/ZnO doped β-TCP exhibited complete mineralized bone infiltration into the micropores at the implant interface after 6 weeks at the defect site of the femur in SD rats. However, doped β-TCP displayed additional new bone tissue growth in macropores and increased new bone formation compared to pure β-TCP. By week 12, both samples demonstrated extensive tissue integration, and SiO2/ZnO doped β-TCP showing significantly higher bone formation (Fielding and Bose, 2013). The inclusion of ZnO and SiO2 in the CaP scaffolds has successfully established an efficient delivery system for Zn2+ (linked with osteoclastic bone resorption) and Si4+ (linked with increased bone mineralization and bone growth) (Hie et al., 2011; Matsko et al., 2011; Hing et al., 2006).
Likewise, Fe+3 and Si+4 doped TCP scaffolds were fabricated and implanted into a rat distal femur model for the duration of 4, 8, and 12 weeks, leading to enhanced new bone formation and neovascularization (Bose et al., 2018). The addition of Fe and Fe-Si has shown to improve the densification of TCP, as evidenced by average volume shrinkages of 17.89%, 16.76%, and 10.00% for Fe-doped, Fe-Si-doped, and pure samples, respectively (Bose et al., 2018). Pure TCP, as well as Fe and Fe-Si-doped TCP, exhibited compressive strengths of 4.9 ± 0.7 MPa, 17.9 ± 1.3 MPa, and 19.8 ± 2.4 MPa respectively (Bose et al., 2018). Additionally, in a rabbit tibia model, the incorporation of SiO2/ZnO into TCP has shown an enhanced capacity to promote early bone formation and improve implant stability compared to using pure TCP alone. Radiographs suggest a slower degradation of SiO2/ZnO doped TCP, indicating increased scaffold stability within the body, thereby providing longer-term support for bone regeneration (Nandi et al., 2018). In conclusion, the added features were identified as key contributors to enhancing the ability of composite printed β-TCP templates to facilitate the repair of femur and tibia, surpassing the performance of β-TCP templates alone.
4.3.2 Role of added dopants and microwave sintering of 3D printed β-TCP
The most critical factor for a scaffold is to provide adequate mechanical support for bone tissue engineering. Microwave sintering of ceramics have been extensively employed to enhance mechanical properties (Tarafder et al., 2013). The microwave sintering (volumetric heating) of β-TCP scaffolds significantly impacts porosity, mechanical strength and biological responses. Compared to conventional sintering, microwave sintering results in higher densification due to higher shrinkage, thus reducing total porosity (42%), and enhancing mechanical strength (10.95 ± 1.28 MPa) after sintering. These scaffolds exhibit excellent in vitro and in vivo biocompatibility, and enhances osteogenesis with smaller pore size both in vitro and in vivo (Tarafder et al., 2013). Generally, interconnected macro pores exceeding 300 μm are favorable for osteogenesis and vascularization, while the minimum effective recommended pore diameter for osteogenesis is 100 μm. The given study utilized a sintered pore size of −150 μm, suitable for in vivo osteogenesis and tissue in growth (Tarafder et al., 2013). In vitro studies indicated an increase in cell density with a decrease in pore size and in vivo studies demonstrated that both micro and macro pores actively facilitated osteogenesis after 2 weeks in femur model of male SD rats (Tarafder et al., 2013). In line with these findings, the incorporation of SrO and MgO as a dopants in microwave-sintered 3D printed β-TCP scaffolds enhances mechanical strength (compressive strength 12.01 ± 1.56 MPa; designed pore size 500 µM), osteogenesis and vasculogenesis in the early stages, crucial for accelerated wound healing in rabbit femoral condyle defect model (Tarafder et al., 2015; Bose et al., 2018; Yang et al., 2011). The presence of Sr2+ and Mg2+, facilitates effective cell penetration and provides pathways for nutrient transport through vascularization in newly formed bone tissue.
Moreover, microwave sintering and fabrication of 3D printed β-TCP with other biomaterials such as PLA/polycaprolactone (PCL), polydopamine (PDA)/PCL, and hydroxyapatite (HA)/silk fibroin (SF) have been shown to enhance bone formation and in turn leading to accelerated healing (Fairag et al., 2021; Ho et al., 2022; Li et al., 2023). Several other bioceramic materials have been utilized, including a 3D porous bone substitute made from CaP (n = 1), a customized bioceramic cage (n = 1), poly (trimethylene carbonate) (PTMC) with elevated levels of bioactive ceramics (n = 1), and gene activated octacalcium phosphate (OCP) (n = 1) to enhance bone formation in the femur and tibial defects of animal models (Teotia et al., 2020; Dubrov et al., 2019; Castilho et al., 2014; Bozo et al., 2020).
4.3.3 Role of 3D printed HA composite scaffolds in femoral and tibial defects of animal models
HA is another main bioceramic chosen for the synthesizing composites (n = 6), being used as powders mixed in different ratios with the polymeric material. 3D-printed HA scaffolds have been used for the repair of femoral and tibial defects of animal models from 2016 onwards. One study used the printed HA templates in the tibial defect model of rats (Chakraborty et al., 2022) while another study used 3D-printed collagen−HA (CHA) scaffolds which were implanted into rabbit femoral condyle defect model (Φ = 5 mm, L > 10 mm) for 12 weeks and bone repair was evaluated using µCT scan and histology. Interestingly, HA and collagen stand out as key components in bone composition (Lin et al., 2016). HA offers exceptional biocompatibility, osteoconductivity, and bioactivity, while collagen boasts biocompatibility, biodegradability, and osteoinductivity (Swetha et al., 2010). A composite CHA scaffold (collagen and HA ratio: 1:2 w/w) was printed using robocasting approach at 4°C (Lin et al., 2016). CHA scaffolds induce the proliferation of BMSCs and promote osteogenesis both in vitro and in vivo (Lin et al., 2016). CHA scaffolds have been demonstrated to combine the advantages of the mechanical strength of ceramics with the biological advantages of collagen (Swetha et al., 2010; Wahl and Czernuszka, 2006). Although one drawback of this study is the relatively modest mechanical strength of CHA materials, their application appears well-suited for the repair of low-load-bearing bone defects or cancellous bone defects.
Polymer-based composite scaffolds have been fabricated using 3D bioprinting, incorporating precise pore sizes, morphologies, porosity, and interconnected pores which enhances cell ingrowth and facilitates nutrient delivery. Another group from China in 2017 used PLA-HA composite scaffolds that were seeded with BMSCs crossed with a vascular bundle and transplanted into rabbit tibial periosteum for 8 weeks to analyze neovascularisation and bone tissues using µCT and histological examinations (Zhang et al., 2017). Addition of PLA to HA have been shown to enhance the regeneration of new bone and good biocompatibility and bioactivity in vitro (Zhang et al., 2016). The in vivo bioreactor assessment of a 3D-printed PLA-HA construct demonstrated notable osteogenic capability and osteoinductive activity, ultimately enhancing bone formation (Zhang et al., 2018). Few other studies used 3D printed HA scaffolds with Gyroid-Triply periodic minimal surface (TPMS) in clinically relevant large animal models (sheep femur) and HA/β-TCP/SF composite scaffold in tibial defect model of rabbit to enhance osteogenesis, analyzed using histology and X-ray (Li et al., 2023; Bouakaz et al., 2023).
4.4 Role of 3D-Printed PLA, PLGA and PCL in femoral and tibial defects of animal models
PLA is a biocompatible and degradable polymer derived from lactic acid which can be easily fabricated into porous scaffolds and used for synthesizing composite scaffolds. In recent years, PLA-HA scaffolds have proven effective in the regeneration of new bone (Zhang et al., 2017). Notably, large segmental defects typically manifest as critical bone damage, often characterized by a circumferential loss surpassing 50% or a length above 2 cm in adult patients (Nauth et al., 2011). Lauer et al. addressed CSD (6 mm) by 3D printing a PLA cylinder matching the dimensions of a rat femur defect. This PLA cylinder, incorporating type I collagen and immobilized SDF-1 or BMP-7 within the collagen matrix, was implanted into the rat femur defect (Lauer et al., 2020). After 8 weeks, bone regeneration analysis was confirmed by µCT and histological staining methods which showed the osteoinductive properties of this composite scaffold (Lauer et al., 2020; Bierbaum et al., 2012; Sarker et al., 2015). This study validates the osteoinductive nature of a novel, cell-free biomaterial fabricated through 3D bioprinting, opening up new possibilities for its utilization in the realm of bone tissue regeneration (Lauer et al., 2020).
Furthermore, 3D printed PLA combined with recombinant human bone morphogenetic protein-2 (rhBMP-2) and/or mesenchymal stem cells (MSCs) with Biogel composed of gelatin and alginate were investigated for bone regeneration both in vitro and in vivo studies (Han et al., 2020). In vitro studies revealed that PLA scaffold filled with both BMP-2 and MSCs loaded on Biogel (P-BG-B2-M) increased osteogenesis. After 4 weeks post-operation of NZW rabbits, µCT analysis revealed that within the tibial defect site, the P-BG-B2 group had significantly higher percent bone volume (BV/TV) than the PLA and P-BG-M groups. Outside the defect site, the P-BG-B2-M group showed significantly higher BV/TV than the PLA group (p < 0.05) (Han et al., 2020). A scaffold P-BG-B2-M displayed excellent biocompatibility and enhanced bone regeneration in critical-size bone defect in rabbit tibia. It holds promise as a highly effective bone graft material.
PLGA and PCL are the two most common resorbable polymers. PLGA, known for its non-toxicity to tissues and efficacy as a drug release carrier, exhibits minimal inflammatory response during degradation, yielding biocompatible end products. Numerous studies indicate that PLGA serves as an effective carrier for bone morphogenetic protein (BMP), thereby promoting enhanced bone healing. Calcium-deficient hydroxyapatite (CDHA)/PLGA bilayer scaffold demonstrated successful fabrication using 3D printing, achieving a favorable combination of both components. The study encompassed in vitro assessment of degradation, cytotoxicity, and cell proliferation along with in vivo evaluation of surgical safety, biodegradation, and osteogenic capacity using a rabbit femur cortical bone defect model (Wu et al., 2021). In conclusion, the CDHA/PLGA bilayer scaffold exhibited excellent biocompatibility without cytotoxic effects and holds potential for diverse clinical applications in bone repair through 3D-printing fabrication (Wu et al., 2021).
PCL shares similar advantages with PLGA but distinguishes itself by exhibiting a prolonged degradation time. This feature positions PCL as an excellent reservoir for preserving bone grafts until the completion of the bone healing process. Yu et al. (2020) innovatively devised a modified Masquelet procedure to address segmental bone defects. Their approach involved the utilization of a 3D-printed PCL scaffold combined with co-axially electrospun nanofibers containing PLGA, vancomycin, ceftazidime, and BMP-2 in a critical rabbit femoral bone defect model (Sabzevari et al., 2023). This method demonstrated the ability to maintain elevated and sustained concentrations of antibiotics and BMP-2, ultimately promoting effective bone healing (Yu et al., 2020). Moreover, PCL scaffolds containing different weights of graphene enhance bone regeneration in a large osteochondral defect in a rabbit model (Basal et al., 2022). Likewise, graphene oxide (GO) improved the physical and biological properties of PCL scaffolds and significantly enhanced new bone regeneration (Alazab et al., 2023). Finally, Newby et al. (2023). Implanted a novel 3D-printed composite scaffold with hMSCs, made of PLGA and graphene, resulting in a notable enhancement in bone mineralization within a rat segmental femoral bone defect.
4.5 Role of degradability of 3D-Printed scaffolds
An essential factor in bone scaffold manufacturing is the biodegradability of the material. Addressing the challenges posed by non-biodegradable implants, a study detailed the application of a custom bioceramic cage in treating a large domestic dog with a CrCL-deficient stifle using a modified TTA surgical technique. The cage exhibited an overall porosity of 59.2% with pore sizes measuring 845 μm. The outcome was a complete restoration of the dog’s limb function, free from lameness or adverse complications. Additionally, there was an enhancement in local biocompatibility and osteoconductivity (Castilho et al., 2014). Moreover, Li et al. investigated the feasibility of repairing sizable segmental bone defects in large living animal models, specifically swine, using in situ 3D bio-printing technology. This method, employing a robotic manipulator to control the extrusion-based layer-by-layer construction of a photopolymerization bio-ink, utilized a combination of alginate, PEGDA, and GelMA. This synergistic blend achieved an optimal degradation rate along with enhanced mechanical properties. The distinctive double network structure of this combination ensures the bio-inks stretchability while providing ample strength and stiffness throughout the bone remodeling process.
4.6 Role of 3D-printed bioactive glasses (BG) and silicate-based templates
Bioactive glass is a crucial biomaterial known for its strong biocompatibility, histocompatibility, cell compatibility, and osteoinductivity (Martelli et al., 2023). Utilizing the 3-D printing technique, bioactive glass porous scaffolds (BGS)-were fabricated, demonstrating the excellent capability of apatite formation. In vitro experiments revealed that the BGS has a good ability for the adhesion and proliferation of mouse bone marrow stromal cells (BMSCs) (Martelli et al., 2023). In a rabbit model with large bone defects, 3D-printed BGS significantly enhanced bone defect reconstruction, as evidenced by X-ray imaging at 2, 4, 8, 12, and 18 weeks post-surgery (Zhao et al., 2021). Mesoporous bioactive glasses (MBGs) with highly ordered nanoporous channels, large surface area, and high pore volume exhibited improved degradability and bioactivity compared with conventional bioglasses. Ternary composite scaffolds MGPC, including microfibrous mesoporous calcium silicate (mMCS), graphene oxide (GA), and PCL were 3D-printed and evaluated for compressive strength, in vitro degradability, and cell responses. Additionally, the in vivo osteogenesis and degradability of MGPC scaffolds were investigated through implantation in rabbit femur defects. The results showed that MGPC enhanced osteogenesis and had great potential for bone tissue engineering (Zhang et al., 2018).
Overall, this systematic review and meta-analysis revealed that 3D-printed composite scaffolds hold a promising and effective option in addressing bone defects of femur and tibia in animal models.
5 LIMITATIONS
3D-printed scaffolds have been regarded as a promising alternative for addressing bone repair in animal models. This study has several limitations including heterogeneities in study designs, lack of comparable groups (control vs. experimental groups), species variability, and short-term follow-up. In this systematic review and meta-analysis, there is variation in the animal models, for example, animal species, gender, age, and strain to study the impacts of composite scaffolds on bone regeneration at the defect site. Rabbits and rats were commonly utilized models without a distinct gender preference. However, there was considerable variability in the age of the animals, a crucial factor affecting the repair and regeneration of bone. Additionally, small animal models like rats and rabbits are commonly employed in this study, the inclusion of larger animal models such as sheep, goats, and pigs are recommended for future investigations. Overall, the outcomes are associated with bone tissue regeneration exhibit variability influenced by several key factors: the specific biomaterials employed, additional features such as porosity, inclusion of osteogenic factors, and the choice of animal model utilized.
The resemblance between clinical conditions in humans and these animal models is crucial for studying interactions with bone scaffolds. There is a lack of standardized protocols for scaffold fabrication and evaluation in animal models (femur and tibial defects) which may hinder the ability to draw definitive conclusions. Standardization issues can affect the reproducibility of results and limit the generalizability of findings due to variations in defect size, no. of defects, and evaluation time. There is another issue of publication bias as positive result are more likely to be published than studies with neutral or negative findings. This bias impacts the overall assessment of the effectiveness of 3D-bio-printed scaffolds. This systematic review also highlights a gap in the clinical translation of 3D-bio-printed scaffolds. Challenges and limitations in transitioning from animal models to human applications should be considered in the context of the review. Finally, human research must prioritize conducting high-quality clinical trials. These trials will yield the necessary evidence to comprehensively evaluate the effectiveness of 3D printing composite scaffolds in comparison to conventional grafting approaches.
6 CONCLUSION
In conclusion, this systematic review and meta-analysis of 3D-bio-printed scaffolds for BTE in animal models of femoral and tibial defects reveal promising advancements in the field with enhanced efficacy and safety. The fabricated 3D printed scaffolds exhibit a substantial potential for promoting bone regeneration, showcasing the versatility and adaptability of 3D-bio-printing technology in the context of BTE. However, it is crucial to acknowledge certain gaps in our current understanding and areas for future exploration. Further research is warranted to optimize the design and composition of 3D-bio-printed scaffolds, considering factors such as biomaterial selection, structural intricacies, and the incorporation of bioactive agents. Additionally, long-term studies assessing the stability, integration, and functional outcomes of these scaffolds in diverse animal models are essential. Future prospects in this field include a more comprehensive understanding of the immune response to 3D-bio-printed implants. Additionally, personalized approaches to scaffold design, tailored to meet individual patient-specific needs, are on the horizon. The ultimate goal is to effortlessly translate these advancements from animal models to practical clinical applications. Collaborative efforts among researchers, clinicians, and bioengineers will be instrumental in realizing the full potential of 3D-bio-printed scaffolds for BTE, ultimately contributing to improved treatments and outcomes for patients with bone defects. There is a need for well-designed multicentre randomized clinical trials to validate these findings and assess the cost-effectiveness of 3D printing. Such trials would contribute to a more comprehensive understanding and enhance the overall benefits of 3D printing in patient care.
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Parameters Groups Femoral Test of Types of association Significance

or tibial heterogeneity
bone
defects Q P 2 Lower Upper p-Value
(animal (%) limit limit
species)
BV/TV Control vs. | Femoral defect | 181661 0000 | 89990 | Random = 4545 3383 5707 0.000 Significant
experimental | (rabbits, rats,
group beagle dogs)
BV/TV Control vs. | Femoral defect | 181642 0000 | 9009 | Random 4736 3443 6.029 0.000 Significant
experimental (Rabbit)
group
BV/TV Control vs. | Tibial defect = 41953 0000 | 95233 | Random = 20024 0738 39309 0.042 Significant
experimental (Rabbit)
group
NBA Control vs. | Femoral defect | 15619 0008 | 67987 | Random | 2252 1138 3.365 0.000 Significant
experimental | (rabbits and
group beagle dogs)
NBA Control vs. | Femoral defect | 15475 0004 | 74152 | Random 2282 0.958 3.606 0.001 Significant
experimental (Rabbit)
group
NBA Control vs. | Tibial defect | 10.506 0062 | 52408 | Random = 9219 7.475 10964 0.000 Significant
experimental (Rabbit)
group
Tb. Th Control vs.  Femoral defect | 5427 03666 = 7.82 Fixed | 2401 1594 3.208 0.000 Significant
experimental (Rabbit
group and Rat)
Tb. Th Control vs. | Femoral defect 5427 0246 | 26292 | Fixed | 2514 1376 3.653 0.000 Significant
experimental (Rabbit)
group
BV Control vs.  Femoral defect | 9576 0048 | 58229 = Random = 1314 0.352 2276 0.007 Significant
experimental (Rabbit)
group
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Animal bone Duration of Outcome Control group Experimental Included in References
defect model treatment type group meta-analysis
Mean 0 | SDO  NO | Meanl = SDI | NI
Rabbit femoral defect 8 weeks NBA (%) 203 263 6 | 3185 667 6  Yes Tarafder et al.
(2015)
12 weeks 4755 873 |6 5935 | 3M |6
Rabbit femoral defect 6 weeks 322 o048 10 801 072 10 No Liu et al. (2016)
12 weeks 8.03 077 10 1537 0.86 10
Rabbit femoral defect 8 weeks 049 034 5 1489 L2 5 Yes Nandi et al.
(2018)
16 weeks 3.16 1.87 5 27.05 146 5
Rabbit femoral defect 12 weeks 85 15 6 121 04 6 | Yes Feng et al. (2021)
Beagle dog femoral defect 3 weeks 33 4 4 |2 4 4 Yes Lei et al. (2023)
Rabbit tibial defect 4 weeks 168 153 15 438 438 15 Yes Alazab et al.
(2023)
8 weeks 203 226 15 524 403 15
4 weeks 168 153 15| 419 349 15
8 weeks 203 226 15| 506 562 15
Rabbit femoral defect 6 weeks BV/TV (%) 4208 | 0693 | 10 | 1058 085 10 Yes Liu et al. (2016)
12 weeks 959 | 097 101849 0947 | 10
Rabbit femoral defect 4 weeks 1018 |1 1215752 | 1258 | 12| Yes Lin et al. (2016)
8 weeks 1496 | 233 12| 267 126 12
12 weeks 2365 | 145 12 376 258 12
4 weeks 1018 1 12 1488 | 025 12
8 weeks 1496 | 233 12258 19 12
12 weeks 2365 | 145 12| 378 | 202 12
4 weeks 1018 1 12 e | 132 12
8 weeks 1496 | 233 122408 | 164 12
12 weeks 2365 | 145 123200 158 12
Rabbit tibial defect 4 weeks 204 067 6 | 3617 | L0l 6 | No Zhang et al.
(2017)
8 weeks 39 o082 6 | 714 08 6
Swine tibial defects 12 weeks 5347 | 879 |3 | 748 1251 |3 No Liet al. (2021)
Rabbit femoral defect 12 weeks 142 14 6 209 45 6 | Yes Feng et al. (2021)
Rabbit tibial defect 16 weeks 85 07 599 15 5 No Teotia et al.
(2020)
Rat femoral defect 6 weeks 2546 | 522 8 | 3865 321 8 Yes Fairag et al.
(2021)
Rat femoral defect 8 weeks 192 226 3 | 3541 512 3 No Chai et al. (2022)
Rat femoral defect 12 weeks 101 127 |4 323 72 4 Yes Liao et al. (2022)
Beagle dog femoral defect 3 weeks 606 36 4 |7 3 4 Yes Lei etal. (2023)
Rabbit femoral defect 4 weeks 1068 122 3 | 143 Ll 3 Yes Ho et al. (2022)
8 weeks 1968 | 077 3 2674 | 267 3
4 weeks 1068 122 3 1892 123 3
8 weeks 1068 1223|3709 | 356 3
Rabbit tibial defect 4 weeks Tb. Th. (mm) 013 | 001 6 | 019 0004 6 Zhang et al.
. 017)
8 weeks 027 001 6 032 001 6
Swine tibial defects 12 weeks 04589 | 01332 |3 07757 | 0109 |3 Liet al. (2021)
rat femur defect 6 weeks 016506 | 002549 | 8 | 022582 | 022582 |8 | Yes Fairag et al.
(2021)
Rat femoral defect 12 weeks 0204 0039 4 0335 0 4 Yes Liao et al. (2022)
Rat femoral defect 8 weeks 013 005 3 031 0.01 3 Chai et al. (2022)
Rabbit femoral defect 4 weeks 009 0019 |3 012 0.02 3 Yes Ho et al. (2022)
8 weeks 009 0019 |3 016 0.02 3
4 weeks 014 001 3 02 004 3
8 weeks 014 001 3003 0.04 3
Rabbit tibial defect 4 weeks Tb. N. (mm) 12 019 6 201 003 6 | No Zhang et al.
(017)
8 weeks 22 o012 6 |31 048 6
Swine tibial defects 12 weeks 12139 02303 3 1538 0477 3 Li et al. (2021)
Rat femoral defect 6 weeks 155 o8 21 035 8 Fairag et al.
(2021)
Rat femoral defect 8 weeks 1460017 3 385 105 3 Chai et al. (2022)
Rabbit tibial defect 4 weeks Tb. S. (mm) 076 | 001 6 05 006 6 Zhang et al.
(2017)
8 weeks 045 007 |6 | 026 003 6
Swine tibial defects 12 weeks 07148 | 01863 |3 | 03866 | 01363 | 3 Liet al. (2021)
rat femur window defect 6 weeks 074712 | 014279 | 8 | 046005 | 0075 | 8 Fairag et al.
model (2021)
Rat femoral defect 8 weeks 086 0086 | 3 024 0034 3 Chai et al. (2022)
Rabbit tibial defect 4 weeks BV (%) 140 16 6 149 13 6 Yes Jung et al. (2019)
8 weeks 166 7 6 180 13 6
12 weeks 203 12 6 | 217 27 6
Rabbit femoral defect 6 weeks 411 84 8 | 685 53 8 No Fairag et al.
(2021)
Rabbit tibial defect 4 weeks 347 236 103760 35 10 Yes Li et al. (2023)
12 weeks 6627 | 293 10 7593 | 326 10

NBA: new bone area, Tb. T

abecular thickness, Tb. N.: trabecular number, Tb. S.: trabecular separation, BV: bone volume.
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Scaffolds Defect size Animals detail  Treatments  Evaluation Outcomes Included in References

(weeks) method quantitative
data
f Si02 and Z0O dopants in  Murine Femoral | bicotical dect SDas(N=2, | dwedks Histology Enhances osteoinductive Yo Fielding and Bose
3D printed BTCP scaffods | defects 25 mm diameter | 280-300 ) 6 weeks Histomorphometry  properties of CaPs Qo3
8 weeks
12 weeks
16 weeks
2 Micovave.sitered 3D Femoral defets | 2-3 mm diameter | SD rats 280-3209) | 2 wecks Histomorphology  Enhances bonetisse rpairand | No Tarader et al.
printed TCP scafolds wedks regereration Qo3
5 Bioceramic customized cage | CRCL deicent - Beagle Dog 1day Radiographs A promising method for the | No Castiho et al
siflejoints 4 veeks foture fbricaion of patent. o)
6 weeks specfc bone implants
16 weeks
n S0-and MgO-in 3D Rabbit femorl | 5 mm diameter and | NZW rabbits (N = 6, | 8 wecks Histomorphology  Potentialforcarly wound | Yes Tarader et ol
prited condyle defect 8 mm depth 35kg 12 weeks Histomorphometey  hesling through scccerated (oi3)
Microvave-sntered TCP | model osteogencsis and vasculogenesis
scafflds
s Akermanite (Ca2MgSi207) | rabbit femur | critical sz circulae | NZW male abbit (N = | 6 wecks 4T scan Enhanes tisse regencration. | Yes Liu tal (2016)
scafold defect defet (@-x6mm) | 20,2530 kg) 12 weeks Histology and repai of load-bearing bone
model defecs
6 CHA composite material | rabbit femoral mm,L> 10mm) | NZW rabits (male, | 2 weeks 4T san Tt enabes various bioactive | Yes Lin et al. 016)
(aio-12) condyle defect 12wecks ld, 325+ | 4 weeks Histology molecles to be incorporated
model 025k9) 5 weeks into printed CHA matrils and
12 weeks provide a method of
bioprinting biomateials
without compromising their
natural propertics
7 PLAHA composite Rabbit bial e inison NZW adult abbits | 4 wecks 4T scan Generates vsculrized isue- | Yes Zhang et .
scafolds (PLASS% + | model (=24, age 6 months, | § wecks Histology engincered bone n vivo Qi7)
HA 15%) 2502k
s MGPC (mCS, GA, Rabbit femorsl | =5 % 5 mm NZW, 3 months old, | 4 wecks Histology Enhances osteogenesis and has | No Zhang et o
and bl defets 3akgN=2) 8 weeks great potental for bone o)
12 weeks regereration
9 Fe” and S Doped f-ICP | Rat femoral | Intramedullary cortical | Ml SD rats (N = 20), | 4 wecks Histomorphometry  Enhances osteogenesis and | No Bose et a. (2015)
defects defet 3-35kginweight | 8 weks angoger
12 weeks
0 SI02 and 200 doped TCP | Rabbit tbial  Crtcalsized bone | New Zeaand white | § wecks Radiological Enhances bone formation and | Yes Nandi et al.
defect modeldeects (ength 07 cm | male rabits 225 kg) | 16 weeks in tuen, leads o sceelerted Qois)
and radivs 03 cm) hesling
u 3D Porous Bone Substitote | Rat femoral Semi-lindiical Wistar rats (N = 12, | 20 weeks Histology Better osteoconductive No Dubrov et a.
Based on Calcium defets defct length 07 cm | aged 25-30 weeks propertcs Qo9)
Phosphate and radius 0.3 cm)
2 SDPT (3Dprinted PEEK  Rabbit hia 4 mm in diameter and | male NZW rabbis | 4 wecks 4T scan Overall enhancements o cell | Yes Jung etal. 2019)
) defect model 8 mm in length (N =6), Sweckald, | § wecks Histology attachment, prolifertion,
body weght 30 kg | 12 weeks diferentiaton, and bone
egereration
N Sodium sginate and CaCl2 | Swine model - Male Bama mini pigs | 12 weeks 4T scan Providessuffcint srengh and | Yes Lietal. @o21)
+ PEGDA, GAMA, and I- | tbil deects =625k Histology tifness unil bone remolding
295
u AKT Bioceramic femur deect in | Criical iz defects: | Fifien adult 12 weeks 4T san Improves the biouctivty of | Yes Feng et al. 2021)
Scaffolds with Hollow | rabbits 7 mm in diameer and | New Zesland rabbits Histology biomatrials or bone isue
Channels 10 mminlengh | (male, 10-month-old engincering
averge)
15 PLA and SDF-1 o BMP.7 | Rat femoral  diameter: 6 mm Ten-weekcold Wistar | 4 wecks 4T scan Capable of inducing bone | No. Lauer tal. 2020)
immobilzed in collgen | defect s (N = 36) 8 wedks Xy egeneration in a critical size
pel Histology defect in rats.
1 vl Rabbit fracure | Crtcal size bone | NZW rabbits (N 3 monihs Radiology Facliate bone healing by | No Yuetal. 020)
Scalfold Combined with Co- | model delects: 0 mmin | (225 K) Biomechanical inducing bioactive membrane
Axially Hectrospun lengih evaluation
Vancomycin/Cefazidime!
Sheath-Core Nanofibers
v PLA scaffold with Biogel | Rabbit thial | Crtcabsizebone | NZW rabbis wedks T scan hsology | 3D PLA-Bioge-based scaffod | No full text Han et . (2020)
composed of gelatin and | defect defec) “dapted thBMP-2 and MSCs
alginate with carricr PLA showd good
biocomparibilty and high
possibilty as an effctive and
saisactory bone graft mateil
1 PIMC containing bigh | Rabbit il critcl s bone | NZW rabbit 5 veeks HCT scan, hisology | These composites actas a next | Yes Teotia et al.
ratios of TCP defect defcts: -8 mm circulae | 5-6 months old 16 weeks geneation synthetic bone (00)
detet =10 subsitne
w9 Gene.activated implants Segmental thial | Length of 30 mm | Male pigs body weight | 3 months Histology Effctive spprosch to overcome | No Bozo tal. 2020)
based on OCP and plasmid | defects in adult G0x2kgN=4) | 6 months current limitations i the
DNA encoding VEGEA. | pigs production of persnalized
implants for crical size bone
defect recomstruction
0 PCL scaffolds brinbased | Rat femoral | Crtical sze defect: | Male Wistar Han ats, | 6 wecks 4T scan Enhance the vascuariation | Yes Nuly etal. 2021)
hydrogel, gelatin bone delects 5 mm mid-diaphyseal | 12-week old (N =27) | 12 wecks Histology and regeneration of arge bone
methacrylamide, b ind defects n vivo
aginate
2 PLA 10085 T Ratfemue - 13-15 monthsold male | 6 vecks wer Showed a posive biosfety | Yes Fairag et
window defct SDras Xay profl and enhanced new bone (o)
modd! Histology formation
2 cptip Rat and Rabbit | Smm diameter x5 mm | Mle SD rats 5 veeks yer i viro cytocompatibilty and | No Mitr tal. 2021)
disal femur long, (250-3009) and NZW | 7 wecks Histology cary stage i vivo
defects rabbi (35-4 kg) osseoinegration
2 BGS (5602: C:0: P205 = Rabbit femoral | L0or 1.5 cm segmental | NZW rabbit (N =6) | 2 weeks Xy Enhances in vivo Ostogenesis | No Zhao el 2021)
3550:15) defect Model | deect wedks Histology
5 weeks
12 weeks
u HA/PLGA copolymer Rabbit femoral | - NZW rabbit 6 months radiography and | Enhances in vivo Osteogenesis | No Wuetal. (2021)
defect Model istology
% GIMA Scaffolds (15% whv) | Rat femoral | diameterof 3 mm and | 6-weekold male SD | 8 wecks 4T scan Bone regeneraton and reaieof | Yes Chai et al. (2022)
defect adepthof 2mm | rats Histology bone defect
26 sraphenc-containing (1,3, | Rabbitdisal NZW rabbit Radiography. Repairs osteochondral defect | No fll text Basletal. 2022)
5,10 w%), porous and | femur deect Histology areas
oriented PCL. safflds
z Goltin/PCL membranc asa | Caine bia | 58 mm (2 depth of | Canines weighing (N= | 8 wecks Histology Increases bone denstyin | No Jamalpour el
GBR consruct bone defccts 2mm,anda Smmgap) | 4, 20-25 k) Radiography comparison to the control (0z2)
owp
= hydeosyapatite (HA) rat bl deect Chakrabortyctal.
scaffolds ‘model (2022)
» IONPs labeed PCSCs. | Rabbit femoral 5 mm NZW rabbis (N 12 weeks YT scans Enhances osteogencss Yes Lino et al. (2022)
hydroges defect 35K Histology
50 arindoaded T6AMV | Beogledog  Diameterof smmand | Beagle dog (N=12) | 3 weeks YT scans, MRI ates ostogeness and | Yes
recomstruction rod femoral head | a length of about XRay, Hisology | neovasculaization, lading to
necrosis model 30 mm efective osscointegration
s fibrin bused biinks and  Rat femoral Ciicalsze Deveckeold s, | 6 weeks YT scans Capable of supportng large | No. Pitacco el
bioprinted PCL defect defet 5 Wistar Han rats 12 weeks Histology bone defect regeneration (0z3)
frmevorks: brinogen,
ype A geltin, HA and
ehycerol based bink
2 PLGA (atos of LA: GA-65: | Rat sgmental | 5 mm Doweek-od SDras | 8 weeks YT sans Biocompatile, has no side | No Newby etal.
35 and 75:2) and blended | femoral bone N=22219 Xy efects, and enhances bone. @3)
with graphene nanoparticles | defect Histology repaie
5 RP scafold (cylindical St Rat femoral | 6 sicmonth-old ferale | 3 months YT scans Enhances bone regencration | No Koabe et o,
CAOP scaffolds segmental Wistar rats (N=50) | 6 months Histology and vasclarzaton of critcal (023)
defect model size discontinuiy bone defects
s HA SD-printed scaffolds | Large animal 23parddshep | 4 wecks Xeray Bone regeneration n view of | No Knabe et al
with Gyroid TPMS modl (sheep. 26 weeks Histology dincal pracice Q)
femur)
55 PDAB-ICHIPCL Rabbit disal 6 mm diameter and a | Male NZW rabbits | 4 wecks YT scans PDA enhances both Yo Hoetal. 2022)
composite scaffolds femoral condyle | 6 mm depth aged three 8 weeks Xeray physicochemical and biological
defect Months (15-2 ke) Histology propertes
36 HABTCISE Rabbit tbia Gmonthod NZW | 1 month YT scans Posiive efects on bone. Yes Lietal 023)
defect model rabbis (N = 30, 3 months Xy formation insi
253 Kg) Histology
e GO-PCL scafflds Rabbit tbia 2 em rectlinear Gmonthold NZW | 4 wecks Histomorphometry  Improves biodegradabiity and | Yes Alurab et al.
defect model incision rabbis 8 weeks weting properies of PCL Q)

scaffolds
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Inclusion criteria Exclusion criteria

In-vitro studies evaluating antimicrobial and osteogenic potential of strontium/silver | Case reports, Case series sample sizes under 10, Conference papers, Review articles,

functionalized Ti implants Author responses, Hypotheses
; Studies with full text availability Missing either in vitro microbial tests OR in vitro cell differentiation tests
Studies published in English language only | Missing using sitveristrontium
| Grey leratuee

Missing using Ti as substrate
Studies published in Language other than English

Only in-vivo study
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Author and
year

Surface modification/Coating

Fabrication method

Release profiles

Fielding et al.
(2012)

Cheng et al. (2016)
He et al. (2016)

Chen et al. (2017)

Geng et al. (2017)
Huang et al. (2017)

Liet al. (2019)

Ag and Sr doped HA coatings

Ag/Sr loaded nanotubular structures Ti surface
St/Ag-containing TiO2 coatings

St-Ag incorporated NT-TiO2

St/Ag-co-incorporated HA on a Ti surface
Agand Sr-doped HA/TIO2 nanotube bilayer coatings

Sr-AgNPs/PDA (polydopamine) coating Ti

Plasma spray

Hydrothermal treatment
Magnetron sputtering, Micro-arc oxidation

Magnetron sputtering, Hydrothermal
treatment

Hydrothermal treatment

Electrodeposition method

Alkali and heat treatment, PDA treatment

Zero order release over 7 days AgHA = St/
AgHA

Burst release over 4 days
Zero order release over 28 days

First order release over 60 days NT-Ag = NT-
Sr- Ag

Zero order release over 7 days Ag0.1 = Sr/Ag
Zero order release over 14 days

Zero order release over 21 days

Qiao et al. (2019)
Pan et al. (2020)

van Hengel et al.
(2020)

Zhang et al. (2020)

Okuzu et al. (2021)

Si, Sr, Ag co-doped HA/TIO2 coating
St/Ag-incorporated nanotubes

AgNP/Sr functionalized PEO-treated implants
Sr-Ag co-substituted fluorohydroxyapatite
nanopillars

CaSrAg-treated Ti

Electrodeposition
Hydrothermal treatment, dipping

Plasma electrolytic oxidation (PEO)

Electrolytic deposition

Alkali heat treatment

Zero order release over 14 days AgHA = SSAGHA
Burst release over 2 days

Burst release over 4 days PT-Sr > PT-AgSr PT-
Ag > PT-AgSr

Zero order release over 14 days

Did not evaluate the release profile

Wanget al. (2021a)

Zhang et al. (2021)

Huang et al. (2022)
Yao et al. (2022)

Bian et al. (2023)

silk fibroin/Ag co-functionalized Sr-loaded titanium
dioxide nanotubes (SFAgSTN)

St/Ag-containing TiO; coating

Ag-doped StHA (SrAgHA)/graphene oxide (GO)
composite coatings

Sr/Ag-functionalized hierarchical micro/nano-Ti

HA coating doped with multiple ions (Sr/Ag/Mn)
(StMnAgHA coating)

Hydrothermal treatment, PDA treatment,
layer-by-layer self-assembly

Micro-arc oxidation

Electrodeposition

Alkali heat treatment, Deposition

Electrodeposition

First order release over 14 days AgSTN >
SFAGSTN

Burst release over 1 day

Zero order release over 14 days StAHA =
SrAGHA/GO

Zero order release over 21 days AH-Ti/Ag = AH-
Ti/Ag/St AH-Ti/Sr = AH-Ti/Ag/Sr

First order release over 14 days
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Fielding et al. (2012)

or and year

Cell morphology (FESEM)

Cell proliferation (MTT assay)

compal ty results

Sr/Ag-HA = Sr-HA > Ag-HA

Cheng et al. (2016)

He et al. (2016)

Cell morphology and adhesion (Fluorescence imaging)

Cell proliferation (CCK-8 assay)
Cell migration (Transwell assay)
Cell adhesion and spreading (CLSM)

Cell viability and proliferation (Live/Dead staining, CLSM, MTT assay)

Cell morphology (FESEM)

NT-Ag-Sr is biocompatible

M-St = M-Sr/Ag

Chen et al. (2017)

Geng et al. (2017)

Cell adhesion and morphology (CLSM)

Cell viability (Live/Dead staining, MTT assay)
Cell morphology (SEM)

Cell proliferation (MTT assay)

Cell adhesion and distribution (Fluorescence microscopy)

NT-Ag = NT-Sr-Ag

St > St/Ag > Ag

Huang et al. (2017) Cell morphology (SEM) HA = SrAgHA
Cell proliferation (MTT assay)

Lietal. (2019) No biocompatibility testing

Qiao et al. (2019) Cell adhesion and proliferation (MTT assay, FESEM, Fluroscence imaging) SSAgHA > AgHA

Pan et al. (2020)

van Hengel et al. (2020)

Zhang et al. (2020)

Okuzu et al. (2021)

‘Wang et al. (2021a)

Zhang et al. (2021)

Huang et al. (2022)

el viability (Live/Dead staining)

Cell adhesion and distribution (Fluorescence microscopy)
Cell proliferation (CCK-8 assay)

Cell viability (Presto blue assay)

Cell morphology (SEM)

Cell adhesion (fluorescence microscopy)

Cell morphology (SEM and LSCM)

Cell proliferation (MTT assay)

Cell viability (XTT assay)

Cell morphology (SEM)

Cell adhesion (SEM)

Cytotoxicity (LDH assay)

Cell proliferation (CCK-8 assay)

Cell adhesion (fluorescence microscopy)
Cell morphology (fluorescence microscopy)
Cell proliferation (MTT assay)

Cell adhesion and morphology (SEM and LSCM)

Cell attachment (Fluorescence staining)
Cell viability (Live/Dead staining)

Cell proliferation (CCK-8 assay)

TNT-Sr/Ag = TNT-Sr

PT-AgSr = PT-Sr > PT-AgSr

SrAgFHA > FHA > AgHA

CaSrAg-Ti = CaSr-Ti

SFAGSTN > STN > AgSTN

Sr> StlAg

SrAgHA/GO = SrHA/GO > StHA > SrAgHA

Yao et al. (2022)

Bian et al. (2023)

Cell morphology (FESEM)
Cell viability (CCK-8 assay)
Cell adhesion (CLSM)

Cell toxicity (LDH assay)

Cell proliferation (CCK-8 assay)

AH-Ti/Ag/Sr = AH-Ti/Sr > AH-Ti/Ag

MnSrAgHA > StAHA = HA > AgHA
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Influencing factol SE (0)33 95% Cl p-value
Standard of culture 4668 0955 0.009 0.001-0.061 <0.001
Open injury-related infection 3575 0910 35.698 509721295 oo
Combined flap surgery 3723 1.002 13798 41.408 5.806-295.343 <0.001

OR: odds ratio. CI: confidence interval. SE. standard error.
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Factor Recurrence (n = 25) No recurrence (n = 138) value
Age (years), mean + SD 524 +157 50.7 £ 148 0.483 0.630
Sex, n (%) <0.001 1.000*
Male 1wy 115 (83.3%)
Female 4 (16%) 23 (16.7%)

*Standard of culture, n (%) | 9.293 0.010*
Primary school education and below 17 (68%) 49 (35.5%)
Middle school 6 (24%) 61 (44.2%)
University education and higher 2 (8%) 28 (20.3%)
Smoking history, n (%) 15 (60%) 53 (38.4%) 4.059 0.044°

Complications, n (%)

Diabetes 10 (40%) 39 (283%) 1387 0.239°
Heart disease 3(12%) 14 (10.1%) <0.001 Lo
Hypertension 5 (20%) 25 (18.1%) <0.001 1.000*
Hypoproteinemia 13 (52%) 10 @o0w) 509 oo
Previous surgery (22 times) 6 (24%) 26 (188%) 0.105 0.746"
Open injury-related infection, n (%) 19 (76%) 72 (522%) 4872 oo
Infection sites, n (%) 0.885 0.990*
Tibia 13 (52%) [ 71 (51.4%) [
Femur | sun 33 (23.9%)
Calcaneus 2 (8%) 13 (9.4%)
Fibula 1 (4%) 6 (4.3%)
‘Humerus [2 (8%) | 8 (5.8%)
Patella 1(4%) 5 (3.6%)
Ulna and radius 0 2 (1.4%)
Bacterial species, n (%) 5.207 0391
Staphylococcus aureus 8 (32%) 74 (53.6%) |
Methicillin-resistant Staphylococcus aureus 4 (16%) 18 (13.0%)
Pseudomonas aeruginosa 8 (32%) 26 (18.8%)
Colibacillus 1(4%) 7 (5.19%)
Staphylococcus epidermidis 2(8%) 9 (6.5%)

7No bacteria detected | 2(8%) | 4(29%)
Combined flap surgery, n (%) 11 (44%) 34 (24.6%) 3.970 " oote

“Fishier exact test.
"Chi-square test; SD: standard deviation.
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Samples Yield strength (MPa) Break strength (MPa) Elastic modulus (GPa)

‘ PEEK 83.80 £ 1.22 67.98 + 2.14 1.69 % 0.03
‘ SPEEK 77.89 £ 143 64.68 £ 0.96 140 £ 0.08

‘ GO-SPEEK 80.35 £ 1.87 66.94 % 115 1.55 % 0,05
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rget Primer sequences

RUNX2 Forward primer: 5'-TGGTGTTGACGCTGATGGAA-3'

Reverse primer: 5'-ATACCGCTGGACCACTGTTG-3"
OCN Forward primer: 5'-CTTCGTGTCCAAGAGGGAGC-3"

Reverse primer: 5'-CAGGGGATCCGGGTAAGGA-3'
Col-1 Forward primer: 5'-TGCAGGGCTCCAATGATGTT-3'

Reverse primer: 5'-AGGAAGGGCAAACGAGATGG-3"

GAPDH Forward primer: 5'-ATCAAGTGGGGTGATGCTGG-3'

Reverse primer: 5'-TACTTCTCGTGGTTCACGCC-3"
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Modification
strategy

Modification
coatings

Results related to antibacterial

property in vitro study

Results related to antibacterial
property in vivo study

References

Loaded antibiotics

AMPs

Loaded plant
polyphenols

Loaded metal ions.

Loaded photothermal
catalyst

Doped bioactive
coating

Surface texturing

Van, ZnO, Amp

TOB, PDA, GelMA

Had good inhibitory effect on the growth of
Staphylococcus aureus

Defeated osteosarcoma cells and bacteria

Excellent osteogenic activity

Chen et al. (2019)

Yin et al. (2020)

GS, CaP Excellent and sustained antibacterial property, | Exhibited in vivo antibacterial activity and | Xue et al. (2020)
biocompatibility and cell osteogenic osscointegration ability in the treatment of
differentiation bone defect with infection

GS, PDA Impeded bacterial proliferation and exhibited | Excellent osteogenic activity and Sun et al. (2021)

Dex/Mino liposomes

anti-inflammatory characteristics

Enhance the osseointegration and antibacterial
efficacy of biomaterials

antimicrobial properties

Enhanced osteointegration, and
antibacterial activity in beagle femoral
implant models

Xu et al. (2019)

B-lactam antibiotics Inhibited the reproduction and growth of - Montero et al.
Staphylococcus aureus (2016)

KR-12, PDA improved antibacterial activity against Increased osteointegration in rats, improved | Meng et al.
Staphylococcus aureus antibacterial activity against Staphylococcus | (2020)

aureus

MBD-14 Exhibited long-term antibacterial activity against | Stimulated osseointegration and protein | Yuan et al. (2019)
gram-positive and gram-negative expression
microorganisms

GLI3K, EDC Provided bactericidal activity and biofilm - Hu et al. (2021)

HK, nano-bioglass

resistance

Exhibited potent antibacterial activity against
Staphylococcus aureus

Did not significantly promote bone
formation

Zhang et al.
(018)

Lawsone, bioactive glass
RV, nano-porous
magnesium calcium silicate
Genistein, nano-porous
tantalum pentoxide, sulfuric

acid

CGA, hydrogel

CR, GS

Ag NPs, PDA

Ag NPs

Ag NPs, G, silk fibroin

Ag NPs, CMC, BFP

Cu NPs

Cu nanoclusters, PDA,
citrate

CuO, Ag NPs, silk
fibroin, PDA

Mg

Ti/Mg/Ag gradient
composite coatings

Nano-magnesium silicate

GO

GO nanosheets, PDA,
oligopeptides

GO, carbon fiber, Ti-6Al-4V

GO, PDA, Dex- liposomes

Hydrofluoric acid

N-FHA

Se NPs

Cicada wing surface
microstructure

Willow-like ZnO nanosheets

Exhibited potent antibacterial activity against
Staphylococcus aureus

Antimicrobial and osteogenesis activity

Inhibit the growth of Escherichia coli and
Staphylococcus aureus

Suppressed Escherichia coli and Staphylococcus
aureus

Prevents the reproduction of Staphylococcus
aureus and Escherichia coli

Reduced the reproduction of gram-positive and
gram-negative bacteria

Increased antibacterial activity

Exhibited superior antibacterial properties

Exhibited an outstanding inhibitory effect on
bacteria, promoted osteogenic differentiation
and cell proliferation

Effectively captured MRSA

Enhanced the bacteria-killing ability

Presented synergistic antibacterial ability,
potentiated osteodifferentiation

Demonstrated a significant bactericidal effect
against Staphylococcus aureus, enhanced the
biological activity

Improve the antibacterial ability, biological
activity and bone conductivity

Exhibited notable antibacterial properties against
Escherichia coli and Staphylococcus aureus,
enhanced the differentiation of BMSCs

Enhanced the antibacterial properties and
biocompatibility of materials against Escherichia
coli, promoted cel proliferation and
differentiation

Impeded the proliferation of bacteria, lead to
cellular disintegration

Exhibited a remarkable inhibitory effect on
Staphylococcus aureus, enhanced
cytocompatibility

Enhanced cellular adhesion and migration, as
well as improve cellular biocompatibility

Exhibited inhibitory effects on Porphyromonas
gingivalis

Reduced bacterial expansion and biofilm
development, exhibited enhanced cell adhesion

and proliferation

Exhibited significant inhibition of Pseudomonas
aeruginosa

Exhibited inhibition Pseudomonas aeruginosa

Demonstrated high efficacy against gram-
positive bacterial

Increased bone integration, stimulated the
response of BMSC

Accelerated osteogenesis and
osseointegration

Improves adhesion of PEEK implants to
bone

Effectively captured MRSA

Encouraged bone regeneration of implants

Increased bone integration, stimulated the
response of BMSC

Enhanced cytocompatibility and promoted
bone formation

Enhanced the osseointegration

Promoted osseointegration

Demonstrated high efficacy against gram-
positive bacterial

Ur Rehman et al.
(2018)

Karimi-Soflou
etal. (2022)

Mei et al. (2021)

He et al. (2019)

Zou et al. (2020)

Deng et al. (2017)

Liu et al. (2017)

Yan et al. (2018a)

Yu etal. (2021)

Liu et al. (2019)

Yan et al. (2021a)

Yan et al. (2020)

Yu etal. (2018)

Gimils et al.
(2017)

Niu et al. (2020)

Ouyang et al.
(20182)

Wang et al.
(2020)

Qin et al. (2021)

Ouyang et al.
(2018b)

Chen etal. (2017)

Wang et al.
(2014)

Wang et al.
(2016)

‘Wang et al.
(2017)

Ye et al. (2019)

Zn, oxygen plasma
immersion ions, carbon fiber

Discovered to have excellent antibacterial
properties against Staphylococcus aureus and
Staphylococcus epidermidis

Lu et al. (2016)
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Manufacturer Carrier Antibiotics Delivery Drug Antibiotic Degradability

phase and  release

dosage
BonAlive Biomaterials | Bioglass BAG-S53P4 - Granules - - Degrade slowly and exist in body
for several years; observed
thickening of the neocortex
WRIGHT medical Osteoset-T Calcium sulfate | Tobramycin Pellet Powders; 4% Over 10 days Early fully resorption in
group (weight%) 3-6 months, 64% bone growth
into the bony void
Biocomposites Stimulan Rapid | Calcium sulfate | Vancomycin  Pellet/Paste | Powders; 10% | Over 40 days Early fully resorption; 50% patient
Cure (weight%) achieved full bone regrowth
Gentamicin Liquid;
40 mg/mL
Tobramycin Liquid;
40 mg/mL
aap Biomaterials PerOssal HA/Calcium | Gentamicin Pellet Liquid; Over 10 days 6m-18 m Fully resorption
GmbH sulphate 40 mg/ec
compound
Tobramycin Liquid;
40 mg/ec
Vancomycin Liquid;
50 mg/ec
Rifampicin Liquid;
60 mg/cc
Bonesupport CERAMENT G | HA/Calcium | Gentamicin Paste Liquid; Over 28 days Fully resorption after 11 m
sulfate 17.5mglec
compound
Bonesupport CERAMENT V | HA/Calcium | Vancomycin | Paste Liquid; 66mg/cc | Over 28 days Fully resorption after 11 m
sulfate
compound
Hoya Pentax Biopex-R Calcium Vancomycin | Paste Powders; 4%/ | Over 36 weeks | Non degradable
phosphate 8% (weight%)
‘cement
Gentamicin Liquid; 0.5%
(weight%)
Arbekacin Liquid; 0.8%
(weight%)
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Patient Treatment Antimicrobial References  Volume of Infection Union/Bone  Complication
function bone eradication  formation
defect/cm® (%)

' 9818 Bioactive glass (BAG- Intsinsic abilty Prospective Lindorsetal. | N/A 95%/67 NiA Reinfection: 8% non-unions; | 15-95
SS3IP4)/PMMA followed multinational | (2016) pulmonary embolism; pain
with BAG-553P4 RCT syndrome; fracture

1 z Bioactive glass (BAG- Intrinsic ability Prospective Drago et a. 2004109 2-60) | 889 NA Reinfection: 741% serum 9-30
S5304) study (013 leakage3.7% delayed skin
3 50 Bioactive ghss (BAG- Intsinsic ability Retospecive | Al Malatetal. | 111 £67 (3-30) | 86 wax Reinfection: 14%; chronic pain | 2-27
§5304) study. 01s) syndrome
4 727122 Bioactve glass (BAG- Vancomyin and Retospective | Romanbetal. | N/A 92688895863 | NIA Serum leakage: 37%296% | 12-36
SSPAYHA and calciom | meropenem and study. Qo1 27.2% deep vein thrombosis
sulphate compound! teicoplanin fracture; delayed skin necrosis
Mixture of tricalium and bone exposure; renal
phosphate and dysfunction
demineralized bone matrix
s 25 Calcum sulfae Tobramycin Prospective MeKeeetal. | 305 (3-192) 2 Bone formation: | Reinfection: 8%; serum leakage: | 20-38
study (2002) 100% Nonunion to | 32% nonunion; refracture; skin
unite: 87.5% necrosis
6 250 Calcium sulfate/ Tobramycin Retrospective  Chang et al 292 (10-80) o160 NiA Reinfection: 208/40% 36334
Debridement study. (2007)
7 15015 Calcium sufate/PMMA | Tobramycin Prospective RCT | MeKee et al. V5EI-0/ seuss Bony defect repair: | Reinfecton; refacture 260
(010 275 (t4-126) 100%/100%;
nonunion to unite
100%/87.5%
s su20 Calcum sulfae/Wound | Vancomycin Retrospective  Qin etal. (2019) | 8611 mm 074%/45 NiA Reinfection: 185%/25% 28535
irrigation-suction comparatve. (7672-9551)1 docking site obstructon: 1.8%/
cohort study 8225 mm 25%; materal postoperative
(66.17-9833) leakage3s.2%.
9 31 Calcium sulfate Vancomycin and Retrospective. | Gauland (2011) | 5-20 9238 NiA Serum leskage ©
gentamicin study
0 K Calcium sulfate and bone | Vancomyein and Prospective Badieand Arafa | N/A 767 wax Reinfection: 16.7% serum 212
marrow aspirate added to | gentamicin study (019) leakage: 50%; refracture
the bio-compasite
n W Calcium slfate Vancomycin Retrospective | Qin et al. (2020) | 283 (5-50) 81 NA Reinfection: 11.6% serum 359899
study leakage: 30%; light pain afer a

Tong:disance walk:10.5%; limb.
weakness or discomfort: 7.9%;
fbrous scar formation: 5.2
Jjoint stifness: 2.6%: light
dlaudication: 26%

2 u Calcium slfate Vancomycin and Retrospective  Jang etal. (2020) | NIA 8529 NiA ‘Wound leakage 1268
gentamicin study
13 suis Has clcium-slfate/ Vancomycin or Retrospective  Visani et al. NA S65%100%, 50%, | NIA NA 21
‘Gelatin sponge o Calcium | gentamicin or study 018 50%, 50
sulfte or PMMA o imipenem
nothing.
1 125 HA calcium sulfate with | Vancomycin Retrospective  Karr (2018) 23 9615 NA Reinfection: 385% E
percutancous antibiotic study
delivery technique
15 13 Calcium phosphate cement | Vancomycin or Retrospective  Nikuraetal. | NiA 0 NA NA S04
gentamicin orarbekacin | study (016 @773)
16 1019 Calcum phosphate cement/ | Vancomyein Prospective RCT | Lang et al. (2021) | NiA 938%/734 61.2%/3265% NA 2
Iigation and drainage
device
I 0| Calcium solfate-calcium | Vancomycin Retrospective  Zhao etal. (2020) | 5281566 cm 100 205%/15.4%, Reinfection: 0/20%; delayed | 153/217
phosphate composit/ study Uength): 231/ B7%0322%, wound healing4.1%/30%.
Calcum sulfate 228 cm (width) 75297% at 1,3,
and 6 months
15 163 HA calium sulfite Gentamycin sulfite | Retrospective  Fergusonetal. | 109 (1-30) 957 7% Infecton recurrence: 43%; 214
‘compound study. 019) material extraosseus leak: (12-56)

1595%; overal fracture: 25%
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Authorand  Bacteria

tested

year

Fielding etal. | P. aeruginosa
(2012)

Cheng et al. MRSA", MSSA*,
(2016) E. coli

Antibacterial assay/culture
conditions

Microscopy (fluorescence, live/dead)
24 h planktonic culture

Agar plate based assay (ZOD),
Microscopy (SEM)

24 h planktonic culture, adhesion and biofilm
formation

Antibacterial intergroup
comparison (antibacterial
rate)

Sr/Ag-HA ~* Ag-HA > Sr-HA ~ HA

NT-Ag/Sr > TiO2-NT ~ Ti

Antibacterial results in Sr/Ag
groups

Almost complete eradication of the
bacteria (qualitatively)

Shrinkage of bacteria and a clear
inhibition zone

He et al. (2016) | S. aureus, E. coli

Agar plate based assay (CFU), Microscopy
(fluorescence, FE-SEM)

1,7, 14, 21 and 28 days planktonic culture,
adhesion and biofilm formation

M-Sr/Ag083 > M-Sr/Ag0.40 > M-Ti
and M-Sr

->95% of the bacteria were killed after
6h (CFU)

~Few or nolive bacteria after 1 day
(microscopy)

Chen et al. S. aureus Agar plate based assay (CFU) NT-Ag ~ NT-Sr-Ag Antibacterial rate:
(2017)
12h up to 60 days planktonic culture -After 1-10days:100%
-After 60 days: 84%
Gengetal | S.aureus, E. coli Agar plate based assay (ZOI, CFU), Ag ~ St/Ag > St ~ HA ~ Ti (no - Clear inhibition zone after 24 h
(2017) Microscopy (SEM, TEM) antibacterial effect)
24 h planktonic culture, adhesion and biofilm ~Ruptured bacterial membrane
formation
~100%-99% reduction in CFU
Huang et al. S. aureus Agar plate based assay (CEU, ZOI), CFU reduction: SrAgHA (100%) > Ag/Ha | -Excellent antibacterial effect in all
(2017) Microscopy (SEM, EDS) (99.7%) > StHA (37.2%) > CP-Ti timepoints,

Lietal. (2019) | E.coli, . aureus

24h, 36 h or 48 h planktonic culture

Agar plate based assay (CFU),
Microscopy (SEM)

24 h planktonic culture, adhesion and biofilm

ZOL StAgHA (25 mm) > Ag/Ha

(20 mm) > StHA ~ HA (no inhibition)

AH-Sr-AgNPs > Ti

~100% CFU reduction

~Round shape bacteria with less pili

-Antibacterial efficacy up to 98.66% *

formation 4.24% (E. coli) and 98.17% + 2.31% (S.
aureus)
Qiaoetal.2019) | S aureus | Agar plate based assay (ZOL CFU), 24 h, 36 h  ZOI: AgHA ~ SSAHA ~ SrAgHA > HA ~Excellent antibacterial ability,
planktonic culture (no effect)
CFU reduction of adherent bacteria: | ~99.5% CFU reduction in SSAGHA group
AgHA (100%) > SSAGHA (99.5%) >
SrAgHA (99.2%)
Pan et al. (2020) E. coli Agar plate based assay (CFU), CFU reduction: TNT-St/Ag (almost no Good bactericidal properties
Microscopy (SEM) colonies) > TNT-Sr ~ TNT > Ti
2h and 24 h planktonic culture, adhesion and
biofilm formation
van Hengel et al. MRSA Agar plate based assay (ZOL, CFU), ex vivo  ZOL: PT-Ag/Sr > PT-Ag > PT- St ~ PT ~ ~Enhanced zone of inhibition

(2020) 24h, 48 h planktonic culture, adhesion and non treated (no inhibition zone)
biofilm formation -No bacterial attachement after
24 h (100%)
-Compelete eradication of all non-
adherent bacteria
Zhangetal. | E.coli, S. aureus | Agar plate based assay (ZO), General growth  SrAgFHA ~ AgFHA > FHA (noinhibition >95% Antibacterial rate
(2020) analysis (OD), Microscopy (CLSM, live/dead) zone)
12hand 24 h planktonic culture, adhesion and
biofilm formation
Okuzu et al. E. coli, MSSA | Agar plate based assay (CFU), Microscopy ~ CFU reduction: CaSrAg-Ti > CaSr-Ti > ~95%-99% antibacterial efficay
(2021) (fluorescence, SEM) commercially pure Ti
24 h planktonic culture, adhesion and biofilm ~Shrinked bacteria (SEM)
formation
-No apparent rupture in bacterial
membrane
Wangetal. | S.aureus, E. coli = General growth analysis (turbity), Agar plate  Day 1: AgSTN ~ SFASTN > STN Antibacterial rate of SFAGSTN:
(2021a) based assay (ZOI, CFU)
1,3, 5 days planktonic culture Day5: SFASTN > AgSTN > STN ~100% after 1 day
~70% after 5 days
Zhang et al. S. aureus, Agar plate based assay (ZOI, CFU), Sr/Ag0.34 > Sr/Ag0.17 > St/Ag0.08 > St/ | Long term antibacterial rate (30 days):
(2021) Microscopy (SEM) Ag0.04 > Sr/Ag0 (no inhibition zone)
(short term)
24 h to 30 days planktonic culture, adhesion ~100% in Sr/Ag0.17, Sr/Ag0.34 without
and biofilm formation PBS immersion
~77.60% + 3.39% in Sr/Ag0.17% and
87.04% + 1.77% in Sr/Ag0.34 with PBS
immersion
Huang etal. | S.aureus, E. coli | Agar plate based assay (CFU), General growth StAGHA/GO ~ SrAgHA (100%)> In SrAgHA and SrAgHA/GO groups:
(2022) analysis (OD, turbity), Microscopy (CLSM, StHA/GO

Yao etal. (2022) | S. aureus, E. coli

Bianetal. (2023) | S. aureus,

‘Refers to no significant difference.

live/dead, SEM)

24 h planktonic culture, adhesion and biofilm
formation

Agar plate based assay (CFU), Microscopy
(fluorescence)

24 h planktonic culture, adhesion and biofilm
formation

Agar plate based assay (ZOL, CFU),
Microscopy (fluorescence)

1, 3 days planktonic culture, adhesion and
biofilm formation

"MRSA: Methicillin-resistant Staphylococcus aureus.

“MSSA: Methici

abasitve Sk loeochs s,

AH-Ti/Ag/Sr ~ AH-Ti/Ag > AH-Ti/Sr >
AH-Ti

AgMnSrHA (100%) > MnSrHA (20%) >
StHA ~ HA (no antibacterial effect) (24 h)

Irregular and broken morphologies
No living adherent bacteria
Dead percentage of the total bacteria in

AH-Ti/Ag/Sr 93.28% (S,aureus), and
87.62% (E.coli)

Bactericidal rate of AgMnSrHA:

~100% after 1 day

~80% after 3 days
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Author and
year

Cells
tested

Assays detecting
expression of osteoblastic
phenotype

Osteogenic markers

Osteogenic intergroup
comparison

Fielding et al. hFOB Immunohistochemistry ALP St/Ag-HA ~ Sr-HA > HA > Ag-HA (qualitative)
(2012)
Chengetal. | MC3T3-EL ARS staining, Osteogenic gene ECM Calcium deposition (21 days), | Mineralization, RUNX2, OCN: NT40-Ag, 5515 ~
(2016) expression (RT-PCR) RUNX2, OCN, ALP, Col-1, OPG (14 days) NT40-Ag, 413 > NT10-Ag; 5513
~NTI0-Ag, Sr; > TIOZNT ~ Ti
ALP, Col-I: NT40-Ag, sSrs ~ NT40-Aga.Sr3 ~
NT10-Ag; 58r5 ~ NT10-Ag; oSr5 > TiO2-NT
~Ti
OPG: not reported
Heetal. (2016) = MC3T3-El Direct Red 80, ARS staining Col (7days), ECM calcium deposition (7, | Col: M-S/Ag0.40 > M-St > M-Ag0.40 >~ M-Ti
14 days) '
Day 7 mineralization: no significant difference!
Day 14 ECM mineralization: M-St/Ag0.40 >
M-Ag0.40 >~ M-Ti AND M-St/Ag0.83 ~
M-Ag0.83 >~ M-Ti
Chenetal. | MC3T3-El | ALP Kit, Direct Red 80 staining, ARS | ALP (3, 7 days), Col (7, 14 days), ECM | Day7 ALP: NT-25r-Ag > NT-35r-Ag > NT-Ag ~
017) staining calcium deposition (14, 21 days) pure Ti
Day 14 Col: NT-35r-Ag > NT-1Sr-Ag > pure Ti
Day 14 and 21 mineralization: NT-25r-Ag > NT-
Ag ~ pure Ti (Col day 7, 14)
Geng et al. MG-63 | ELISA kit, Osteogenic gene expression ALP OCN, RUNX2, (3,7, 14 days) Sr> Sr/Ag> HA > Ti > Ag
(2017) (RT-PCR)
Huangetal | MC3T3-El | ALP kit, OCN ELISA kit, fluorescence ALP (7, 14 days), OCN (14 days) Day 7: no significant difference!
(2017) staining
Day 14: StAgHA ~ Ha > Ti
Lietal (2019) = MC3T3-El | Osteogenic gene expression (RT-PCR), | ALP, Runx2, COL-1 (7 days), Calcium AH-Sr-AgNPs + MO > control + MO
ARS staining deposition (21 days)
Monoculture (mineralization): AH-Sr-AgNPs >
AH-Sr > AH-AgNPs ~> Ti
Coculture (minerlization): AH-St-AgNPs > AH-
AgNPs > AH-Sr ~ Ti
Qiaoetal.(2019) | MC3T3-El | Osteogenic gene expression (RT-PCR) | ALP, BMP-2, RUNX-2, OCN, OPN, Col-1 SSAHA > HA > Ti
(14 days)
Pan etal. (2020) | MC3T3-E1 ALP and OCN kit, ARS staining ALP, OCN (1, 3 days), ECM calcium Day3: TNT-St/Ag ~ TNT-Sr > TNT > Ti
deposition (7, 21 days)
Day 21: TNT-St/Ag ~ TNT-Sr > TNT > Ti
van Hengel etal. | MC3T3-E1 ALP kit ALP Day 11: PT-Sr ~ PT-Ag Sr > PT-Ag > NT
(2020)
Zhangetal. | MC3T3-EL ALP kit, OCN ELISA kit ALP (1,7, 14 days), OCN (14 days) Day 7 and 14, ALP: SrAgFHA ~ FHA >
(2020) AgFHA > Ti
OCN: SrAgFHA > FHA > AgFHA > Ti (OCN)
Okuzu et al. BMSCs | Osteogenic gene expression (RT-qPCR), | ALP, RUNX2, OCN, OPN (7, 14 days) | Day 14, Runx2,ALP: CaSrAg-Ti > CaSr-Ti > Ti
(2021) ALP kit
Day 7, OCN: CaSrAg-Ti > Ti
Dayld, OCN: CaSr-Ti > Ti
Wangetal. | MC3T3-El | ALP kit, Pro-Col I and Osteocalcin | ALP (3, 7, 14 days), OCN, Coll (14 days) | Day7 and 14, ALP: SFAGSTN > STN > AgSTN
(2021a) ELISA kit ~Ti
OCN, Col: SEASTN ~ STN > AgSTN ~ Ti
Zhang etal. | MC3T3-El ALP kit ALP (7 days) St90/Ag0.17 > Sr0/Ag0.17 (before and after PBS
(2021) immserion)
Huang etal. | MC3T3-El ALP, RUN and Col I staining ALP (qualitative), Col I, RUN (qualitative), | Day 14, Col: STHA/GO > SrAgHA/GO ~ SrHA >
(2022) (7, 14 days) SrAgHA ~ HA > Ti
Yaoetal. (2022) | MC3T3-El | ELISA kit, Osteogenic gene expression | ALP (4,7 days), OCN (7, 14 days), RUNX2, | AH-Ti/Ag/St ~ AH-Ti/Sr > AH-Ti/Ag ~ AH-Ti
(RT-PCR), ARS staining OPN (7days), ECM calcium deposition (14,
21 days)
Bian etal. (2023) | MC3T3-E1 ALP kit ALP (1, 7, 14 days) Day 14, 7: MnAgHA ~ SrAgHA > HA >

AgHA > Ti
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Implant

Major advantages

Major disadvantages

material
Bone
Autogenous Microstructure and mechanical properties of natural bone tissue ‘The volume of bone obtained in a single surgery is limited. Potential damage
to the site that provides the bone Wang and Yeung (2017)
Allogeneic Adequate bone volume can be obtained. Microstructure and mechanical Stable source of bone. Potential immunogenicity and disease transmission
properties of natural bone tissue Roberts and Rosenbaum (2012)
Metal
Good load-bearing capacity and biocompatibility. The source of raw materials | Potential risk of stress shielding. A second surgery may be required to remove
is stable and the processing technology is mature it Shafaghi et al. (2019)
Bioceramics/Bioglass
Good biocompatibility, chemical stability and wear resistance. The source of | Refractory to degradation in vivo. Poor elasticity and toughness El-Rashidy
raw materials is stable and the processing technology is mature etal. (2017)
Hydrogel
Natural Good biocompatibility and degradability. Provide suitable microenvironment | Mechanical properties are usually unsatisfactory Yang et al. (2022)
composition for cell survival
synthetic Many performance parameters can be manipulated manually. Ensure the | Potential cytotosicity Yue et al. (2020)
composition consistency of different batches of products

Tissue derived scaffold

Composition similar to natural bone tissue. Good biocompatibility and low
immunogenicity

Artificial polymer materials

Limited raw materials, difficult to scale production Jiang et al. (2021b)

Many performance parameters can be manipulated manually. Can be
mulifunctional. Sufficient supply of raw materials

Complex processing technology and design difficulty. Costly and potentially
immunogenic Turnbull et al. (2018)
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Parameter

Function

Parameters to be considered as implants

Biocompatibility
Cytotoxicity
Immunogenicity
Biodegradablity
Antibacterial property

Ensure the safety of the implant Marin et al. (2020)
Ensure the safety of the implant Diemer et al. (2021)

Ensure the safety of the implant Gao et al. (2021)

Provide proper support and space for new tissue Miao et al. (2021)

Ensure the safety of long-term implantation and assist in the treatment of possible co-infection of bone defects Wu et al. (2021)

Parameters to regulate macrophage

Degradation product
Pore size

Substrate stiffness
Surface roughness
Surface wettability
Material topography
3D structure

Material group charge
Material group chirality
Physical stimulation

Influence macrophage phenotype and secretion Chen et al. (2014)

Influence macrophage morphology, infiltration and polarization Tylek et al. (2020); Li et al. (2022)

Influence macrophage migration, polarization and phagocytosis Sridharan et al. (2019)

Influence macrophage attachment and polarization Wang et al. (2018)

Influence macrophage phenotype and secretion Ly et al. (2018)

Inflience macrophage attachment, morphology, polarization and secretion Chen et al. (2010)

Influence macrophage morphology, fusion, infiltration and polarization Jiang et al. (2016). Provide a microenvironment close to the body
Influence macrophage polarization and osteogenic differentiation Mao et al. (2022)

Influence macrophage phenotype and secretion Jiang et al. (2022)

Influence macrophage morphology, migration, polarization and secretion Hoare et al. (2016); Wosik et al. (2018)
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Pore shape Carrier materi active factor  Porosity Pore size Release pattern References
Fibrous structure PCL-Gel-BCP BMP-2 - 100nm-10 pm 32.1 %z 5.83%/1 day Kim et al. (2014)
54.4% £ 9.22%/7 days
83.16% + 11.33%/31 days
PCL [ BMP-6 ~ wriem 12%/4h | Toprak et al. (2021)
35%/30 days
Square open pore structure MPHS DMOG - - 40%/3 days Min et al. (2015)
90%/28 days
Porous structure | PHB-pDA [ BMP-2 s 1sesn0 pm 486% + 3.2%/1 day )
95%/30 days
PHB 54.5% + 9.6%/1 day
100%/16 days
HA GM % 100750 pm 25%/1 day | Mohan et al. 2018)
50%/5 days
95%/20 days
100%/53 days
Mg-Zn TCN 63%-65% 600-800 pm 30%-40%/6 h | Dayaghi et al. (2019)
100%/16 h
DCB-ECM [ TGF-p3 71% 67.76 + 895 pm 40%/14 days Yang et al. (2021)

50%/42 days

PCL-Gel-BCP: polycaprolactone-gelatin-biphasic calcium phosphate; MPHS: mesoporous bioactive glasses and poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) polymers; DMOG:
dimethyloxallyl glycine; PHB: poly (e-caprolactone)-nanohydroxya-patite-bioglass; PHB-pDA: poly (e-caprolactone)-nanohydroxya-patite-bioglass-polydopamine; HA: hydroxyapatite; GM:
seassmiicin: TON: tetiscndine: DOB-RCHE: dentineralized cancellons banswoallaler cartlaes sxhracelilar-mst
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Carrier material Bioactive Pore size Appropriate pore size for sustained EEEES

factor release
Core (PEO)-shell (PCL-PEG) BMP-2 400, 450, 500, 650 nm 400 nm Srouji et al. (2011)
fiber mats
HA BMP-2 106-600 pm [ 300-400 pm Tsuruga et al.
(1997)
Cap BMP-2 480, 720 pm (experiment) 480 pm Sun et al. (2013)
180-720 um (simulation) | 540 m
CSi-Mg6 fon 480, 600, 720 m 600 pm Qin et al. (2022)
P (DLLA-co-TMC) BMP-2 52+ 09 um - | Wang et al. (2017)
352+ 139 pm
PLLA Protein 50-350 pm Both 50-350 pm and 100 nm-10 pm Wang et al. (2016)
100 nm-10 pm both 50-350 um and
100 nm-10 pm

PEO: poly (ethylene oxide); PCL-PEG: polycaprolactone-poly (ethylene glycol); Cap: calcium phosphate; CSi-Mg6: 6 mol% Mg-substituted CSi (magnesium-substituted calcium silicate
scaffolds; P (DLLA-co-TMC): poly (D, L-lactic acid-co-trimethylene carbonate); PLLA: poly (L-lactic acid).
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Porosity

Pore diaeter

Carrier
material

Bioactive factors

Release pattern

BEEIENEES

86.0% 180 £ 10 pm PHB-pDA BMP-2 486% + 3.2%/1 day Liet al. (2019)
95%/30 days
63.0%- 600-800 pm Mg-Zn TCN 30%-40%/6 h Dayaghi et al.
65.0% (2019)
100%/16 h
710% 67.76  8.95 um DCB-ECM TGF-p3 40%/14 days Yang et al. (2021)
50%/42 days
69.4% 480 pm CSi-Mg6 Ton Fast release for 480 um slow release for | Qin et al. (2022)
720 um
69.8% 600 pm
62.9% 720 pm
73.6% 43131 = PLGA-n HA BMP-2 9.54%  0.86%/2 days Deng et al. (2019)
1840 um
6138% + 2.39%/30 days
64.6% 125 pm CS-HA Leariin 50%/8 h Liet al. (2013)
73%/24 h
80%/2 days
82.3% 400 pum n BG-PS-COL Steroidal saponin 18%/2 days Yang et al. (2017)
60%-70%/15 days
80%/35 days
80.0% 400-600 pm MBG-SA-G Naringin and calcitonin gene-related Sustained release for 21 days Wu et al. (2019)

peptides

PLGA-nHA: polylactic-coglycolic acid-nano-hydroxyapatite; CS-HA: chitosan-hydroxyapatite; nBG-PS-COL: nano-bioglass-phosphatidylserine-collagen; MBG-SA-G: mesoporous bioactive
L m—
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Scaffold
materials

Examples

Technique

Features

References

Metals

Bioceramics

Natural polymers

Synthetic polymers

Composites

Titanium alloy magnesium alloy
tantalum

Bioglass silicate alumina

Collagen silk fibroin

chitosan
hyaluronic acid

Polylactic acid polyglycolic acid

polycaprolactone

Polylactic-co-glycolic acid silk-
hydroxyapatite hydroxyapatite-
polycaprolactone

3D printing plasma
spraying

sintered metal powders

clectron beam melting

3D printing co-
precipitation method

High young’s modulus high
compressive strength

Low biocompatibility non-
degradability

corrosivity

Excellent biocompatibility convenient
osteoinductivity

selective laser sintering

3D printing
electrospinning

3D printing

electrospinning

3D printing freeze drying

chemical precipitation

electrospinning

High brittleness poor mechanical
properties

Excellent biocompatibility and
osteoinductivity low immune response

Poor mechanical properties

Good biocompatibility and
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