Biomedical cements with specific functions for orthopaedic and dental applications
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Since their introduction as restoring material for human hard tissues damage, calcium phosphate cement (CPC) underwent to progressive improvement, resulting in more advanced formulations characterized by better performances in terms of mechanical and biocompatibility behaviour. However, the proposed up to now cement formulations lack for antibacterial activity, and their properties can be improved by inserting metal dopant ions in the main cement formulation, like Ag+, Zn2+, Cu2+ and Fe, requested for applications in biomedical field. 

Introduction of vicariant ions affects hardening process as well as final mechanical, antibacterial and osteoconductive properties. Synthetic materials doped with Ag+ ions at low (non cytotoxic) concentrations, when used in bone graft replacement, are able to prevent associated infections. In this frame, Ag+ doped cement can act as reservoir of antimicrobial agents which could be provided directly at the implantation site. Also cement functionalized with Zn2+ ions represents an interesting option. The Zn2+ ion is an essential trace element which plays an important role in a variety of cellular processes, including DNA synthesis, bone formation (and growth), wound healing and enhancing the proliferation of osteoblastic cells.
Doping whitlockite (β-TCP) with Cu2+ ions leads to the formation of a blue calcium phosphate cement with optimal self-hardening properties. The partial Ca2+→Cu2+ substitution lowers the cationic hydration level, resulting in a facilitated release of constitutive hydroxyls and a low energy of formation of TCP from the apatite precursor at elevated temperatures. Thus, hardening process behaviour and final product ratio are driven by Cu2+  substitution, resulting in an inhibition of apatite formation as the secondary phase. The Cu2+ -doped cement exhibits antibacterial effect (versus E. coli, P. aeruginosa and S. enteritidis), which is proven to be not solely due to Cu2+ ions, but rather to the synergistic effect arising from cationic copper and a particular phase and aggregation state of calcium phosphate. Though inhibitory to bacteria, the Cu2+ -doped cement increased the viability of human glial E297 cells, murine osteoblastic K7M2 cells and especially human primary lung fibroblasts. Toxicity for bacteria and conductivity for the healthy cells are the dually effective activities emerging from interaction of Cu2+ ion when synergized with calcium phosphates. 
Self-setting Fe-doped bone-integrative cements containing two different concentrations of the dopant Fe were investigated. Structural, toxicity and osteoconductive assays have been studied. Strong crystal distortion characterizes Fe-TCP lattice and occur because of Fe atoms dislocation in two non-equivalent crystallographic sites and distributed over lattice positions. Reduction of the porosity of Fe-TCP with respect to undoped TCP leads to an enhancement of the mechanical properties. This can be explained by the presence of ultrafine nanocrystals in the final, brushite phase. The antibacterial activity of the cement against all four bacterial species analysed (E. coli, S. enteritidis, P. aeruginosa, S. aureus) increases proportionally with Fe ions concentration in cement. Furthermore, Fe-TCP cements exhibite osteoinductive activity, which is inversely proportional to the content of Fe ions in the cements. However, the excessive amount of iron must be avoided in order to get rid of detrimental effect on the induction of bone growth by osteoblasts in contact with the cement. 

Summarizing, the main purpose of this research is to develop functionalized antibacterial cements for several bone implant applications. The proposed cements substituted with 4 different doping ions were studied in order to investigate how each of dopants influences hardening process and structural, mechanical, antibacterial and possibly osteoconductive properties of the final phases. Particularly, we have been able to perform a real-time monitoring of structural evolution of cements by means Energy Dispersive X-Ray Diffraction technique. Results emerged from this and other characterizations have been correlated in order to fulfil the materials science’s paradigm of «composition-structure-property», that, in our case, can be detailed as chemical and phase composition of the initial and final CPC systems – micro- and nano-structure of material (grain size)- and its various functional properties, such as antibacterial and the osteogenesis promotion.
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