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Project objectives

The MEDDELCOAT project, driven by 7 dedicated complementary Hi-Tech SMEs, aims at the development of the next generations of multifunctional bioactive biocompatible coatings with biofilm inhibition and optimal implant fixation, that should eliminate the currently experienced need for implant revisions due to implant loosening and infections. In a combinatorial approach, new processing technologies will be developed and evaluated for surface structuring of the implant for fixation by osteointegration, the application of a biocompatible and bioactive top coating and the incorporation of a biofilm inhibiting functionality into the coating.

The envisaged radical innovations and major breakthroughs to achieve this goal are:
· Development of new substrate and coating materials with enhanced biocompatibility.
· Development of radically new or improvement of existing coating techniques for the processing of bioactive and biocompatible coatings with a graded interface (adhesion strength) and tailored porosity (bone in-growth). 
· In-depth understanding of the implant substrate/coating/bone interfacial structure, the design, engineering and control for optimal implant fixation.
· Novel knowledge on interactions between new coating materials and bacteria and effective biofilm avoidance/elimination routes 
· Evaluation of new biofilm inhibiting substances

· A formulation for the incorporation of the anti-infective substance into the coating
The S&T objectives to be realised are summarised in the table below

	O1
	The design and manufacturing of state-of-the-art dental, shoulder (glenoid and humeral bodies) and hip (stem and acetabular cup) implants suitable for the envisaged coating procedures. New substrates, such as nanostructured titanium-based alloys, will be developed and evaluated, aiming at a better biocompatibility compared to standard Ti6Al4V. The targeted E-modulus and fatigue strength of the new substrate material are respectively 100-120 GPa and 550 MPa.

	O2
	The development of bioactive glass (BAG), calcium phosphate and titania based precursors or powders for the processing of new bioactive coatings. The long-term fixation mechanism for the implant will be established by surface structuring or the deposition of porous Ti as an intermediate coating.

	O3
	Define guidelines for the microstructural, compositional, morphological and mechanical requirements for bioactive coatings with improved mechanical fixation (static coating adhesion strength > 40 MPa) and biofilm inhibiting functionality. Definition of the selection criteria for the coating/substrate systems to be tested in vivo. 

	O4
	To investigate the possibility to use state-of-the-art techniques such as plasma spraying to engineer the substrate-coating-bone interface in such a way to realise optimal implant fixation in combination with an additional bioactivity and biofilm inhibiting functionality. Nanocoatings deposited by combined metal and bioactive powder spraying will be investigated. 

	O5
	The development of coating techniques which are radically new for implants such as electrophoretic deposition, selective laser sintering and structuring, dip-coating, plasma enhanced chemical vapour deposition and laser assisted microwave processing that would allow to engineer the substrate-coating-bone interface in such a way to realise optimal implant fixation in combination with osteointegration and biofilm inhibiting functionality. 

	O6
	Microstructural characterisation of the BAG, calcium phosphate and titania based advanced multi-functional substrate-coating systems. 

	O7
	Mechanical characterisation of the BAG, calcium phosphate and titania based advanced multi-functional substrate-coating systems. The targeted adhesion strength is > 20 MPa for calcium phosphates and BAG, and > 40 MPa for porous Ti. The targeted adhesion strength for the multifunctional coating is 30 MPa.

	O8
	Modelling of thermal residual stresses, thermal treatments and material stability to assist coating design and engineering. 

	O9
	Study the importance of the composition and physicochemical properties of various substrate-coating systems produced by partners in the consortium on biofilm formation. Model micro-organism systems which closely simulate the in vivo or in situ conditions for each device will be used.

	O10
	To investigate and select the most suitable anti-microbial substances active during a reasonable and optimal period to reduce infection and biofilm formation to a minimum, and to investigate the impregnation and release of these selected anti-infectives from the new substrate-coating biomaterial systems in vitro.

	O11
	The best anti-infective/biomaterial combination will be tested in the Fisher rat model to confirm the in vitro results to validate the biofilm reactor approach by means of in vivo studies carried out using a unique ex-germ-free Fisher rat model.

	O12
	Biocompatibility testing of cell cultures of powders, abrasion debris and substrate/coating systems to study of the cytotoxicity of raw materials in an early stage of the project, and to evaluate the various substrate/coating systems and their abrasion debris to determine which are most relevant for bone regeneration and repair in order to select the most promising systems.

	O13
	In vitro bioactivity testing of coating/substrate systems to investigate the bioactivity and bioresorbability of the various coating-substrate systems with and without antibacterial substance, in order to evaluate their osteogenic potential and select the most promising systems for in vivo testing. 

	O14
	In vivo testing of bone bonding of the multifunctional coating/substrate systems using an adult rabbit model.

	O15
	Feasibility study of the upscaling of the coating technologies for the coating of implants.


The Consortium

58 % of the MEDDELCOAT consortium members are High-Tech SMEs that have a leading and decisive role in all workpackages and tasks and have the decision making power. The critical mass in this IP-SME project is represented by 11 highly competent research teams from 7 SMEs, 4 research organisations from 8 different countries and 1 European association of the medical technology industry in Europe.

In October 2008, MEAC left whereas AMES joined the Consortium. In January 2009. On January 15th 2009, HeliPro changed legal legislation number. In January 2010, Aalto-korkeakoulusäätiö (AALTO) Foundation took over the rights and obligations of the Helsinki University of Technology (TKK).
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	Dep. of Metallurgy and Materials Engineering (MTM), Belgium
Division Rega Institute for Medical Research (REGA), Belgium
	http://www.mtm.kuleuven.be/
http://www.kuleuven.be/bacteriology/

	LEMI
	Laboratoire d’Evaluation des Matériels Implantables (LEMI), France
	info@lemi.fr
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	Jozef Stefan Institute (IJS), Slovenia
	http://www.ijs.si/
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	LIMA-LTO S.P.A., Italy
	http://www.lima.it/
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	HELIPRO d.o.o., Slovenia
	http://www.HeliPro.si/

	[image: image8.jpg]



	Helsinki University of Technology (TKK), Finland
	http://www.tkk.fi/
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	Microwave Energy Application Company (MEAC), Belgium
	http://www.MEAC.be/
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	Institute of Mechanics of Materials and Geostructures (IMMG), Greece
	http://www.immg.gr/
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	Alhenia AG, Switzerland
	http://www.alhenia.com/
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	HEMOTEQ AG, Germany
	http://www.Hemoteq.com/

	[image: image13.jpg]UNIVERSITAT]|
BAYREUTH





	University of Bayreuth, Germany
	http://www.uni-bayreuth.de/
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	EUCOMED, Belgium
	http://www.eucomed.be/
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	Advanced Microwave Energy Systems (AMES), Belgium
	http://www.ames-energy.eu/
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	HELIPRO d.o.o., Slovenia
	http://www.HeliPro.si/
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	Aalto-korkeakoulusäätiö (AALTO), Finland
	http://www.tkk.fi/


The consortium comprises high-technology research teams from each step in the complex processing chain and evaluation aspects of biomaterials including; material producers, powders, coatings, surface treatments, mechanical testing, biocompatibility evaluation, in vivo testing, microbiology, drug delivery systems, modelling and testing, and basic materials and processing development. 

Results achieved

· AALTO designed and developed a Ti-Nb-Zr (TNZ) alloy with silicon addition.

· LIMA processed and characterized Ti13Nb11Zr (TNZ) material from nanostructured powders. Bars are available.
· UoB redesigned and upscaled their lab-scale microwave assisted process for the synthesis of nanometer sized TiO2 

· KUL-MTM established a complete processing route for bioactive glass (BAG).
· IMMG established a scratch procedure and experimental set up, suitable for relatively thick implant coatings, based on the relevant standard ASTM C 1624-05. 

· IMMG designed a specific sample geometry and modified machine for small specimen shear testing in pure shear loading.

· IMMG constructed a testing bench for combined multiaxial testing of implant specimens, able to simulate the real loading conditions of dental, hip and shoulder implants.
· AALTO established a set of critical input data on bioactive and Ti-base materials for the modelling and generated a set of 3D models for FEM analysis of real implant components that could be tested for general loading cases.

· AMES and KUL-MTM realised hybrid microwave heating of the reference disc substrate geometry in the 1000-1100°C temperature region in a He atmosphere. 

· Supply of dental and shoulder implants (LIMA) and hip implant components (HeliPro) is established 

· AALTO supplied small test pieces of a new Ti-Nb-Zr-Si (TNZS) alloy (as cast: 1-1.5 wt % Si, 10-12 % Zr, 9-10 % Nb, 0.3-0.5 %Al, <0.3 % V, balance Ti). Initial tests revealed a faster formation of HA in SBF than for Ti6Al4V. 

· LIMA processed and characterized Ti13Nb11Zr (TNZ) material from nanostructured powders. Bars are available. Combination of extrusion + hipping and extrusion + hipping + forging was assessed to improve the elongation.
· KUL-MTM established a bead milling procedure to allow contamination-free milling of bioactive glass (BAG) down to the 1 µm range.

· IJS explored the sol-gel synthesis route to synthesize BAG powder.
· UoB realised the first generation of advanced multi-functional substrate-coating systems, composed of an anodised porous Ti interlayer established by the fugitive salt method.

· KUL-MTM realised to deposit a porous Ti coating on top of a Ti6Al4V substrate by means of electrophoretic deposition of TiH2 powder and subsequent annealing in the 800-950°C region (below the -transition temperature of the substrate).

· IJS investigated the formation of a TiO2 coating on a Ti6Al4V alloy by means of hydrothermal treatment, allowing to realise a wide range of microstructural featured anatase coatings.

· AMES and KUL-MTM realised hybrid microwave heating of shoulder and acetabular cup implants in the 1000-1100°C temperature region.

· IMMG successfully mechanically characterised samples of the first generation of advanced multi-functional substrate-coating systems (UoB) by means of static shear test (lap shear test), their patented scratch testing at constant depth mode and dynamic shear testing using a special experimental configuration. The mean shear strength calculated from the scratch test data were close to the findings of the static shear test within 10 %.
· AALTO realised a thermodynamic optimisation of the quaternary Ti-Nb-Zr-Si (TNZS) system, establishing an updated thermodynamic database.
· AALTO acquired the necessary input data and established a micromechanical model to analyse the effective properties such as elastic modulus, thermal expansion, etc. of possible material combinations out of Ti, Ti6Al4V, HAP and BAG.
· AALTO developed a calculation algorithm that should allow simulation of thermal-mechanical behaviour of complex shape implants during sintering. The algorithm has been tested for the inverse humeral part.
· KUL-REGA assessed the impact of the roughness and surface modifications of Ti-based substrates on staphylococcal biofilm formation by means of viable colony forming units counting, quantitative PCR, and confocal laser scanning microscopy analysis.
· Hemoteq successfully applied low and high dose Aminoglycoside palmitate as well as pure Aminoglycoside drug eluting coatings on glass and porous vacuum plasma sprayed Ti substrates by means of spray coating.
· LEMI completed cytotoxicity testing on a wide range of powders and substrates supplied by the project partners. The first results of in vitro characterisation of human cell-coating interaction and bioactivity and resorbability testing of coatings are available.
· AALTO analysed the decomposition of TiH2 and sintering kinetics of the formed porous titanium, HAP and BAG.

· AALTO developed an algorithm for dilatometer (DIL) sintering data extraction. The algorithm is only applicable for solid state sintering and in the absence of phase changes. Basic viscosity and sintering kinetics data could be extracted from a single dilatometer curve using the presented algorithm, providing the test conditions are adequate. The model was validated for HA powder.
· AALTO established a formula to correlate the experimental drug elution profiles, obtained at Hemoteq, with the drug composition, acid addition and time. This will allow not only reasonable prediction of the elution but also the possibility to compare integral parametric values of the process. In a later stage, this will allow a multi-objective optimisation of the drug delivery coatings design.

· AALTO improved the calculation algorithm allowing simulation of thermo-mechanical behaviour of complex shape implants during sintering, focussing on dental, glenoid and acetabular cup. All 3D cut-off models except cup (still in progress) were successfully meshed with thin functional layers. 

· AALTO assessed the phase equilibria of the new Ti-Nb-Zr-Si (TNZS) alloy at different temperatures, allowing to design thermal treatments for the optimisation of the microstructure and concomitant mechanical properties.
· AALTO supplied re-casted rods of the new Ti-Nb-Zr-Si (TNZS) alloy for evaluation.
· The new TNZS alloy showed a similar HOC cell adhesion, but better proliferation than the state-of-the-art VPS-Ti coatings and plain Ti6AlV4 alloy.

· LIMA assessed the mechanical properties of the new TNZS alloy material from AALTO.
· IJS established a sol-gel synthesis route to synthesize BAG powder from calcium nitrates.
· KUL-MTM established a sol-gel synthesis route to synthesize BAG powder from alkoxides.
· UoB realised a colloidal microwave hydrolysis process for niobium, silver or co-doped Nb-Ag TiO2 nanopowders.
· KUL-MTM realised to deposit a porous Ti coating on top of a Ti6Al4V substrate by means of electrophoretic deposition of TiH2 powder suspensions and subsequent annealing in the 800-950°C region (below the -transition temperature of the substrate).

· KUL-MTM realised to deposit a porous Ti coating on top of a Ti6Al4V substrate by means of electrophoretic deposition of TiH2 powder emulsions and subsequent annealing in the 800-950°C region (below the -transition temperature of the substrate).

· KUL-MTM realised a BAG coating on a humeral body (shoulder implant component) by means of spray coating and vacuum sintering.

· KUL-MTM realised BAG coatings on solid (continuous coating) and porous Ti coated substrates (fragmented coating) by means of electrophoretic deposition and vacuum sintering.

· KUL-MTM realised thin BAG deposits inside the pore structure of porous Ti coated substrates by means of spin-coating of sol-gel derived BAG, followed by vacuum sintering.
· IJS realised the formation of a micrometer thin TiO2 coating on a Ti6Al4V alloy by means of a hydrothermal treatment, allowing to realise a wide range of microstructural featured anatase coatings. Nanometric as well as micrometer sized crystal coatings can be realised.

· LIMA assessed the mechanical and fatigue properties of Ti13Nb11Zr (TNZ) material from nanostructured powders.
· IMMG expanded its methodology to measure the interphase shear strength between coating and substrate for the case of thin coatings, ranging from a few nanometers up to a few micrometers, exploiting the nano-scratching and nano-imaging ability of an atomic force microscope (AFM).
· IMMG developed a mathematical model correlating force and deformation components along and normal to the scratch direction. The model calculates the deformation work per unit volume of the removed material, based on measurement of normal and lateral forces during scratching and on measurement of the resulting trench geometry. Therefore the AFM operates, alternately with the same hard cantilever, as a scratching device and as an imaging (non-contact mode) 3D microscope. Brittle, semi brittle and ductile material behaviour is considered under mixed normal and shear loading. 

· KUL-REGA assessed the impact of the roughness and surface modifications of Ti-based substrates on staphylococcal biofilm formation by means of viable colony forming units counting, flow cytometry and confocal laser scanning microscopy analysis.
· Hemoteq successfully applied low and high dose aminoglycoside/fatty acid drug eluting coatings vacuum plasma sprayed Ti substrates by means of spray coating, and assed the drug elution profiles.
· LEMI completed cytotoxicity testing on a wide range of powders, substrates and substrate/coating systems supplied by the project partners. 
· LEMI completed cell adhesion and proliferation studies (HEC and HOC) on a wide range of substrates and substrate/coating systems supplied by the project partners. 
· KUL-REGA showed that the presence of an Ag top coating significantly reduced staphylococcal biofilm formation and growth
· AALTO extended the viscoelastic and damping analysis of bioactive glass giving a possibility to approximate the sintering process using a single pore site (micropore model) where different curvatures, which could exist in the porous Ti layer, have been considered. The inelastic stresses and strains history have been recorded and demonstrated.

· AALTO developed a microfluidic poroelastic model for a porous Ti coating simulating a real osteoconduction process by imposing an oscillating shear load and a microfluidic flow inside the pores induced by it. This model calculates the mechanoregulation index and fluid flow at applied oscillating stresses. These data might be used for drug elution simulation in real systems, if the kinetic data will be known (the physical model for drug elution in a porous media has been set up but not yet calculated due to eventual lack of reliable data of the selected drug partition, dissociation, chemical reaction rates and metabolic constraints).

· AALTO conducted microwave drying experiments on sol-gel derived BAG suspensions.

· AALTO successfully 3D meshed all implant geometries and the sintering simulation was carried out for dental implants and a femoral cup. However, to match the calculations to realistic new materials, real properties of novel materials (BAG, EPD-Ti via TiH2-method, etc.) are required: dilatation, elastic modulus, thermal conductivity, strength, adhesion as function of temperature and in some cases of heating rate, which is essential from the point of view of the models validation. 

· AALTO simulated the FM1000 glue curing test on a porous coating and the problem of improper curing leading to scatter in adhesion strength data has been solved.

· AALTO conducted a meta-analysis on the biofilm formation data supplied by KUL-REGA allowing to reveal basic correlations for the inhibition of biofilms by means of a selection of optimal coating and substrate. Although this provides only general trends due to limited data, the results indicate the desirable directions in coating design with less biofilm affinity probability.

· AALTO filed an invention application on the “bone-implant enhanced simulation test” (B.E.S.T.). This work is also being performed under IMS MTP “Intercoatings” initiative.

· KUL-MTM established a sol-gel processing route for the production of 3 and 4 component BAG by means of an alkoxide precursor. 
· KUL-MTM determined the residual stresses in different coating by means of X-ray analysis. 

· KUL-MTM performed abrasion tests for different coating/substrate systems and delivered the generated wear debris to LEMI for further biocompatibility testing.

· KUL-MTM characterised the crystallisation behaviour of BAG by means of high temperature XRD.

· KUL-MTM further optimised the deposition of a thin BAG layer inside the pore structure of porous Ti coated substrates by means of spin-coating of sol-gel derived BAG, followed by vacuum sintering, samples for in vitro as well as in vivo testing were provided.
· KUL-MTM delivered porous Ti coatings on top of a Ti6Al4V substrate (by means of electrophoretic deposition of TiH2 powder suspensions and emulsions and subsequent annealing in the 800-950°C region) for in vitro testing, scratch and shear testing and further coating to the different partners.

· KUL-MTM realised to deposit a porous Ti coating on top of a HeliPro cup by means of electrophoretic deposition of TiH2 powder suspensions and subsequent annealing in the 800-950°C region (below the -transition temperature of the substrate).

· KUL-MTM performed an upscaling feasibility study for both the porous Ti coating processes and the sol-gel synthesis of BAG 
· IJS optimised the hydrothermal treatment of Ti6Al4V and Ti-coated alloys. 

· IJS optimised the synthesis of bioactive glass powder by particulate sol-gel techniques.
· IJS characterised the interphase between BAG coatings and Ti6A4V substrates on a nanoscale level by means of TEM.

· Hemoteq defined a biofilm inhibitor formulation for porous Ti coated implants.
· LEMI conducted a full in vitro assessment of the coating/substrate systems by means of HEC and HOC/coating interaction, i.e. attachment and proliferation, cytoskeleton and focal adhesion, and cell differentiation.

· UoB realised upscaling of the MAO coating technology for acetabular cups.
· KUL-MTM realised upscaling of the EPD technology for acetabular cups and glenoids.
· AMES & KUL-MTM realised upscaling of the hybrid microwave sintering cavity.

Project website

K.U.Leuven-MTM maintains a project website and registered the following address: http://www.meddelcoat.eu/ . There is a public section that gives basic information about the project and partners and publications. The members area is password protected. All project documents are available for the members in this member area. This website is regularly updated by K.U.Leuven-MTM.
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