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Bioactive glasses and Calcium Phosphate bioceramics have emerged as promising scaffold biomaterials for bone tissue engineering. These materials possess inherent osteoinductive properties that work to create a more suitable environment for bone tissue formation. Additionally, these scaffolds exhibit dissolution properties when submerged in physiological fluids in vivo and therefore can release different ions. Incorporating therapeutic ion-modifiers that have independently demonstrated their osteogenic favorability to these scaffolds can further increase environmental suitability. This review discusses the favorable properties of bioactive glasses and Calcium Phosphate bioceramics in the context of Bone Tissue Engineering as well as potential incorporable metal ion-modifiers.
Keywords: smart scaffolds, bone tissue engineering, scaffold optimization, biomaterials, ion-doped modifiers, bioactive glass, extracellular matrix (ECM)
1 INTRODUCTION
Bone tissue engineering (BTE) is an emerging subsect of regenerative medicine that offers an alternative treatment to bone fractures and segmental defects—both of which pose as a notable source of patient morbidity. Current treatments comprise mostly of allografts or synthetic grafts, and are estimated at a staggering annual cost of $5 billion in the US alone (Perez et al., 2018). To circumvent the common limitations of graft rejection or infection, BTE has been continually explored as a novel method in tissue repair.
Current approaches to BTE typically use mesenchymal stem cells [MSCs] and specific bioactive molecules to develop and promote the formation of new bone tissue, a process otherwise known as osteogenesis. Tissues produced by BTE must be able to fully integrate with host bone while also performing native functions like locomotion, electrolyte maintenance, load-bearing etc (Amini et al., 2012). In recent years, different inorganic ions have been researched to have therapeutic effects and hold significance in bone tissue formation (Schatkoski et al., 2021). While still not fully understood, certain osteogenic properties have been validated and their incorporation with an ECM-like scaffold help promote bone repair and regeneration (Motamedian et al., 2015). Although exogenous scaffolds primarily provide mechanical support and nutrient perfusion, to be in a stable in vivo environment they must also mimic normal ECM cues that accurately modulate cell behavior (Echeverria Molina et al., 2021). Various methodologies have already been established to yield functional scaffolds; further osteogenic optimization must also focus on specific biomaterials targeting these properties.
“Smart” scaffolds in BTE are comprised to act as environmentally sensitive vehicles for different osteogenic biomolecules. They can exert stimulating effects on tissues to increase stem cell attachment, differentiation, and continued proliferation (Motamedian et al., 2015). Among researched biomaterials, Calcium phosphate (CaP) bioceramics have emerged as suitable for BTE due to their osteoinductive abilities and structural similarity to native bone (Wei et al., 2022). The abundance of CaP crystals in native bone indicates their favorable properties and has thus become a central focus of bioceramic development. Similarly, bioactive glasses [BGs] have also emerged as an extremely promising biomaterial and are able to rapidly form a continuous bond with host bone. This bond allows seeded MSCs and other proteins to begin integrating with the native bone environment.
Additionally, the smooth incorporation both biomaterials have with inorganic metal ions as a bioactive molecule favors their use further. These ions and their displayed properties are critical in establishing a stable environment. This study reviews the attributes of CaP bioceramics and bioactive glasses as a scaffold material for BTE and discusses different osteogenic properties of therapeutic ions to improve bioactivity.
2 BIOMATERIALS OF BTE SMART SCAFFOLDS
2.1 Calcium phosphate bioceramics
“Bioceramics” is an umbrella term to encompass a vast range of biocompatible inorganic non-metallic materials (Brunello et al., 2020). They vary from inert ceramic oxides to resorbable materials that are replaced by tissue following a period of time. Bioceramics are under consideration as a scaffold material mainly due to their mechanical and load-bearing properties, which are important attributes for hard tissue engineering (bone, teeth, etc.). However, in recent years large strides have been made in the development of bioceramics possessing intrinsic osteoinductive properties (Ginebra et al., 2018).
In bone ECM, calcium phosphate crystals act as a mineral phase to reinforce a collagen fiber network (Ginebra et al., 2018). Many different CaPs have demonstrated their presence can trigger differentiation of osteoprogenitor cells and lead to bone formation (Ginebra et al., 2018). Moreover, CaP bioceramics partially dissolve in vivo, resulting in higher local calcium and phosphate ion concentrations. This property contributes to a better osteogenic capacity and has been established in studies since the 1990s (Daculsi et al., 1989; Klein et al., 1994; Eliaz and Metoki, 2017). This dissolution can also release other ion-modifiers present within the biomaterial.
The hierarchical porous structure of bone, ranging in size from 20 to 400 μm (Vallet-Regí et al., 2011), is necessary for proper cell adherence and proliferation; CaP bioceramics have traditionally been macroporous (∼100 μm) to accommodate osteocytes and allow for bone tissue ingrowth. Recent studies conducted on scaffold porosity have demonstrated that an increase of pore volume and specific surface area may significantly accelerate bone formation by enhancing protein and cell adhesion (Eliaz and Metoki, 2017). Studies conducted on high porosity CaP particles have suggested that their pore distribution does enhance protein adsorption qualities (Li et al., 2008; Zhu et al., 2010).
Similar to increased porosity, cell adhesion is also influenced by the inherent surface properties of CaP bioceramics. Attributes like surface roughness, surface charge, and percent of crystallinity all play a role in cell attachment and can be modified with other derivatives (Samavedi et al., 2013; Poli et al., 2019). Surface roughness mainly influences attachment by the grain size of CaP crystallites and particle size (Samavedi et al., 2013). This roughness differs depending on bioceramic composition, but most provide a favorable environment for adhesion and continued proliferation.
Although numerous studies have been conducted to verify the advantageous nature of CaP bioceramics, its main problem limiting clinical applications originate from its poor mechanical properties. CaP crystals are commonly characterized as brittle and possess relatively low tensile strength (Ambard and Mueninghoff, 2006). This incurs significant limitations of bone tissue grafts, where mechanical properties are of the utmost importance. Because of this, steps have been taken to try to adjust certain mechanical features. One strategy is to explore the development of composite materials with contrasting ratios of bioceramics and polymers (Brunello et al., 2020). Preliminary studies using polymers like polyethers and ketones, or acids like PLGA have shown to increase load bearing capacity and strain, but more research needs to be conducted for definitive conclusions to be stated (Zong et al., 2014; Yu H. et al., 2018). Once an optimized CaP bioceramic material is created, normal scaffolding methodologies can be used, substituting the CaP bioceramic as the main biomaterial.
2.2 Bioactive glass
Like bioceramics, bioactive glasses are an extremely attractive material for BTE due to their ability to attach to bone and induce bone formation. These materials are categorized as silicate-based materials with a Si-O-Si bonding network compatible with human tissue. With the addition of different ion modifiers, new derivatives of the Si-O-Si network can be constructed (Jones et al., 2010). A unique property of BGs allows for the release of various metallic ions from its glass structure, and with this researchers can obtain favored biological effects from tissue samples (Kargozar et al., 2019; Westhauser et al., 2020a). These ionic dissolution products permeate the native bone environment and affect osteoinductive ability, seemingly upregulating multiple gene families associated with bone production in vivo (Crush et al., 2021).
The osteogenic properties of BGs and their ability to release significant amounts of ions into the surrounding medium is a result of their inherent atomic structure. When submerged in physiological fluids present in the body, BGs become partially soluble (Vallet-Regi and Salinas, 2021). This causes an ionic exchange between BG material and protons in the solution, forming hydroxyl groups as a product (Crush et al., 2021). Further ion exchange also releases silicon from the BG and leads to the formation of a preliminary silica gel layer. Incorporation of hydroxyl groups and carbonate groups atop the silica gel layer creates a hydroxyl carbonated apatite [HCA] layer (Crush et al., 2021). This biologically compatible layer establishes as a continuous bond and rapidly interfaces with living bone in vivo (Yu Y. et al., 2018). Proteins and osteoprogenitor MSCs within the BG scaffold are drawn to the bone surface after the formation of the HCA layer, and start to integrate with native bone (Crush et al., 2021). This process is highlighted below in Figure 1.
[image: Figure 1]FIGURE 1 | Simplified schematic of Bioactive Glass establishing continuous HCA bond, allowing for bioactive modifier and osteoprogenitor stem cell interfacing.
Although preliminary bioactive glasses displayed improved bioactivity, its chemical/structural limitations and crystallization tendencies oftentimes prevent viable BTE scaffolds from being fabricated. Factors like temperature and viscosity range may break certain bonds in the glass network and allow it to rearrange to a weaker crystalline structure (Arstila et al., 2007). Like CaP bioceramics, BGs tend to display weak mechanical and stress bearing properties. To accommodate native bones’ requirement of increased porosity, mesoporous bioactive glasses [MBGs] have recently garnered much attention. MBGs possess a similar composition to traditional BGs and can still be modified into different derivatives by ion substitution processes. However, their highly ordered mesoporous structure and high pore volume allow them to display unique structural characteristics, further improving biocompatibility and presenting great potential for future applications (Zhang et al., 2016; Wang et al., 2019). In addition, different fabrication techniques can affect the mechanical properties of MBGs; novel 3-D printing methods have shown to increase the mechanical strength of MBG scaffolds by almost 200 fold (Wu and Chang, 2012).
3 VARIOUS OSTEOGENIC INORGANIC-ION MODIFIERS
Ion-functionalized scaffolds are composed of ion-doped (ion-modified) materials conducive to bone tissue regeneration. Incorporating different ion-doped bioceramic or BG materials in a novel scaffold may enhance an osteoinductive and stable environment for tissue proliferation. Current ions being researched presently were discovered at a higher concentration in native bone tissue or in localized trace elements observed in vivo. The effects of some ions are more known, while others are still under observation.
3.1 Calcium
Many different bioactive metal ions have been tested in the context of bone repair, with calcium being a prime example (Jiang et al., 2021). Being a core component of CaP bioceramics, its osteoinductive properties have been studied extensively. As the most abundant mineral in the body, it has a well-defined critical role; its extracellular presence is detected by the calcium sensing receptor (CaSR) and serves as a stimulus for differentiating MAPK signaling pathways (González-Vázquez et al., 2014). CaSR is a G-protein coupled receptor whose expression in osteoblasts plays a vital role in cell regulation (Ye et al., 2016); an increased concentration of Ca2+ ions significantly promotes osteogenic differentiation and bone marrow stem cell proliferation (Ye et al., 2016; Jiang et al., 2021). Multiple in vitro studies demonstrate that calcium loading into scaffolds encourages osteoinduction in MSCs (Motamedian et al., 2015; Aquino-Martínez et al., 2017; Lim et al., 2017; Lee et al., 2018).
3.2 Silver
Silver ions are known for antibacterial properties and have been shown to inhibit bacterial growth when released as a dissolution product (Hoppe et al., 2011). In a recent study conducted employing a rabbit model, preparation of a 3D-porous composite scaffold utilizing Ag+ ions was shown to have effectively eliminated bacterial infection and inhibit biofilm formation while still promoting bone repair (Weng et al., 2020). Furthermore, additional studies conducted using silver nanoparticles show significant enhancement of bone cell mineralization and differentiation (Deng et al., 2018; Qing et al., 2018). This indicates minimal interference with osteogenesis markers, and thus harbors a strong future potential for the use of silver as an antibacterial agent.
3.3 Strontium
Due to its physical and chemical properties similar to calcium, strontium has been widely researched in relation to bone regeneration. In osteoporosis, a strontium based drug derivative has been commonly used for treatment; this element can be substituted in lieu of calcium in certain regions of bone mineral (Kargozar et al., 2019). By upregulating osteoblast marker genes, strontium itself has shown to enhance osteogenic differentiation while also inhibiting osteoclast activity (Yang et al., 2011; O’Neill et al., 2018). Several iterations of BGs and CaP bioceramics have been developed where calcium is partially substituted with strontium, and most studies conclude a greater osteoconductive effect on new bone formation (Kargozar et al., 2019; Fredholm et al., 2012; Hoppe et al., 2014; Bellucci et al., 2018). However, this substitution does little to change the poor mechanical properties of these biomaterials and is a separate concern that still needs to be addressed.
3.4 Zinc
Zinc ions are an essential trace element required for normal skeletal growth; its ability to induce collagen synthesis and bone mineralization notably help enhance osteogenesis and has been demonstrated in vitro using fibrous scaffolds (Yang et al., 2011; Lim et al., 2017; Deng et al., 2018). Like strontium it helps support osteogenic activity while also simultaneously suppressing osteoclast activity (O’Neill et al., 2018). Additionally, like silver zinc is able to provide anti-bacterial activity and is also recognized as an antioxidant and inflammatory agent (O’Neill et al., 2018; Neščáková et al., 2019). Direct effects of zinc on bone cells are still not completely understood, yet its substantial impact in relation to bone growth have prompted future avenues of research employing Zn-containing BGs and bioceramics.
3.5 Other ions
Many more ions have been subject to extensive scientific examination in the context of BTE. In a microenvironment as complex as native bone tissue, an abundance of ions is of little surprise. However, research is still being conducted on the most impactful ions that would best be incorporated into a functional scaffold. Table 1 summarizes the biological responses of other common inorganic ions currently being explored in the context of BTE. Notably, many of these ions have only been explored preliminarily to identify their effect on osteogenic activity and no definitive conclusions with modified scaffolds have been made yet. The possibility of heavy metal poisoning with different ion concentrations is one significant concern that still needs proper evaluation, along with others. Because of these concerns and also due to the preliminary stage the research is in, most studies have been done in an in vitro environment.
TABLE 1 | Summary of Biological Effects of other Common Inorganic Ions for BTE.
[image: Table 1]4 CONCLUSION AND FUTURE PERSPECTIVES
In the pursuit of an optimized scaffold for bone tissue regeneration, many of these ion-doped materials could serve as an addition to a novel scaffold to further promote a stable osteogenic environment. Recent experiments over the last decade have successfully created distinct ion doped BGs and CaP bioceramics as scaffold materials. Many of these were created using existing fabrication techniques that facilitate ion deposition onto the surface of the biomaterial. Depending on the specific ion used and its effect on osteogenesis, different optimization properties were observed. Although current studies are still in preliminary stages, the osteogenic potential demonstrated using inorganic ions strongly indicate its future potential and various clinical applications.
Multiple future directions of research are available to translate these in vitro results into functional scaffolds capable of supporting grafts for clinical use. Primarily, biomaterial enhancement with polymer-based materials needs to be investigated more thoroughly. Although BGs and CaP bioceramics have proven to be a bone conducive scaffold material, severe mechanical and structural limitations prevent them from ever becoming a truly functional bone tissue scaffold. Identifying directions of structural enhancement can help change their inherent mechanical properties and increase stress bearing capabilities.
Additionally, the use of biomaterials with multiple functional ion-modifiers characterizes a promising direction for research. Current scaffolds have only utilized one ion at a time to generate osteoinductive effects. An ideal scaffold would incorporate multiple therapeutic ions, with each modifier factoring their own unique properties. Multiple ion modifiers would also better mimic the bone microenvironment and increase the overall functionality of the scaffold. Once a suitable scaffold has been created, the next step is to resolve the long-term direct effects of ions. This can be studied upon in vivo animal implantation with a functional scaffold to ensure the safety of inorganic metal ions in long-term grafts. While the prospect of fabricating a fully optimized scaffold for BTE may seem far-fetched, the promise of so many potential avenues of research present it as an attainable goal that scientists around the world can set their sights on.
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