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4.1 Final publishable summary report  

4.1.1 Executive summary  

Meridian has developed novel interfacing technologies for peripheral nerve system (PNS) prosthetic 
devices by exploring the potential of nano-crystalline diamond thin films, prepared by plasma 
enhanced chemical vapor deposition, and innovative type of neuron engulfing electrodes.  Diamond 
is ultimately biocompatible and chemically stable, opening up exploration of chronic prosthetic 
devices, improvement of voluntary control artificial limbs and artificial devices for neuro-
regenerative strategies.  
 
The results of the Meridian were as follow:  

1. By suitable chemo functionalization MERIDIAN demonstrated that diamond is a suitable 
substrate for permissive outgrowth of neurons1 as well as suppression of fibroblasts for both  
in vitro and in vivo tests. 

2. MERIDIAN has developed and tested performance of the in-cell recording approach2 by 
recording the electrophysiological activity from neurons in vitro conditions using mushroom 
shaped electrodes. Structural analysis of gold mushroom-shaped microelectrodes (gMuE) 
coated by NCD were conducted. Electrophysiological recording experiments enabled field 
potential recordings from rat cortical neurons cultured on flat diamond MEAs. The highlight 
of MERIDIAN is the success of recording intracellular synaptic- and action-potentials from 
striated muscle fibres innervated by motor neurons in culture using extracellular gM"E. 
This supports the hypothesis presented in the original MERIDIAN proposal that striated 
muscle fibres can function as bio-amplifiers to efferent CNS motor impulses that can be 
implemented in brain control prosthetics.  

3. The diamond electrodes were tested using several in vivo applications. Using extraneural 
electrodes (C-LIFE), it has been shown that the electrochemical performance of BNCD 
neural stimulation electrodes in vivo exceeded that of smooth TiN. Both extraneural and 
intraneural BNCD devices demonstrated remarkable in vivo biocompatibility, as revealed by 
minimal inflammation and reduced fibrous encapsulation. The implanted devices displayed 
long-term mechanical stability, thanks to the improved design and surface properties. 

4. Important test have been executed on newly designed intra-neural electrodes (SELINE). 
Chronic in vivo tests were performed to test the stability of SELINE electrodes implanted 
into the sciatic nerve of rats and chronic stability in terms of recruitment curves and 
selectivity has been demonstrated.  

5. MERIDIAN has developed a planar regenerative electrode that is inserted into tailored 
nerve guides, which, after being implanting allowed the axons to regenerate through the 
channel over the electrode. The use of thin-film technology and novel technologies for 
delivering growth and neurotrophic factors via microspheres allowed construction of a 
device suitable for peripheral nerve applications. 

6. The intra-muscular diamond electrodes integrated with polyimide were developed in 
MERIDIAN. A linear platinum electrode array with the same polyimide substrate and 
dimensions as MERIDIAN electrodes was used in the experiments. It was demonstrated that 
the developed electrodes are suitable for multivariate intramuscular recordings in human 
subjects. An entire signal processing chain for a real-time control of prosthetic systems 
based on the decomposition of neuro-muscular signals was developed and successfully 
evaluated. The proposed techniques have the potential to significantly improve the control 
of novel, multifunctional hand prosthesis tested in the MERIDIAN consortium. 

                                                
1 Ojovan et al., Frontiers Neuroengineering, 2014 
2  Spira et al, Nature Nanotechnology, 2013!
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4.1.2 Summary description of project context and objectives.  

The objectives of MERIDIAN project were as follows: 
 
1. Development of CVD nanodiamond technology for fabrication of microelectrode arrays (MEAs) 
with nanostructured electrode shapes for tight engulfing by neural cells and integrating this 
technology platform with flexible substrates to produce a novel generation of biocompatible 
implants with low biofouling, high chemical stability and high electrochemical potential window 
and high signal/noise ratio: 
 
CVD diamond films were optimised in terms of their electrical and electrochemical performances 
via an extensive series of testing and feedback optimisation. As a result of the tests highly 
conductive Boron doped diamond layers have been fabricated suitable for the use as neural 
electrode material. At the same time pin-hole free isolating diamond coating have been fabricated 
serving as electrode protection capping. MERIDIAN has developed the technology of integration of 
the conductive boron doped and insolating un-doped diamond layers with the Microelectrode Array 
(MEA) technology and fabricated via a highly complex technological pathway 3 dimensional 
mushroom-shaped microelectrodes and integrating them into the MEA structures. Finally 
MERIDIAN has developed flexible electrodes that are combining polyimide with diamond 
technology. These electrodes can be used as intraneural devices or as EMG devices for reading 
motor neuron signals via muscular recording. 
 

   
 
Figure 4.1.1: detail of planar diamond electrode and technology for e-beam pattering and integration of 
mushroom-shaped diamond microelectrodes. 

 
2. Development of large area low-temperature CVD nanodiamond growth, which would 
significantly simplify the technology of preparation of flexible diamond substrates and make then 
very highly cost effective. This concept is based on using novel plasma-enhanced CVD (PE CVD) 
linear antenna MW delivery. 
 
Innovative SME Nano6 has successfully developed the technology procedure allowing deposition 
of diamond films over large areas and at low temperatures, this enabled novel pathways for 
integration of diamond electrode with flexible polymer material such as polyimide by direct 
deposition of diamond on polymer coated silicon wafers and significantly reduced the complexity 
of top - down integration processes and the production costs, testing principles for large-scale 
production.  Nano6 has also used their technology for large-scale production of electrodes to be 
tested in the project.  
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Figure 4.1.2: BNCD layers on Urinary Incontinence Electrodes.  

 
 

3. Optimisation of the neural cell engulfment strategies, based on detailed optimisation of the 
electrode shape and chemical functionalization with suitable biomolecules to promote tight contact 
of neural cells with nanostructure/mushroom shape of electrodes by electrode phagocytosis. 
MERIDIAN prospection of the pathway where the nanoelectrode is interfaced to myocytes acting 
as a biological relay-amplifiers amplifier. To test these hybrid structures in vitro and in vivo tests 
were carried out, including complex neural network analysis with specific electronics giving 
detailed neurophysiological characterisation. 

 
Meridian has optimised the surface functionalization of diamond allowing highly effective neuron 
growth on flat and 3D mushroom-shaped microelectrodes. Several chemical functionalization 
strategies have been carried out ranging from peptide functionalization to using poly-D-lysin, or 
monolayer of polyethylene imine (PEI). Biocompatibility and the stability of the developed 
strategies was extensively tested. These strategies were important for exploration of diamond 
electrodes for in vitro and in – vivo electrodes. 

 
   
 

Figure 4.1.3: EM image of embryonic hippocampal neurons cultured on PDL-laminin functionalized NCD, 7 
DIV on flat diamond ater and on 3D diamond mushroom shaped electrodes.  Confocal image of 
immunelabeled hippocampal cells of embryonic neurons cultured on PDL-laminin functionalized NCD, 10 
DIV 
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4. Thorough biocompatibility and cytotoxicity testing MERIDIAN will use the developed 
technology of nanostructured diamond electrodes on flexible substrates to improve existing 
products on the market:  

 
MERIDIAN has developed diamond coating for Urinary Incontinence Electrodes that have been 
tested in vivo in preclinical study and benchmarked to TiN coated electrodes. Diamond has 
performed extensively well. The animals did not display signs of infection, abnormal wound 
healing, or unusual behaviour over the experimental period. Macroscopic analysis of the tissue 
around the implants at both time points showed no signs of abnormal wound healing. The 
histological examination revealed no indication of chronic inflammation in any of the samples. A 
very thin capsule was present around the implantation area at both time points (Fig. 4.3). The 
fibrous capsule consisted of a layer of collagen fibres aligned parallel to the implant surface, with 
variable presence of fibroblasts and some inflammatory cells. These findings correspond well with 
the reaction to an inert material, as evidenced by the capsules around titanium used as a control 
performing better as TiN. 

 
 

  
Figure 4,1,4. Potential window of BNCD films exceeding those of TiN and average limits for the charge 
storage capacity of TiN and BNCD during the implantation period. The BNCD charge storage capacity can 
be further improved by enhancing the surface area of BNCD electrodes.  Average capsule thickness 
measured around the electrode heads (n=8) 

 
5. Achieving 1 : 1 neural cell  nanoelectrode coupling that is mechanically stable and further allows 
the individual  coupling elements to construct MEA matrixes that are interfaces to outside 
electronics.  To match the existing high-end commercial electronics to such novel bidirectional 
readout/stimulation systems. 
 
Novel controlled electronics with a graphical user interface for the assembly of the different 
functionalities was developed in the project according to the specified needs of large area 
multiplexing. The electronic was commercialised by the MCS partner and it is currently on the 
market.  
 
6. To develop devices for EMG recording, where the electrodes are implanted by minimal invasive 
surgeries in-vivo animal models and in humans. Bringing a fundamental breakthrough of a direct 
access to high-resolution signals and simplifying and advancing current decoding procedures by 
measuring real-time signals with high signal/noise ratio without the need of spike sorting. To test 
this algorithm with selected existing commercial prosthetics of industrial partners of the project to 
identify and overcome hurdles for further development of machine man interfaces for enhanced 
degree of freedom prosthetics. 
 
This objectives was achieved by developing the technology of integration of diamond electrodes 
with polyimide allowing preparation of electrodes for minimal invasive surgery procedures for 
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EMG recording. The innovative processes of spike sorting and regressions algorithms were 
developed and tested using Pt electrodes with the same layout as diamond electrodes.  The multi-
channel iEMG control allowed processing of signals and EMG control of limb prosthetic hand 
carried out on human using the Michelangelo hand provided by Otto-Bock. 
 

 

  
 
Figure 4.1.5: diamond polyimide electrode and detail of the active electrode side and the contact pad. 
Experiments in vivo in human using the same type of electrode with Pt and the spike deconvolution 
procedures allowing control of the artificial limb prosthetics. 
 
7. Construction of longitudinal intraneural electrodes developed with NCD sites on a polyimide thin 
structure to produce an electrode structure and to combine it with the delivery of functional factors 
to improve biocompatibility and to reduce inflammatory reactions. 
These electrodes based on the tf-LIFE design have been developed based on bottom up and top 
bottom technologies . The top bottom technology electrodes were implanted in vivo providing 
excellent biocompatibility.  

  
Figure 4.1.6 Implanted diamond – PI intraneural electrode and biocompatibility test showing excellent 
performance of diamond electrode 

CONCLUSIONS of WP4:  
 
In this WP we have performed preclinical tests demonstrating the application of NCD films as 
materials for the construction of various types of implantable neural electrodes. Using 
extraneural electrodes (C-LIFE), it has been shown that the electrochemical performance of 
BNCD neural stimulation electrodes in vivo exceeded that of smooth TiN. Both extraneural 
and intraneural BNCD devices demonstrated remarkable in vivo biocompatibility, as revealed 
by minimal inflammation and reduced fibrous encapsulation. The implanted devices, some of 
which were implanted using minimally invasive techniques, displayed long-term mechanical 
stability, thanks to the improved design and surface properties. For the extraneural devices 
(C-LIFE), proof-of-concept functional experiments have shown the feasibility of BNCD as 
material for construction of neural stimulation electrodes. The feasibility of fabricating thin 
film NCD intraneural/intramuscular devices (tf-LIFE) via “forward” and  “reverse 
approach“ has also been demonstrated. Finally, chronic validation of a new microfabricated 
design of three-dimensional intraneural electrode (SELINE) has shown the potential of 
intraneura 

l stimulation for future chronic implants. 
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Assessment with WP5 electrodes

Study design, chronic implant:
•! Control 
•! Polyimide 
•! Polyimide + NCD + bNCD (active sites)

Evaluation and follow-up
•! Nerve conduction tests
•! Algesimetry (pain threshold)
•! Nerve histology
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7. Fabrication of intraneural electrode of 2nd generation type with nerve guides containing 

radial and trabecular expansions of microelectrodes, combined with the delivery of 
functional micro/nanospheres and biomatrices for releasing neurotropic factors to promote 
nerve regeneration in vivo, that will be implanted in the severed sciatic nerve of rats and 
their adequacy to sustain axonal regeneration evaluated by electrophysiological and 
morphological methods.  

 
Innovative strategies combining planar regenerative electrodes with novel design of neural 
guides have been carried out and combined with the microsphere delivery of neurotropic factors 
to promote nerve regeneration: these approaches were successful and the nerve regeneration and 
restoration of nerve functionality has been demonstrated as an important success of the project 

 

   
 
Figure 4.1.7 The flat regenerative electrode inserted in the nerve guide, figure in the right confirm 
the functionality of the regenerated axons by recording the spikes after the nerve stimulation. 
 

4.1.3 Description of the main S&T results/foregrounds  

 
WP1: Nano-technological fabrication, surface engineering and integration of NCD-based 
protruding electrodes 
 
One of the main innovations of the MERIDIAN was to employ a novel material – nanocrystalline 
diamond (NCD) for the construction of microelectrode arrays (MEAs) and for formulating the 
interfaces between the NCD and neural cells. NCD electrodes were anticipated to be highly 
biocompatible and chemically stable providing ideal chronic biological interfaces. MERIDIAN 
aimed at employing NCD in MEAs for in–vivo applications using diamond’s exceptional properties 
such as wide electrochemical potential window, within which the electrode can operate without 
water splitting, e.g. influencing the chemical composition of biological environment and 
deterioration of the tissue by inducing pH changes.  It was expected that these diamond properties 
would be beneficial for constructing of interfaces for medical implants that can operate stable for 
prolonged periods of time.  The diamond provides an excellent platform for surface modification 
that can alter the diamond surface from hydrophobic to hydrophilic, allowing engineering of cell 
surface interactions such as promoting the growth of the neural cells or, on the other side, inhibiting 
fibrogenic cell adsorption, keeping the surface biologically clean. Though many of these properties 
have been demonstrated for diamond in other biological systems it was the pioneering challenge of 
MERIDIAN to verify carefully the diamond biocompatibility for in vitro and in vivo conditions and 
to evaluate the characteristics relevant for the construction of neural interfaces. From the material 
point of view and the nanotechnology it was a challenge of MERIDIAN to tailor material properties 

Experimental model!
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20 days of regeneration!
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of NCD to optimise bioelectronic interfacial devices. Diamond technology represented a challenge 
for processing to microelectrode arrays as well to interfacial bioelectronics devices for in vivo. It 
included tuning the diamond to make NCD highly conductive by boron doping (BNCD) or 
engineering highly insulating  nanocrystalline diamond (i.e. undoped and impurity free) serving as 
an isolating barrier between the electrode tracks and the bio-electrolyte. Diamond prepared by 
chemical vapour deposition (CVD) is neither an easy material for the nanostructuring or processing. 
Therefore, to fabricate pinhole free diamond MEAs from the combination of BNCD and NCD 
materials and 3D shaping required a large amount of material optimisation and processing work, 
including techniques such as e-beam and nanolithography, reactive ion processing and many others. 
Finally, for integration of diamond electrodes with polyimide to fabricated devices that are flexible 
optimisation was required as both these material have detrimentally different mechanical properties 
such as elasticity of stiffness. We also applied revolutionary growth processes allowing the 
reduction of diamond formation temperature from ~ 700 oC to ~ 300 oC by employing novel routes 
of plasma enhanced deposition techniques available at partner Nano6. Thus, technology allowed 
mastering the foreseen devices by important efforts, exceeding the original plan. As a reward, 
MEAs and the planned diamond bioelectronics devices with large perspectives for applications in 
PNS prosthetics and bioelectronics devices could be fabricated and tested.  
 
Microelectrodes have undergone a rapid development recently with advances in both the interface 
materials and electrode geometries. Non-planar electrodes with varying shapes have been 
developed in order to bridge the gap between patch-clamp electrodes and planar microelectrode 
arrays3, 4. Patch-clamping gives optimal signal quality with single-cell resolution but can only be 
used for acute recordings in  small numbers of cells, whereas planar microelectrode arrays allow 
highly parallelized long-term recordings but have poor signal quality and cell resolution. Spira et al. 
have shown that a gold electrode with protruding mushroom-shaped geometry can be used to elicit 
spontaneous engulfment by neurons5. This reduces the junctional resistance and allows for ‘in-cell’ 
recordings, which is a term first used by Spira et al. to describe extracellular recordings with 
identical shape to intracellular single-cell recordings6 (Fig. 4.2.1A). Electrode material has also 
been an area of increasing interest, towards improved electrical properties of the interface as well as 
improve stability and biocompatibility. Carbon-based materials have become especially popular, 
including conductive polymers, carbon nanotubes, graphene, and diamond7 , 8, 9. Advantages of 
diamond as an electrode material include its biocompatibility, chemical and mechanical robustness, 
and a large potential window. Boron-doped nanocrystalline diamond (BNCD) has been shown to be 
an excellent material for both recording and stimulation of neural cells7. Additionally, intrinsic 
nanocrystalline diamond (NCD) is insulating and has been shown to work well as a passivation 
layer for microelectrode arrays10. We designed and fabricated microelectrode arrays that use 
diamond mushroom-shaped microelectrodes (dM"Es) with an NCD passivation layer to deliver ‘in-
cell’ neural recordings (Fig. 4.2.1B). Mushroom electrodes were fabricated on diamond 
microelectrode arrays (starting from Multi Channel Systems MCS GmbH MEA platform) with 

                                                
3 R. Huys, D. Braeken, D. Jans, A. Stassen, N. Collaert, J. Wouters, J. Loo, S. Severi, F. Vleugels, G. Callewaert, K. Verstreken, C. Bartic, and 
W.=Eberle, Lab on a Chip 12, 1274 (2012). 
4 M.E. Spira and A. Hai, Nature Nanotechnology 8, 83 (2013). 
5 A. Hai, J. Shappir, and M.E. Spira, 559 (2011). 
6 A. Hai, J. Shappir, and M.E. Spira, Nature Methods 7, 200 (2010). 
7 R. Gerwig, K. Fuchsberger, B. Schroeppel, G.S. Link, G. Heusel, U. Kraushaar, W. Schuhmann, A. Stett, and M. Stelzle, Frontiers in 
Neuroengineering 5, 8 (2012) 
8 C.H. Chen, C.T. Lin, J.J. Chen, W.L. Hsu, Y.C. Chang, S.R. Yeh, L.J. Li, and D.J. Yao, 1883 (2011) 
9 M. Cottance, S. Nazeer, L. Rousseau, G. Lissorgues, A. Bongrain, R. Kiran, E. Scorsone, P. Bergonzo, A. Bendali, S. Picaud, and S. Joucla, 16 
(2013). 
10 . Maybeck, R. Edgington, A. Bongrain, J.O. Welch, E. Scorsone, P. Bergonzo, R.B. Jackman, and A. Offenhäusser, Advanced Healthcare Materials 
3, 283 (2014).!
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200 "m spacing and 30 "m electrode diameter (Fig 1C). These electrodes combine the advantages 
of mushroom-shaped geometry for cell engulfment with the interface properties of diamond 
electrodes. We have shown that neurons engulf dM"Es (Fig. 4.2.3 ) and are suitable for functional 
testing and ‘in-cell’ recordings.   
 

 
Figure 4.2.1. –A) SEM image of all- BNCD mushroom-shaped microelectrode with NCD passivation layer. B) Layout 
of microelectrode array with sixty diamond mushroom microelectrodes. C) Optical image of flat MEA electrode 
develop in the MERIDIAN project.  
 
Using the uniquely scalable Microwave Linear Antenna Chemical Vapour Deposition (MW-LA-
PECVD) system at Nano6 (partner 8), which enables nanocrystalline diamond (NCD) growth on 
3D objects with good homogeneity over large areas and at low temperatures (> 400 °C), insulating 
and conductive NCD layers on various substrates have been produced. NCD coated substrates range 
from Ti metal for use in toxicity tests at partner UAA and 3D components in electrodes at partner 
Neurodan, to float glass used as a base substrate for MEAs and Au mushrooms produced at partners 
MCS and HUJI respectively to polyimide based flexible electrodes produced at partner SSSA. 
 

  
 
Figure 4.2.2 a) NCD coated float glass MEAs b) SEM image of NCD coated Au mushroom and c) conductive NCD 
coated pin electrodes – examples highlighting the low temperature, large area and 3D coverage capabilities of the 
MW-LA-PECVD system developed within MERIDIAN 
 
 
 
WP2: High-resolution protruding intracellular bidirectional coupling: nerve regeneration 
interfacing and phagocytic engulfment under in vitro conditions 
 
The main aim of WP2 was to develop high quality electrophysiological coupling between 
mushroom shaped electrodes and neurons and striated muscle fibres. In particular, to develop the 
interface between muscle fibres innervated by motor neurons and mushroom shaped electrodes. To 
that end we functionalized gold mushroom microelectrodes (gMµE) by nano diamonds (NCD) (Fig. 
4.2.3 - 1 and 2). These electrodes were tightly engulfed by neurons under in vitro conditions (Fig. 
4.2.3-3) and gMµ type were engulfed by a cultured striated muscle fibre (Fig. 4.2.3-4). Recordings 
were made from cultured neurons and striated muscle fibres. In fig. 4.2.3-5. spontaneous field 
potentials generated by muscle fibres are recorded by a number of gMµE. Following 
electroporation the recording switch from extracellular to in cell recordings (fig.4.2.3-5 red sharp 

!"# 
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intracellular electrode, blue gMµE IN-CELL recording). Occasionally spontaneous IN-CELL 
recordings were made from innervated muscle fibres (Figs 4.2.3-6 and 4.2.3-7). Note the 
spontaneous EPSP that can be blocked by d-tubocurarin. 

The potential impact of these findings are that IN-CELL recordings of subthreshold synaptic and 
action potential obtained by interfacing gMµE with innervated striated muscle fibres suggests that 
the muscle fibres can be used as a bio-amplifier of afferent brain electrophysiological signals to 
activate prosthetic devices. 

 

 

Figure 4.2.3. From left to right ( top) (1,2)diamond coated protruding NCD- gMµE electrodes of two difference head 
sizes, FIB structure fi diamond electrode with cultures hippocampal neuron (3) Cross view TEM of cell engulfing 
electrode. (4) TEM cross-sectional image of gMµE electrode. engulfed by a cultured striated muscle fibre and 
corresponding recording (5-7) described in the text.  

Part of the work of WP2 was developing flat MEAs for testing in vitro cultures. The MEAs 
developed by IMEC were tested at University of Antwerp. MEAs were characterised by evaluating 
their electrode impedance, as this parameter is important in influencing the efficacy of stimulation, 
determining the noise and shaping recorded signals.  Impedance measurements were carried out on 
MEAs, prior to mounting a conventional plastic ring, needed in order to have a culturing chamber, 
after mounting the ring and after plasma cleaning procedures performed at IMEC. BNCD-MEAs as 
well as 2 ITO-TiN conventional MEAs as control, were seeded with rat cortical neurons (density: 
6500 cells/mm2). Moreover, to assess whether BNCD affects neuronal viability and single cell and 
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network’s properties, 3 BNCD substrates, prepared with the same procedure as BNCD-MEAs, and 
3 conventional glass coverslips, as control, for patch clamp experiments.  
Neurons grown on BNCD substrates showed comparable membrane passive properties (time 
constant, input resistance and membrane potential) and firing frequency with respect to control 
condition. 

 
Figure 4.2.4: BNCD  MEAS characteristics tested  in vitro cultures and compar3ed with TiN control MEAs provided by 
MCS.  
 
WP3: Toxicology, biocompatibility and integration of functional nanostructures with cuff and 
single lead C-LIFE electrodes 
 
In this workpackage, the biological and electrochemical properties of nanocrystalline diamond 
(NCD) films were studied in vitro. Although the biological performance of NCD films has been 
previously investigated, many discrepancies exist as a consequence of the diversity in growth 
conditions, substrate preparation methods, surface pretreatment, and biological models found in the 
literature11.  In MERIDIAN, we performed a toxicological risk assessment of NCD films, focusing 
on relevant cells and materials in the context of electrodes for neural interfacing. The fabricated 
films were thoroughly assessed by diverse surface characterization methods, such as SEM, EDX, 
AFM, Raman spectroscopy, contact angle and protein adsorption assays (Fig. 4.2.5).  
 

                                                
"" Pennisi, CP et al (2014) Bentham Sci., DOI: 10.2174/9781608058761114010006 
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Figure 4.2.5 Surface characterization of the different types of NCD substrates fabricated in MERIDIAN for cell 
culture (A) Homogeneity, surface coverage and elemental composition of the films was assessed by SEM and EDX 
analysis (B) Surface topography was obtained by AFM analysis (C) Diamond quality was determined using Raman 
spectroscopy (D) Effect of surface termination (-H and –O) on water contact angle and protein adsorption.  
 
Cytotoxicity and in vitro biocompatibility was assessed on the different types of substrates with 
various types of cells, including primary neurons, fibroblasts and macrophages. Results 
demonstrated that NCD films do not display cytotoxicity and possess excellent biocompatible 
properties for the intended applications. It was found that surface termination of the films is 
determinant for the control over neural cell adhesion and viability12. On the other hand, it was 
demonstrated that surface roughness is a crucial parameter to control the adhesion and proliferation 
of fibroblasts on the NCD surfaces13. Furthermore, NCD surfaces displayed a reduced in adhesion 
and activation of human macrophages in vitro (Fig 4.2.6). 
 

                                                
"# Ojovan SM, et al. (2014) Front Neuroeng. 2014;7. 
"$ Alcaide M, et al (2014). Proc. 7th SCSB Meeting 
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Figure 4.2.6 Assessment of cells grown on NCD films (A) Fibroblast adhesion, as indicated by the degree of cell 
flatness, is decreased with increasing surface roughness. (B) Fibroblasts on glass-NCD displayed an adhesion pattern 
similar to the untreated controls, but the typical cell on a Ti-NCD surface was elongated, with a poor actin 
organization and small focal adhesions13 (C) THP-1 macrophages grown on BNCD films displayed a significantly 
lower cell size, poor adhesion, and reduced activation (D) Human macrophages derived from blood monocytes cultured 
on BNCD films are irregularly shaped and displayed reduced activation, as measured by the released pro-
inflammatory cytokines (E) Embryonic hippocampal neurons cultured on PDL-laminin functionalized NCD12. 
 
Strategies to reduce the inflammation and to enhance the biointegration of neural electrodes were 
also investigated. In particular, the immunomodulatory properties of adipose-derived stem cells 
(ASCs) were explored, with the aim of using controlled release of ASCs factors to minimize the 
implant-related chronic inflammation14. Also novel approaches to improve the biointegration of 
neural electrodes were studied, including surface modification methods for some of the materials 
that constitute the electrode insulation, such as PDMS, PEEK and polyimide15. 
 
The electrochemical performance of the boron doped NCD films was assessed by impedance 
spectroscopy (EIS), cyclic voltammetry (CV), and voltage transient measurements (VTM) using 
monopolar electrodes. It was found that while electrical parameters such as impedance and charge 
injection capacity are similar to that of control TiN electrodes, NCD electrodes display a much 
larger charge storage capacitance and a wider water potential window, ranging from -1.7 to 1.4 V16. 
As compared with the TiN films, BNCD coatings displayed a much smoother surface topography, 
indicating that the limits of charge injection might be increased by increasing the effective surface 
area of the electrodes (Fig. 4.2.7).  
 
 

                                                
"%!Papaioannou S, et al (2013), Reg Medicine, 8(6s): 339 
15 Righi M, et al. (2013) J Med Devices 7(2):020937.!
"& Meijs S, et al (2013) Proc. IEEE EMBS Conf. Neural Eng.  
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Figure 4.2.7 Electrochemical properties of boron-doped NCD films (A) Pin electrodes after BNCD deposition. The 
BNCD coated area is 0.06 cm2 (B) Results of cyclic voltammetry at a sweep rate of 0.05 V/s. The limits for the different 
tested electrodes are shown in the legend (C) Comparative SEM images displaying the topography of BNCD films as 
compared to the TiN. The inset depicts the homogeneous coverage of the nanocrystalline films (D) Summary of the 
electrochemical parameters of BNCD in comparison with TiN electrodes. 
 
 
In summary, it has been confirmed that the diamond coatings are highly biocompatible and might 
bring advantages for neural interfaces in terms of low bio-fouling and suitable electrochemical 
parameters. Consequently, prototypes of BNCD electrodes were fabricated according to the optimal 
parameters determined in the previous tasks, constituting a novel type of neural interfacing devices 
developed in MERIDIAN. 
 
 
 
WP4: NCD cuff and C-LIFE electrodes for neurostimulation and bidirectional neural 
implants: in vivo animal and human preliminary tests 
 
In this workpackage, the biological and electrochemical properties of nanocrystalline diamond 
(NCD) films were investigated in vivo. The biocompatibility and functionality of diverse types of 
BNCD electrode prototypes (intramuscular, extra- and intra-neural electrodes) was assessed using 
rodent models. Mechanical fixation, biocompatibility, functionality and overall safety of BNCD 
extraneural electrodes were assessed in a Göttingen minipig model, since these animals can 
accommodate larger electrode devices, which are sized and configured for human implantation. 
 
In terms of electrochemical properties, BNCD films displayed superior stability over time as 
compared to TiN. The charge injection limits of BNCD were lower than TiN when measured in 
vitro, but adopted equivalent levels after implantation. BNCD films also displayed in vivo a wider 
potential window and a larger charge storage capacity than TiN electrodes, which was maintained 
over the course of implantation (Figure 4.2.8).  
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Figure 4.2.8 Biocompatibility and electrochemical properties of BNCD electrodes in vivo. (A) Progression of the 
charge injection limits during the implantation period. BNCD electrodes display a higher stability over time (B) Cyclic 
voltammetry data, showing the wider potential for BNCD and larger charge storage capacitance, evidenced as the area 
under the curve. (C) Quantitative and (D) qualitative assessment of the thickness of the fibrous capsule around 
electrodes. 
 
 
The improved performance observed in vivo might be a consequence of the reduced interaction of 
the material with the biological environment. BNCD implantation was associated with no signs of 
chronic inflammation and very thin fibrous capsules (Fig. 4.2.8), which after two weeks of 
implantation exhibited an average thickness of 25 µm17. This is also consistent with our previous in 
vitro studies, showing reduced protein adsorption and cellular proliferation on the surface of the 
BNCD films.  
 
Monopolar electrodes, which are part of a neural stimulation device for the treatment of urinary 
incontinence, were successfully implanted in the pelvic region Göttingen minipigs by means of a 
minimally invasive technique (Fig 4.2.9.). Nerve activation was successfully achieved, with stable 
thresholds over the entire study period. The electrodes remained mechanically stable and caused a 
minimal foreign body reaction.  
 
 

                                                
"'Pennisi CP, et al (2014) Front Neuroeng 10.3389/conf.fneng.2014.11.00005 

!
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Figure 4.2.9 In vivo assessment of BNCD neural stimulation electrodes. (A) Monopolar stimulation electrode and 
insertion tool (B) Use of the minimally invasive insertion tool to place the electrode close to the dorsal genital nerve (C) 
Stimulation thresholds during the implantation period (D) Hematoxilin-eosin staining of the tissue around the active 
site of an electrode. The electrode interface has been located at the boundary indicated by the red arrow. Nerve 
fascicles are indicated by blue arrows. 
 
Overall, proof of concept in vivo experiments demonstrated that BNCD films might represent a 
promising biomaterial for application in neural stimulation electrodes. Taken together with the fact 
that BNCD electrodes can be operated within a wider potential window, our results indicate that 
BNCD electrodes could be safely used as neural stimulation electrodes for the treatment of urinary 
incontinence. 
 
 
WP5: High-resolution muscular s interfaces for motor neuron signal control and in vivo 
animal and human tests 
 
Electrode Development: MERIDIAN design allowed for fabrication of diamond - polyimide 
integrated flexible electrodes. In this design, the polyimide serves as thin film insulator. BNCD 
functions as the active conductive parts which come into contact with the neural cells or muscle 
tissue, and Chromium/Gold/Chromium pads form the connecting lines and contacts embedded in 
polyimide. The resulting electrodes show excellent flexibility in addition to enough strength as 
implantation devices. The electrodes have the advantages of diamond’s large electrochemical 
window, biocompatibility and durability. 
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Figure 4.2.10  Integrated Polyimide diamond electrode.  
 
 
 
 
Signal Decomposition 

  
   (a)      (b) 
Figure 4.2.11. Decoding of signals with blind source separation techniques. (a): Convolutive forward model for 
generation of EMG signals. (b): Iterative estimation of a backward model to identify MUAP-templates and spike train. 
 
The measurements were done with platine based electrodes which have similar dimensions than the 
BNCD electrode design of MERIDIAN. Measured EMG signals represent a superimposition of the 
motor unit action potentials (MUAPs) from all motor units (MU) within the pickup area of the 
electrodes. Each MU generates unique MUAP-patterns in each channel for each firing event. 
Therefore the EMG signals (t) can be modelled as a convolution between a fixed set of MUAP-
templates ! _!(t) (one template for each MU-channel combination) and a sequence of dirac impulses 
! _!(t) for each MU, representing the MU spike trains. This forward model is shown in figure 
4.2.11(a).  
By extending the EMG signals (t) with delayed copies of itself, the problem can be reduced into an 
instantaneous linear mixing. This allows for applying blind source separation techniques to 
reconstruct the firing patterns and the MUAP templates. We applied fast independent component 
analysis with a non-linear cost function for this purpose. In figure 4.2.11 (b) the iterative process of 
backwards model estimation with fast ICA is visualized. The blue curve is the cost function which 
saturated in our case already after 6 iterations. The green signals represent the estimated firing 
patterns for the current estimation in each iteration step. Once the cost function is saturated, the 
estimated spike-train is almost a sequence of dirac impulses. To distinguish between real firing 
events and noise, a threshold is automatically defined by a two-class clustering algorithm. In the 
evaluation of the algorithm on real EMG data, firing rates in the range of 10 – 20 Hz where 
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obtained, which is physiologically meaningful and an indication that the algorithm worked 
properly. 
To prove that the decomposition by the proposed algorithm was correct, the results were compared 
with those of a semi-automatic deconvolution technique that requires extensive manual interaction 
and can be seen as the state of the art in MUAP decomposition. With 16 channels, the proposed 
algorithm was able to reconstruct an average of 10 MUs which matched that obtained by the 
baseline method. Our algorithm was able to estimate the backward model within a few minutes 
while the baseline method requires typically several days of work by a human expert. Once the 
backwards model is trained, decomposition can be done in real-time, as it consists of a very 
efficient linear matrix multiplication only. 
With increasing selectivity and decreasing noise level the task becomes easier for the proposed 
algorithm and the number and reliability of decomposition increases. It is therefore expected that 
with the BNCD electrodes, the proposed method will perform even better. 
 
 
Prosthesis Control 

 
  (a)       (b) 
Figure 4.2.12. Real-time prosthesis control based of individual MUAP-decomposition. (a): The firing patterns of a 
number of MUs are estimated by the decomposition algorithm and used as inputs of a robust regression algorithm 
simultaneously estimates forces as input for a prosthetic device. (b): The robust regression algorithm is based on the 
median of individual regression outputs for each motor unit.  
 
The estimated firing sequences for each MU that are obtained by the decomposition algorithm 
described above are usable to control a multifunctional hand prosthesis, as they include all 
information of the neural drive and thus reflect the intension of the user. To map the current firing 
rates of all detected MUs to the kinematics of a prosthetic hand, regression techniques are applied. 
Because of the orderly recruitment of motor neurons during a contraction, and the fact that all motor 
neurons within a muscle receive a common drive, there exists a relationship between motor neuron 
discharge rate and muscle force which is almost linear. We applied a robust model based on the 
physiological relationship between muscle force and motor neuron discharge rates. The definition 
of the model is 
! ! !"#$%&! ! ! ! ! ! ! , 

! ! ! ! ! ! ! ! ! ! ! ! ! ! !!" !! ! ! ! !

! !!" ! !"#$%!
 

Where gi(di) are individual models for each motor neuron that relate the discharge rate di to an 
estimated force fi, a and b are the model parameters and t is the vector of recruitment thresholds for 
each motor unit. The estimation of the model parameters a,b and t is done during a model training, 
where we calculate the parameters of the linear regressions gi() based on a measured exerted force 
f. This is done using the RANSAC robust estimation method. 
This model is best suited for an event-triggered evaluation, i.e. di is updated at each discharge of i, 
and for i~=j it is assumed that dj has not charged since its last discharge of j. The robustness of this 
model is increased further by not considering dj if j is definitely not active at the current spike 
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instant of i. We considered every j inactive, thus removed from the model evaluation, whose last 
discharge instant was more than 400 ms before the current discharge of i. 
The proposed algorithm was tested in simulations in order to evaluate various conditions. Under 
slowly changing contraction speeds it performed similar to other, previously proposed regression 
techniques. For fast changing (dynamic) contractions, which are highly relevant for a fast 
responding real-time control of prosthetic hands the proposed method clearly outperformed the 
baseline methods. 
In summary we proposed techniques based on multivariate intra-muscular signal detection, its 
decomposition into individual motor unit firing patterns and robust and event-triggered regression 
to estimate muscle forces that can be used as control signals for prosthetic devices. The proposed 
methods have the potential to overcome limitations related to reaction time and robustness in 
dynamic contractions and therefore significantly improve the usability of modern multifunctional 
hand-prostheses. 
 
 
 
WP6. In vivo high-resolution interfaces for motor and sensory peripheral nerves 
 

Interfacing the peripheral nervous system (PNS) in a selective and stable way represents a 
challenging goal for many biomedical and bioengineering applications, including the control of 
advanced prostheses and the implementation of miniaturized functional stimulation systems. An 
adequate neural interface should be able to selectively stimulate or record neural signals from small 
groups of axons, be stable over time, without inducing significant damage to the nerve after the 
electrode implant (i.e. the combination of high selectivity - low invasiveness - high stability). 
During the past years, different types of electrodes have been developed to interface the PNS in 
order to record electrical activity from and/or to stimulate peripheral nerve fibres for different 
biomedical applications. However, further research is needed to achieve the optimal design for each 
type of application. Indeed, the development and fabrication of stable high-resolution bi-directional 
devices for chronic operation in vivo is the main goal of the MERIDIAN project 
In this WP, we have integrated and tested in vivo, in animal models, two different types of novel 
intraneural electrodes: (1) intraneural electrodes, and (2) regenerative electrodes. The two types are 
intended to provide highly selective interfacing with motor and sensory nerve fibres by exploiting 
the potentials of new technologies. 
Novel electrode designs for in vivo implants led to the development of SELINE (Self-opening 
peripheral neural interface) electrodes by Scuola Superiore S..Anna and Universitat Autonoma de 
Barcelona. This polyimide-based electrode has a three-dimensional structure that provides an 
anchorage system to the nerve and confers stability after implant (Fig. 4.2.13). Mechanical and 
electrochemical characterizations have been performed to prove the integrity of the electrode with 
good results.  
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Figure 4.2.13. Photographs of the SELINE, with inset detail of the expanding wings in 3D, of a SELINE implanted in 
the rat nerve. Histological images of the SELINE implanted, and of the distal nerve showing no axonal damage. 
 

Functionality of SELINEs for fascicular stimulation has been tested during in-vivo acute 
experiments in the rat. Results showed that SELINEs significantly improve mechanical anchorage 
to the nerve. Stimulation stability is considerably enhanced compared to common planar transversal 
electrodes and stimulation selectivity is increased for some motor fascicles (Fig. 4.2.14). Chronic 
implants to test biocompatibility showed that SELINEs produce no changes in the function of the 
nerve neither signs of nerve degeneration. 
 

 
Figure. 4.2.14 EMG recordings from 3 different muscles showing selective activation for the Tibialis Anterior. The 
displacement of the SELINE between position 0 and position 1 did not change the selectivity, supporting the view that 
SELINE anchorage system enhances stability with respect to other types of intraneural thin-film electrodes. 
 

Regenerative electrodes, on the other side, interface the nerve after it has regenerated across the 
electrode, thus offering the possibility to stimulate or record small bundles of axons with a high 
level of selectivity. In the MERIDIAN project, strategies to promote nerve regeneration were 
implemented to develop an integrated bio-electric regenerative electrode. A new polymer electro-
spinning technique allows precise fibre orientation, used to produce biocompatible polymeric nerve 
guides for nerve regeneration. Matrix scaffolds with oriented fibrils to topographically guide axon 
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regeneration have been enriched with locally controlled neurotrophin release by PLGA 
microspheres. The results proved options to enhance axonal growth after nerve injuries. 
 

 
Figure 4.2.15. A: Photograph of the regenerative electrode with the polyimide electrode (arrow) inserted in the tube 
and the PCB on the distal part with wires. The active sites are located inside the tube. B: Photograph of a regenerated 
rat sciatic nerve across a regenerative electrode. C: Raw ENG recordings (arrows) after application of touch 
(asterisks) stimuli. D: Semithin transverse section of the two compartimented branches of the regenerated nerve and the 
electrode in between. 
 

We have then developed a planar regenerative electrode that is inserted in a nerve guide that can be 
prefilled with the matrix and selected trophic factors. Thin-film microtechnology, was used to 
manufacture a double-sided planar electrode with 12 active sites per side (top and bottom), 
constituting a flexible device suitable for PNS applications. After biocompatibility tests, an active 
version of the planar regenerative electrode was used in acute and chronic experiments to assess 
successful nerve regeneration, and electrode performance for stimulation and recording (Fig. 4.2.15). 
 
To interface the various new electrodes, new electronics were developed consisting of amplifier, 
stimulation and data acquisition units with high channel count and new capabilities for real-time 
feedback stimulation. High-impedance amplifiers were realized with discrete electronics to achieve 
minimal noise levels, allowing detection of small nerve signals in recordings with the new 
electrodes. Signals are digitized with 24 bit resolution over an input range of +/- 500 mV, yielding 
an absolute resolution well below one "V. Sampling rates are up to 50 kHz per channel. Stimulation 
functionality was achieved by implementing DACs with 16 bit resolution in discrete electronics, 
covering a compliance voltage of +/- 15 V and a maximum stimulation current of 1.5 mA. 
Real-time feedback functionality was implemented by providing data analysis capabilities directly 
after the digitization step and before transfer of the data towards the analysis computer, thus 
allowing detection and reaction to user-specified patterns with a delay of 150 "s. The digital signal 
processing unit is capable of analysing up to 288 data channels in parallel, and can directly drive the 
stimulator unit with stimulus patterns pre-defined by the user. 
In addition to the hardware development, data acquisition, stimulation control and data analysis 
software was developed. To facilitate operation of the hardware, the control software was realized 
as a modular instrument concept (Fig. 4.2.16A), for each functionality (data source, stimulator, filter, 
spike detector, data recorder). Each building block is associated with its own display panel and 
parameter setting panel. Depending on the chosen functionality, parameters like acquisition rates, 
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filter settings or spike detection thresholds can be set (Fig. 4B). 
 

  
Figure 4.2.16, A: Graphical user interface for the 
assembly of the different functionalities (called 
'instruments') and display of data or processing results. 
On the left, available instruments can be picked and 
placed on the signal flow control area, where connections 
are made with data flow lines. The right part of the GUI 
shows data displays and parameter settings of the 
respective instrument. 

Figure 4.2.16, B: Same functional setup, but the active 
instrument is now the spike detector. The display on the 
right changes its appearance to display filtered data (data 
flow line for this instrument originates within the filter 
device) and the detected events (as vertical tic marks). 

 

To make use of the real-time feedback functionalities, a tutorial and programming interface was 
developed. With the help of this interface, users are able to generate low-level code that can be 
directly transferred to the DSP chip, thus taking full advantage of the high performance of the chip. 
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4.1.4 Potential impact  

MERIDIAN aimed at employing novel types of diamond electrodes and construct neuroelectric 
interface, which will surpass the current state of the art neuro-prosthetic interfaces by robustness, 
resolution, functionality and signal to noise ratio. Developed expertise can be further employed to 
improve applications spanning from bidirectional bionic devices to complex interfaces for 
voluntary-control limb prosthetics. MERIDIAN also employs flexible electrodes for EMG 
recording. By decoding neuronal motor signals, artificial limb prosthetics with a higher degree of 
freedom can be driven. In general, MERIDIAN has achieved significant progress in developing a 
brand new type of neuro-electric interface by controlling processes occurring at the nanoscale in 
close proximity to the cellular membrane. 
 

The MERIDIAN project had potential impact in the following fields: 
1. Nanotechnology and novel carbon based materials such as nanocrystalline diamond for 
application in bioelectronics and specifically for neural interfacing devices. 
2. Impact on the knowledge of principles of functioning of neural interfaces at the nanoscale. 
The neural interfaces are one of the critical parts of man-machine interfaces and their function is far 
from understood.  
3. Pioneering work on the novel type of intracellular engulfing electrodes that provide 
excellent signal to noise ratio and even access sub-threshold potential readout and have a large 
prospective impact on the neural electrophysiology field. 
4. Pioneering work on the verification of the concept of neuromuscular junctions and using 
these junctions as biological amplifiers of the neural signals. 
5. Establishing procedures of culturing primary neurons on diamond surfaces and optimising 
these strategies to obtain high density cultures of healthy neurons. 
6. Testing and verifying diamond biocompatibility in vitro and in vivo and finding optimal 
parameters for layers that would outperform the current devices that are on the market. 
7. Developing the technologies for fabrication of Micro- Electrode Arrays from innovative 
diamond materials and benchmarking with existing devices of the leading company that 
participated in the MERIDIAN consortium. 
8. Developing technology of novel types of electrodes, integrating diamond with flexible 
polymers such as polyimide allowing fabrication electrodes for EMG and intra-neural electrode 
applications. 
9. Developing the principles and strategies of nerve regeneration combing several innovative 
aspects composed of novel design of nerve guides, delivery of neurotropic factors to achieve axon 
outgrowth with simultaneous use of flat neuro-regenerative electrodes that can promote the 
regenerative outgrowth and at the same time to control of the regenerated nerve functionality. 
10. Studying the principle of EMG readout of motor neuron signal, developing of highly 
sophisticated spike sorting procedures that allow predicting the movement of limbs and using then 
for control of the voluntary controlled prosthetic hands. 
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11. Application of EMG motor neuron readout protocols to drive and improve the most 
advanced PNS prosthetic on the market such as Michelangelo hand that was entered onto the 
market during the project execution and in which the novel developed electrode can be used as 
demonstrated in extensive testing. 

 

MERIDIAN impacted on tackling the health problems 

A number of health problems can be treated by stimulation of the nervous system using active 

implantable medical devices (AIMDs), including hearing loss, chronic pain, movement disorders 

and incontinence. The global market for neurostimulation products was estimated to be $3.6 billion 

in 2009, and is expected to reach ~$10 billion in 2015. The neurostimulation market is driven 

primarily by advancements in technology through development of sophisticated AIMDs, of which 

NCD electrodes are one example. The estimated annual growth rate of ~20% is expected to be a 

result of new technologies, rising consumer awareness, an aging population, improved clinical 

success, long-term cost-effectiveness, and new indications for neurostimulation devices.  With an 

aging population and increasing concern about efficacy and health care costs, there is a growing 

need for treatments that are safer, more effective and less expensive than drug-based therapies. 

Neurostimulation can be advantageous to patients because it is not addictive, does not depend on 

genetics, and does not usually cause systemic side effects. By diminishing the need for ongoing 

medication and treatment, neurostimulation devices could also help reduce overall health care costs.  

 

 

MERIDIAN was addressing this use by developing novel types of electrodes with an example of 

the C-LIFE electrode for the application of neurostimulation for the treatment of urinary 

incontinence. The overall European prevalence of overactive bladder syndrome (OAB) is 16.6% in 

the general population above 40 years.  However, the only commercially available AIMD for 

treatment of urinary incontinence is Interstim Therapy from Medtronic (Minnesota, USA).  Thus, 

there is a huge potential market for improved AIMDs which treat urinary incontinence.  

 

The nerve/electrode interface is the defining factor for a successful neurostimulation product.  The 

electrode contact is the electrochemically active area of the electrode where charge transfer occurs 

during stimulation. The electrode contact is supposed to be in close proximity of the target nerve to 

obtain low stimulation thresholds. Ideally, the electrode contact should have good chemical 

stability, high charge injection capacity, low electrical impedance, and should be fully integrated in 

the tissue as a compliant material causing low degree of inflammation.  Typically, stimulation 
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electrode contacts are made of metals such as Pt, Ir and Ta, or by deposition of a porous metallic 

layer (TiNx, IrOx, Pt) on a lower performance substrate (e.g. Ti or stainless steel alloy types). The 

clinical success of electrical stimulation-based neural prosthesis depends among other things on the 

ability of the electrode contact to chronically provide safe levels of therapeutic stimulation to a 

target component of the nervous system. Exceeding the limit for safe charge injection may cause 

electrode degradation and/or irreversible tissue damage resulting in tissue degradation and loss of 

clinical efficacy. In order for NCD electrodes to be a viable option for improved AIMDs, they must 

meet these described characteristics and must be an improvement over the currently used electrode 

materials.  Titanium nitride (TiN) is one very commonly used material that has a long history of 

safe use in pacemakers.  Thus, it is helpful to compare NCD electrodes with TiN as a benchmark.  

In comparison with TiN, NCD electrodes (coated by partners IMEC and N6) appear to exhibit 

better biocompatibility.  Based on in vivo voltage transient measurements, NCD electrodes show 

consistent electrochemical performance in vivo; whereas, TiN electrodes show decreasing 

electrochemical performance in vivo.  The decreased electrochemical performance in vivo for TiN 

electrodes is likely due to protein adhesion to the electrode surface which does not happen with 

NCD electrodes.  Thus, NCD electrodes represent an improvement in this area.   

Furthermore, the porous NCD electrodes also show some potential for improvement based on in 

vitro measurements.  These electrodes, which consisted of a porous TiN electrode coated with an 

additional NCD coating, display a charge storage capacity (CSC) that is double the CSC of 

electrodes coated with just porous TiN alone due to a wider potential window.  The porosity of the 

coating, due to the porous TiN base layer, in addition to the favourable biological response to the 

diamond surface (described above) could be a very favourable combination to use in 

neurostimulation applications. 

 

However, further work must be completed before porous NCD electrodes are ready for market 

introduction.  Thus far, only in vitro electrochemical measurements have been performed on these 

electrodes.  These measurements show promising results but do not give a complete picture of the 

suitability of porous NCD electrodes for neurostimulation.  In order to bring this technology further, 

the mechanical stability of the two layer coating must be demonstrated.  Furthermore, the 

completion of in vivo tests is absolutely essential in order to assess the safety and performance of 

porous NCD electrodes in the body.  Then, these results can be compared with currently available 

technologies (i.e. TiN electrodes) in order to assess if porous NCD electrodes do, indeed, represent 

an improvement.  With promising in vivo results, there is the potential to then investigate the 

performance of porous NCD electrodes in humans.   
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Developing of novel readout electronics  

The electronic components developed by MCS constitute a new device for multi-channel recording 

with a unique combination of features. To date, this new device outperforms a number of other 

devices from a couple of companies world-wide, which specialize on multi-channel recording 

technology.  

Product/company Channel 

count for 

recording 

Channel 

count for 

stimulation 

Max. 

sampling 

rate per 

channel 

Recording 

depth 

Real-time 

signal 

processing 

and 

feedback 

Noise 

level ("V 

RMS) 

Maestro/Axion 

BioSystems 

768 768 12.5 kHz 16 bit No 2.8 

Med64/AlphaMed 64 64 20 kHz 16 bit No 1.5 

Meridian 

device/MCS 

288 288 50 kHz 24 bit yes 1.2 

 

With the above features, the device developed within Meridian by MCS has a strong market 

potential for the area of medium-throughput drug screening, as well as for basic research labs both, 

in cardiac and neuronal research. MCS will exploit the developed device electronics by 

implementing it in its newest generation of multi-channel recording devices, and, thus, capitalize on 

the received funding.  

 

Tackling the peripheral Nerve injuries: 

Peripheral nerve injury leads to loss of control and regulation of sensory, motor and autonomic 
functions of the affected areas. The loss of nerve functions affects the ability to perform activities of 
daily living (ADL) and can significantly reduce quality of life of people who suffer from these 
conditions. One of the solutions for people suffering from these injuries is the use of 
neuroprostheses and hybrid bionic systems that can restore these lost functions. An ideal prosthesis 
would be that which: (1) looks and feels familiar for the patient as happens with the aesthetic 
prostheses, (2) is thought-controlled by the own patient, (3) allows for multiple degrees of freedom 
to resemble as much as possible the movements of the lost limb, and (4) provides the subject with 
sensory information from sensors located in the prosthesis. 
 
In order to be able to provide a natural-like control of the prosthesis an interface should selectively 
record motor efferent commands from the brain and transform these impulses into electrical signals 
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that activate the motors of the prosthesis. Under the best circumstances, the electrode should be also 
able to translate the signals of the sensors in the device into electrical inputs and properly transform 
this information into sensory feedback  
 
Bidirectional PNS neuroprosthetics are designed to allow the user not only to action a prosthesis but 
also to feel what the prosthesis is feeling. The electrodes that interface the nervous system and 
communicate with the prosthesis have to be stable over time, without inducing significant damage 
to the nerve after the electrode implant (i.e. the combination of high selectivity - low invasiveness - 
high stability) and provide fast, selective, bi-directional flow of information between the nervous 
system of the user and the robotic device. 
Intraneural electrodes, although more invasive, are a promising tool for the complex interaction 
between the nervous system and advanced prosthetic devices. We have integrated and tested in 
vivo, in animal models, two different types of novel intraneural electrodes: (1) the SELINE 
intraneural electrodes, and (2) a regenerative planar electrode. The two types are intended to 
provide highly selective interfacing with motor and sensory nerve fibres by exploiting the potentials 
of new technologies. The use of this two electrodes will provide a step forward to integrate 
prosthetics with the body by motoneurons coupling to the motor components of the prosthesis and 
afferent sensory neurons that will lead to a direct bidirectional control, i.e. providing motor 
command and sensory feedback to the user.  
 

Novel electrode designs for in vivo implants have lead to the development of “SELINE” electrodes 
(Self-opening peripheral neural interface). These electrodes were integrated with MERIDIAN 
diamond electrodes, Nerve regeneration strategies were implemented to develop integrated 
regenerative electrodes. A newly developed polymer electro-spinning technique allowed a precise 
fibre orientation, used to produce porous biocompatible polymeric nerve guides, for nerve 
regeneration experiments. The same technology has been exploited to develop functional hydrogels 
embedded with oriented fibres to topographically guide axon regeneration, alongside locally 
controlled neurotrophin release by PLGA microspheres.  
 
Potential for developing of novel voluntary controlled prosthetic devices: 
Important results of MERIDIAN is development of novel EMG electrodes working on a base of 

intra-muscular electromyographic signal algorithms, designed for real time applications. These 

algorithms is using data recorded from microelectrode arrays, implanted with minimally invasive 

surgery. By this technique a novel prosthetic device, e.g. multi-function prosthetic hand, can be 

controlled such as the prosthetic hand Michelangeo from Ottbock. Ottobock is a world market 

leader in prosthetics. While prosthetic devices for the lower extremities do not depend on 

biosignals, state-of-the-art upper limb prosthetic devices are controlled by biosignals, more 

specifically, controlled by myoelectric signals. The prosthetic man-machine interface acquires 

myoelectric signals from the amputee’s residual limb and processes them to control signals for the 
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prosthetic device. Current myoelectric man-machine interfaces used in clinical applications are 

prone to external artefacts, electrode shifts, electrode lift-offs and sweat, and they suffer from a very 

limited information bandwidth. Consequently, the control capabilities of these man-machine 

interfaces are very limited allowing the control of only a few degrees of freedom. In fact, the 

limitations of the available of myoelectric man-machine interfaces have been hampering clinically 

meaningful advancements in upper limb prosthetics for decades. The man-machine interface is the 

bottleneck for more advanced and powerful prosthetic devices for upper limbs.  

 
MERIDIAN development contributed to exploration of novel minimal invasive man-machine 
interfaces that can record signals directly from the nerve and or muscle fibres promise a tremendous 
improvement over the conventional non-invasive interfaces. They might be the solution of almost 
all the problems mention above, and they would also offer, at least in theory, an enormous 
improvement in the information bandwidth and selectivity. Even intuitive bidirectional interfaces 
that provide control signals as well as intuitive somatosensory feedback could become possible. 
Such a technology, if reliable and long-term stable as well as clinically and commercially viable, 
would constitute a breakthrough in the technology of man-machine interfaces - not only for upper 
limb prosthetic devices, but for lower limb prostheses as well. In fact many assistive devices that 
require complex biosignals to control them would benefit greatly from such a technology.  
 
To that end the technology developed in Meridian specifically establishing the principle of neuro-
muscular junction might be of potentially impact for controlling high fidelity the prosthetic 
movement by reading the motor neural signals via the myoelectrical signals. 
 
Diamond microelectrode arrays. 
Developed diamond MEAs are of high potential impact for in vitro testing providing the 
unprecedented stability of diamond material. The current devices on the market employ mainly TiN 
that oxidises after a prolonged period of time of operation as well as electrode isolators (such as 
SiO2), which degrades. MERIDIAN diamond MEA represent a novel system for in vitro studies 
that can have important potential on the neuroscience research such as for neural learning for a 
number of long term experiments that are carried out and require electrode stability for prolonged 
period of time. MERIDIAN diamond  technology platform is also relevant for the pharmaceutical 
industry, as drug- screening and drug discovery can be based on i) novel carbon-based materials as 
well as on ii) the concept of human-derived cortical progenitor cells or human-placenta conditioned 
culture media. The vision is carrying out extracellular recordings and stimulation at the level of 
individual cells, employing besides neurons, other excitable cell types (i.e. glial cells, myocytes and 
pancreatic beta-cells); To this end here applications might give rise to potential interests for further 
valorisation. MERIDIAN has identified the potential of miniaturized biomedical technologies and 
drug-screening platforms and microsystems, to be employed in pharma industries, on a short-term 
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horizon. MEAs developed at IMEC and Nano6 can act as an alternative to commercial electrodes 
(Multichannel Systems).  
 

 
Impact on Neuroscience Science 

The principle of the developed 3D engulfing type of electrodes at Hebrew University, Jerusalem 
had important impact on developing the neuroscience field because it provided a milestone 
breakthrough in realisation of intracellular neural signal readout, that is compatible with MEA 
technology and has the potential for the develop technique not only for PNS but also CNS 
applications. MERIDIAN’s novel type of nanoscopic neuro-electric interface used the principle of a 
tight phagocytotic engulfment of a 3D mushroom-shaped electrode surface. It is conceivable that 
merging the cell-biological principles of evoking engulfment of the electrodes may provide both a 
stable neuron–electrode configuration and intracellular access. Once achieved, such a device may 
be applied in arrays that make use of the well-established multiplexing capabilities of ultra-large-
scale integrated arrays. MERIDIAN electrodes allow recording or stimulation with practically 
intracellular contact at an unprecedented signal to noise ratio. First results published by our 
consortium confirmed the expected properties of constructed interfaces and gave rise to important 
interest at international conferences and was highly cited worldwide in neuroscience literature.  

The members of the MERIDIAN consortium have given a large number of impacting invited 
lectures at large international conferences and demonstrated interested in the results developed by 
the ERIDIAN consortium.  

Dissemination 

The research developed in MERIDIAN has led to the publication of a respectable number of papers 
in peer-reviewed scientific journals in the field.  The principle of engulfing electrodes for 
intracellular contact is pioneering the  novel type of neural interfaces and opening the new field. 
The principle of the neuromuscular junction demonstrated by the consortium can provide new  
pathways fro biologic amplification of the signals. 
 
The members of the MERIDIAN consortium have delivered a high number of presentations at 
congresses and meetings, and large international conferences, demonstrating interesting results 
developed by the MERIDIAN consortium. Some of the presentations given during the last year will 
be likely result in further full publications, which are already in preparation.  
 


