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Introduction

Transmissible spongiform encephalopathies (TSEs) are fatal neurodegenerative diseases. They can affect cattle as bovine spongiform encephalopathy, sheep and goats as scrapie, cervids as chronic wasting disease and humans as Creutzfeldt-Jakob disease [START_REF] Collins | Transmissible spongiform encephalopathies[END_REF]. The conformational transformation of normal prion protein (PrP) from a monomer into a higher beta-sheet infectious prion proteins (PrPSc) containing multimers is the central event in TSEs [START_REF] Prusiner | Novel proteinaceous infectious particles cause scrapie[END_REF][START_REF] Hope | Fibrils from brains of cows with new cattle disease contain scrapie-associated protein[END_REF].

Normal prion protein PrP C is expressed by the cells with a high-molecular weight between 25 and 40 kDa depending on its glycosylation form. The detailed mechanisms of the conformational conversion of PrP C into PrP Sc , as well as the high-resolution structure of PrP Sc , are still unknown. The size distribution of PrP Sc assemblies is variable between species and also depends on the nature of the tissue analysed. Prion oligomers in infected blood samples are probably very different from those in brain tissue. According to Silveira et al [START_REF] Silveira | The most infectious prion protein particles[END_REF], the size of the most infectious prion particle would be equivalent to 14-28 molecules of PrP.

Transmission of TSE could be prevented through the detection of prion infection in presymptomatic individuals or animals. It is the object of many researches that aim to develop a sensitive and accurate diagnostic test to detect PrPSc in blood or plasma [START_REF] Bougard | Detection of prions in the plasma of presymptomatic and symptomatic patients with variant Creutzfeldt-Jakob disease[END_REF].

Current detection methods are based on protease digestion or amplification. Some biosensors were developed for the detection of prion: an EQCM aptasensor and immunosensor [START_REF] Hianik | EQCM Biosensors Based on DNA Aptamers and Antibodies for Rapid Detection of Prions[END_REF], an electrochemical aptasenor based on a redox dendrimer [START_REF] Miodek | Electrochemical aptasensor of cellular prion protein based on modified polypyrrole with redox dendrimers[END_REF] and a photoelectrochemical immunosensor [START_REF] Yang | A new photoelectrochemical immunosensor for ultrasensitive assay of prion protein based on hemin-induced photocurrent direction switching[END_REF]. An and coworkers developed a new concept based on the multimeric feature of PrPSc. This multimer detection system (MDS) is a sandwich enzyme-linked immunosorbent assay (ELISA) that detects oligomers better than monomers. The use of capturing and detection antibodies that are specific to a unique overlapping epitope will create a steric hindrance between them. MDS was firstly reported to detect PrPSc in brain and blood samples of scrapieinfected hamsters and mice and in normal controls [START_REF] An | Differentiating blood samples from scrapie infected and non-infected hamsters by detecting disease-associated prion proteins using Multimer Detection System[END_REF]. It was also successfully applied for the detection of prion oligomers in sheep, using a magnetic microparticle-based MDS [START_REF] Lim | Magnetic microparticle-based multimer detection system for the detection of prion oligomers in sheep[END_REF] and for the monitoring of changes of oligomeric amyloid beta levels in plasma from patients with Alzheimer's disease [START_REF] An | Dynamic changes of oligomeric amyloid β levels in plasma induced by spiked synthetic Aβ42[END_REF][START_REF] Youn | Blood amyloid-β oligomerization associated with neurodegeneration of Alzheimer's disease[END_REF].

This study aims at developping a quick and simple sensitive diagnostic test for the early detection of these neurodegenerative diseases in the blood. This new test is based precisely on the combination of two innovative technologies: a magnetic microparticle-based Multimer Detection System (MDS) [START_REF] Lim | Magnetic microparticle-based multimer detection system for the detection of prion oligomers in sheep[END_REF] that can differentiate the abnormal protein from monomers (normal protein) using specific antibodies and an electrochemical reading system based on a boron-doped micro-sensor. Electrodes made of boron doped diamond (BDD) are extensively investigated for environmental and electroanalytical applications, because of their electroanalytical properties, as low background current and a wide potential window in aqueous solutions (-1.35 to +2.3 V versus the normal hydrogen electrode), corrosion stability in aggressive media and resistance to biofouling [START_REF] Sbartai | Electrochemical boron-doped diamond film microcells micromachined with femtosecond laser: application to the determination of water framework directive metals[END_REF][START_REF] Kiran | Quasi-real time quantification of uric acid in urine using boron doped diamond microelectrode with in situ cleaning[END_REF]. Numerous amperometric magneto-immunosensors were based on disposable microelectrodes [START_REF] Torrente-Rodriguez | Rapid endoglin determination in serum samples using an amperometric magneto-actuated disposable immunosensing platform[END_REF]. The principle of the highthroughput system presented here is that magnetic microparticle-based MDS will not come in contact with the BDD electrode, preventing its fouling and allowing the rapid electrochemical detection of PrPSc in plasma samples from scrapie-infected sheep using very low sample volumes.

Experimental

Plasma samples were from Ecole NationaleVeterinaire de Toulouse: two from scrapie infected sheep (POS 047, POS 157) and one from a normal healthy animal (NEG).

Preparation of the BDD microelectrodes.

A film of 300 nm of boron (8000-10000 ppm) doped microcrystalline diamond to (BDD) deposited on an insulated silicon wafer with a 4 inchs' diameter was purchased from Neocoat (La Chaux-de-Fonds, Switzerland). The electrodes were cut up from the BDD wafer by micromachining, using a femtosecond laser (5 kHz, 2.5 W, 800 nm, 150 fs) [START_REF] Sbartai | Electrochemical boron-doped diamond film microcells micromachined with femtosecond laser: application to the determination of water framework directive metals[END_REF]. The design of one BDD microcell, including the working electrode, counter electrode, and pseudo reference electrode is shown, respectively, in Figure 1. Using this technique, the higher signal to noise ratio was obtained, compared to simpler differential techniques such as DPV.

.

Principle of magnetic microparticle-based multimer detection system

The principle of the magnetic microparticle-based MDS is schematized in Figure 2. The used anti-prion monoclonal antibodies 3E7 and T2 contained overlapping epitopes. T2 was a Fab2 fragment, it was preconjugated with horseradish peroxidase (HRP). The 3E7 monoclonal antibody was conjugated to tosyl-activated magnetic Dynabeads (diameter 2.8 µm) according to the producer's instructions (Invitrogen, Waltham, MA, USA).

Plasma sample used as received (400 μL) was diluted with 1% Triton X-100 in 2 mL of Trisbuffered saline solution. 3E7-magnetic beads and T2-HRP in Tween 20 (TBST) were mixed, the ratio of both antibodies being 1:1. They were then added to the sample tube, initiating the MDS assay at 37°C. The magnetic beads were then gathered using a magnet (Invitrogen), the supernatant and unbound complexes were thrown and the remaining magnetic beads were washed with TBST [START_REF] Lim | Magnetic microparticle-based multimer detection system for the detection of prion oligomers in sheep[END_REF]. 

Electrochemical detection

After incubation, 0.2 µL of TBST solution containing the magnetic beads was injected in the tubing of the flow-cell and the magnetic beads were stopped by a magnet in the tubing (Figure 3, step 1).

A washing step with PBS 0.1 M was then carried out. After washing, 4-tert-catechol solutions with hydrogen peroxide were then be injected at 5 µL/min [START_REF] Martínez | Modified paramagnetic beads in a microfluidic system for the determination of ethinylestradiol (EE2) in river water samples[END_REF] (Figure 3, step 2) and the product of the enzymatic reaction was electrochemically detected. The electrochemical detection of HRP activity is based on the following principle: the catalytic cycle of HRP is initiated by a its rapid oxidation by H2O2 to give an enzyme intermediate, which returns to its resting state through two successive single electron transfer reactions with the reducing substrate molecule, 4-tert-butylcatechol (TBC), then leading to the TBC oxidation into 4-tert-butyl-obenzoquinone [START_REF] Garcia-Moreno | Oxidation of 4-tert-butylcatechol and dopamine by hydrogen peroxide catalyzed by horseradish peroxidase[END_REF]. The cathodic current due to the reduction of this benzoquinone on the microelectrode surface is then measured The advantages of this microsystem are the use of a very small amount of magnetic beads (0.2 µL) as well as the ease of recycling, for a lot of assays. After each experiment, the removal of the magnet, the PBS was injected at the output side, the magnetic beads were directly discharged outside of the system (Figure 3, step 3).

Results and discussion

Effect of 4-tert-butylcatechol concentration and of HRP functionalized beads on the electrochemical signal

Before using the multimer detection system, we tested the detection of HRP activity on HRPcoated magnetic beads coated with HRP by trapping them in the microfluidic system by a magnet. The influence of the concentration of 4-tert-butylcatechol (TBC), in the presence of hydrogen peroxide, on the electrochemical signal was studied. An SWV curve (square wave voltammetry) is obtained with a maximum reduction peak at -0.2V. The concentration of 4tert-butyl catechol in 100 mM PBS solution is x mM (x varying from 0 to 10 mM) and 1mM H2O2 is added. The SWV curves obtained in the presence of HRP functionalized magnetic beads and for different concentrations of 4-tert-butylcathechol are shown in Figure 4. A reduction peak at -0.2 V is observed. The height of this peak is maximum for 1mM of TBC.

-0,5 -0,4 -0,3 -0,2 -0,1 0,0 0,1 0,2 The fraction of HRP functionalized beads mixed unfunctionalized beads was then varied. It was shown that the intensity of the maximum of the peak is proportional to this ratio.

Detection on real plasma samples

We tested a panel of plasma samples from infected sheep to choose the samples giving the highest signals. In our experiments, two plasma samples of sheep with clinical signs of scrapie were tested (pos 046 and pos 157), in addition to plasma collected from a healthy sheep as a negative control. In each experiment, each plasma sample was analyzed in triplet by the electrochemical detection method (SWV) using the BDD micro-sensor and by the chemiluminescence reader. The results are shown in the Table 1. the agreement between both methods. The negative signal is 23 times lower than POS 157 for chemiluminescence whereas it is 44 times lower for electrochemical detection. The signal obtained for the negative signal is very low for both detection methods. This point is due to the high selectivity of the used selected antibodies. The advantage of the electrochemical microfluidic system is the use of a 10 times lower volume of beads. Three determinations were performed and a RSD of 7 % was obtained.

This technique of detection based on the electrochemical measurements of the HRP activity is performed in 100 mM PBS aqueous buffer, then there is no electrochemical interference coming from the plasma content.

The oxidation of 4-tert-butyl-o-benzoquinone in an 100 mM PBS aqueous buffer is a reversible system on carbonaceous electrode materials [START_REF] Katsumi | Mechanistic study on the electrochemical reduction of 9,10-anthraquinone in the presence of hydrogen-bond and proton donating additives[END_REF]. A very soft washing procedure of the BDD electrode with a 0.1M HNO3 solution allows its recycling. It was then possible to use the same microfluidic system with the same BDD electrode for more than 100 determinations.

Conclusion

In conclusion, it has been shown that the electrochemical detection in a microfluidic system allows a sensitive detection of PrPSc from plasma samples without any amplification step. The main advantages of the use of a BDD electrode inserted in a flow cell is the requirement of a very low quantity of functional magnetic beads and their recyclability allows the limitation of wastes.

These preliminary results are very promising for the detection of protein misfolding diseases in patients' blood samples. The next steps will be to apply this technology to different positive samples, including preclinical samples, and then adapt the system to detect Creutzfeldt-Jakob disease in blood and plasma.
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 1 Figure 1. A BDD microcell including the working electrode, counter electrode, and pseudo reference electrode
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 2 Figure 2: Diagram of the recognition of the multimer protein in an infected sheep plasma using 3E7 and T2 specific antibodies
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 3 Figure 3: Scheme of the principle of the microfluidic electrochemical assay

Figure 4 :

 4 Figure 4: Influence of 4-tert-butylcatechol concentration on SWV signal in the presence of functionalized beads. SWV measuring conditions: scanning rate: 100 mV/s, Estep = 0.01 V, and frequency = 25 kHz

Table 1 :

 1 Chemiluminescence signal and maximum peak intensity for positive samples (046 and 157), negative sample.According to Table1, the electrochemical test is validated on the plasma of infected sheep. The signals for the pathological samples are higher than those of the healthy sample. In addition, the plasma POS 046 has a signal greater than that of the plasma POS 157. The ratio of the chemiluminescence signals is 2.20 and that of the electrochemical signals is 2.27, which shows

	Samples	chemiluminescence	Peak maximum intensity
		signal	
		(RLU)	(nA)
	Infected sheep	34 219±2395	100±7
	Plasma POS 046		
	Infected sheep plasma		
	POS 157	15 533±1087	44±3
	Plasma of healthy sheep	673±47	1±0.5
	NEG		
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