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Human intracellular glycolytic enzyme phosphoglucose isomerase (hPGI) plays the role of autocrine motility factor (AMF) once secreted in the extracellular medium. AMF is a cytokine that stimulates tumor cell motility in vitro and metastases development in vivo. High blood levels of the protein have been reported to be closely related to metastases formation. Since it is secreted by a large variety of tumors, AMF is considered as a validated cancer biomarker. In this work, we report a specific and sensitive electrochemical biosensor designed for the detection and quantification of AMF which is a cancer biomarker present in urine and/or blood of cancer patients. Overexpression and purification of the human protein were performed as well as the synthesis of the inhibitor N-(5-phosphate-D-arabinoyl)-2-amino ethanamine that selectively interacts with the protein. Affinity of the inhibitor for the protein was first evaluated by molecular docking and then by measuring its binding affinity (IC50 = 0.95 µM). The biosensor was constructed by covalent attachment of the synthesized inhibitor bearing an amine function in terminal position to a transducer which is formed with polypyrrole bearing the redox dendrimer PAMAM G2. Protein interactions were quantified by amperometric measurement in a range of 1 pM to 1 µM in HEPES buffer. The biosensor demonstrated a detection limit of 43 fM in phosphate buffer (PBS) and high selectivity for AMF when compared with non-specific Dglucose-6-phosphate dehydrogenase (G6PDH) protein. Detection of AMF in spiked human plasma was performed to demonstrate the efficiency of such system in real sample.

Introduction

The early diagnosis of a pathology makes possible to limit its effects and to start the appropriate treatment as soon as possible. Screening is therefore the first step leading to treatment and eventually healing, especially in the case of serious diseases such as cancer.

Indeed, as soon as metastases appear, the patient's state of health can quickly deteriorated. Early detection of metastases associated with a poor prognosis is therefore a priority of oncology research. For example, prostate specific antigen (PSA) in prostate cancer or CA 15-3 antigen in breast cancer are used as tumor progression markers allowing detecting patients at high risk of relapse [START_REF] Duffy | Clinical uses of tumor markers: a critical review[END_REF]. Tumor markers are useful not only for cancer screening but also help to track a patient and assess response to cancer treatment [START_REF] Nagpal | Tumor markers: A diagnostic tool[END_REF].

Inside the cell, phosphoglucose isomerase (PGI) is a glycolytic enzyme which catalyzes the reversible interconversion of β-D-fructofuranose 6-phosphate (β-F6P) to α-D-glucopyranose 6phosphate (α-G6P) [START_REF] Willem | Dual anomeric specificity and dual anomerase activity of phosphoglucoisomerase quantified by two-dimensional phase-sensitive 13C EXSY NMR[END_REF]. Upon secretion by tumor cells to the extracellular medium, human PGI plays however the role of a metastatic cytokine called 'autocrine motility factor' AMF AMF and PGI are strictly identical proteins, both in terms of sequence and three-dimensional structure, which were discovered independently. They are localized in two different environments with two different activities, this is why they named differently.AMF acts by binding to the membrane receptor AMFR/gp78 of tumor cells [START_REF] Watanabe | Purification of human tumor cell autocrine motility factor and molecular cloning of its receptor[END_REF]. Activation of AMFR has been shown to alter tumor cell adhesion and stimulate their motility [START_REF] Watanabe | Purification of human tumor cell autocrine motility factor and molecular cloning of its receptor[END_REF][START_REF] Tsutsumi | Autocrine motility factor signaling enhances pancreatic cancer metastasis[END_REF].

Overexpression of AMF and/or its receptor AMFR/gp78 is closely associated to progression and malignancy of tumors in several types of cancers such as breast, kidney, gastrointestinal, colorectal, pancreatic, bladder, prostate, bone, hepatocellular, and lung cancers [START_REF] Chiu | Autocrine motility factor receptor: a clinical review[END_REF][START_REF] Huang | Aberrant expression of the autocrine motility factor receptor correlates with poor prognosis and promotes metastasis in gastric carcinoma, Asian Pac[END_REF][START_REF] Paschos | Enzymatic function of multiple origins regulates the progression of colorectal cancer and the development of metastases[END_REF][START_REF] Bayo | Increased Migration of Human Mesenchymal Stromal Cells by Autocrine Motility Factor (AMF) Resulted in Enhanced Recruitment towards Hepatocellular Carcinoma[END_REF]. Furthermore, AMF has been used as a biomarker of cancer progression since it has been detected in the serum and/or urine of patients in numerous types of tumors [START_REF] Guirguis | Detection of Autocrine Motility Factor in Urine as a Marker of Bladder Cancer[END_REF][START_REF] Baumann | The diagnostic validity of the serum tumor marker phosphohexose isomerase (PHI) in patients with gastrointestinal, kidney, and breast cancer[END_REF][START_REF] Filella | Serum phosphohexose isomerase activities in patients with colorectal cancer[END_REF]. Thus, design of an analytical tool for the detection of this AMF protein in human fluids would constitute a significant scientific breakthrough in oncology.

Methods described in the literature for the detection of AMF in biological fluids include enzymatic, colorimetric and immunological methods [START_REF] Bodansky | Serum phosphohexose isomerase in cancer. II. as an index of tumor growth in metastatic carcinoma of the breast[END_REF][START_REF] Gracy | Phosphoglucose isomerase of human erythrocytes and cardiac tissue[END_REF][START_REF] Dai | Elevated serum glucose-6-phosphate isomerase correlates with histological disease activity and clinical improvement after initiation of therapy in patients with rheumatoid arthritis[END_REF]. However, these conventional methods are usually complex and difficult to implement. In addition, sample preparation and results exploitation increase duration of the analysis. In this context, the development of fast and miniaturized sensors appears as a priority. Such tools would offer the possibility of real-time analysis prior to sample preparation. The great commercial success in this area is illustrated by the glucometer which allows better management and optimized monitoring of the health status of diabetic patients.

Electrochemical biosensors can detect trace amounts of cancer-related biomarkers in biological fluids. So far, a number of promising electrochemical strategies have been described for the detection of cancer biomarkers including enzyme, DNA and immuno-based biosensors [START_REF] Topkaya | Electrochemical Biosensors for Cancer Biomarkers Detection: Recent Advances and Challenges[END_REF]. Such devices are very promising tools for a sensitive, specific and non-invasive detection for early cancer diagnosis. Thus, combining electrochemical sensors with relevant biomarkers is a good alternative to design efficient biosensors towards point-of-care diagnostic tools.

The first electrochemical biosensor for AMF detection we reported was based on the use of the enzyme substrate fructose 6-phosphate (F6P) and rabbit muscle PGI as a model of the human enzyme AMF [START_REF] Devillers | Carbohydrate-based electrochemical biosensor for detection of a cancer biomarker in human plasma[END_REF]. The detection was performed through measuring the redox signal of an external redox marker to prove F6P/protein interaction. The F6P-biosensor demonstrated a detection limit of 6.6 fM in PBS and high selectivity when compared to other non-specific glycolytic proteins such as D-glucose-6-phosphate dehydrogenase. We report here the development of an electrochemical biosensor for real time detection of the human protein AMF .

Various parameters are studied in the design of such biosensor. Firstly, a label free detection, where the redox marker is directly attached to the surface, is developed through transducers formed with modified conducting polypyrrole with redox dendrimers. The association of conducting polypyrrole and redox dendrimers was proven to underline lower of detection limit in the case of affinity biosensors [START_REF] Miodek | Electrochemical functionalization of polypyrrole through amine oxidation of poly(amidoamine) dendrimers: Application to DNA biosensor[END_REF]. The recognition element is formed with N-(5-phosphate-Darabinoyl)-2-aminoethanamine (5PAED) which is a strong inhibitor and designed as a mimic of the linear form of the enzyme substrate F6P. Inhibitor accessibly to the binding site as well as binding affinity toward human enzyme are studied. Detection of the human AMF overexpressed cancer biomarker was performed in buffer solution as well as in spiked human plasma samples.

The general scheme of the proposed biosensor is reported below (Scheme 1). Biolayer formation was characterized through FT-IR spectroscopy, SEM, AFM and XPS, as well as electrochemistry. Molecular recognition between the immobilized monosaccharide and the protein in solution was detected through square wave voltammetry (SWV) by following the redox signal of attached ferrocenyl groups. We demonstrated that a sensitive and selective biosensor based on a monosaccharide inhibitor specifically designed for detection of the human cancer biomarker AMF was obtained and displayed fast and efficient detection properties both in buffer and spiked human plasma samples.

Materials and methods

Reagents

Pyrrole, polyamidoamine dendrimers of second generation (PAMAM G2), lithium perchlorate, acetonitrile (ACN), Saccharomyces cerevisiae glucose-6-phosphate dehydrogenase (ScG6PDH), Dowex 50WX4 ion-exchange column (Na + form), β-nicotinamide adenine dinucleotide phosphate (NADP, sodium salt), F6P and G6P (disodium salts) were purchased from Sigma-Aldrich company. Human blood plasma samples were purchased from Helena Biosciences Europe (UK).

Phosphate buffered saline (PBS, pH 7.4, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 137 mM NaCl), and HEPES buffer (pH 7.1, 50 mM) were prepared with double distilled water, filtered on 0.22 μm membranes, and stored at 4 °C before use. Pyrrole was distilled before use and modified ferrocene was synthesized following the procedure described previously [START_REF] Miodek | Direct electrochemical detection of PB1-F2 protein of influenza A virus in infected cells[END_REF][START_REF] Korri-Youssoufi | Electrochemical biosensing of DNA hybridization by electroactive ferrocene functionalized polypyrrole[END_REF].

Instruments

Electrochemical experiments were performed using a Bio-Logic potentiostat controlled with Ec-lab software. All electrochemical experiments were performed using a three-electrode cell (Basi) which consists of a reference Ag/AgCl electrode, a platinum stem as the counter electrode and a gold electrode as the working electrode (surface = 2.01.10 -2 cm 2 ). A small volume cell of 0.2 mL (Basi) equipped with porous frit that allows connection with the large volume cell was used for electrodeposition of pyrrole and PAMAM. The working electrode was cleaned by polishing several times with different thickness of diamond paste (6, 3 and 1 µm) and then activated in 0.5 M sulfuric acid solution by sweeping the potential between 0 to 1.8 V at 100 mV.s -1 for 10 cycles.

Cyclic voltammetry (CV) analysis was conducted in 5 mM [Fe(CN) 6 ] 4-/[Fe(CN) 6 ] 3-or 10 mM PBS (pH 7.4) from -0.2 to 0.6 V using a scan rate of 50 mV.s -1 . Square wave voltammetry (SWV) was conducted in PBS from -0.2 (or -0.1) to 0.4 V using a conditioning time of 60 s, a frequency of 2 Hz, and modulation amplitude of 20 mV.

X-ray Photoelectron Spectroscopy (XPS) measurements were performed with a K Alpha spectrometer by Thermo-Fisher, using a monochromatic Al X-ray Source (Kα 1486.6 keV). For all measurements, a spot size of 400 µM was employed. The hemi-spherical analyser was operated in CAE (Constant Analyser Energy) mode, with a pass energy of 200 eV and a step of 1 eV for acquisition of survey spectra, a pass energy of 50 eV and a step of 0.1 eV for acquisition of high resolution spectra.

Fourier Transform infrared spectra (FT-IR) were performed using a Bruker IFS66 FT-IR spectrometer equipped with a Mercury-Cadmium-Telluride (MCT) detector and an attenuated total reflectance (ATR) germanium crystal.

UV absorbance measurements for IC50 evaluation were conducted with CARY 300 Bio spectrophotometer equipped with a thermostat regulation device, using 1 mL of Brand polystyrene disposable cuvettes of 1 cm optical path.

Atomic force microscopy (AFM) analyses were conducted with tapping mode topography and phase imaging and were accomplished using an Innova AFM Bruker with NanoDrive v8.02 software. Tapping mode images were acquired using silicon tips from Nanosensors (PPP NCSTR) with a resonance frequency ranging between 76 and 263 kHz. The obtained images were processed using WsXM software. Scanning electron microscopy (SEM) images were performed with MEB-FEG ZEISS Supra 55 VP.

Synthesis of monosaccharide inhibitor

N-(5-Phosphate-D-arabinoyl)-2-aminoethanamine (5PAED) was synthesized using the following procedure. In a round-bottom flask placed under argon containing D-arabinono-1,4lactone 5-phosphate (128 mg, 0.56 mmol) in anhydrous methanol (5 mL), 0.13 mL of ethylenediamine (2.0 mmol, 3.5 eq) was added. A white precipitate appeared immediately. The reaction mixture was stirred at rt for 1 h. Following concentration of the reaction mixture, the residue was eluted with water on a Dowex 50WX4 ion-exchange column (Na + form) and lyophilized to afford the desired product with quantitative yield.

Protein production

Human autocrine motility factor-or phosphoglucose isomerase AMF or hPGIwas produced according to the procedure described previously by Read et al [START_REF] Read | The crystal structure of human phosphoglucose isomerase at 1.6 A resolution: implications for catalytic mechanism, cytokine activity and haemolytic anaemia[END_REF] except that we used pRSET-C as plasmid. The pRSET-C plasmid carrying the gene coding for AMF was purshased from Thermofisher Invitrogen.

Evaluation of affinity constant

PGI activity was spectrophotometrically assayed at 25 °C (λ = 340 nm) in the direction from F6P to G6P by coupling to yeast D-glucose-6-phosphate dehydrogenase (G6PDH) following a procedure adapted from the literature [START_REF] Noltmann | Isolation of crystalline phosphoglucose isomerase from rabbit muscle[END_REF][START_REF] Dyson | The Effect of pH and Temperature on the Kinetic Parameters of Phosphoglucose Isomerase[END_REF]. G6P resulting from the isomerization of F6P was oxidized to 6-phosphogluconolactone by G6PDH. This latter reaction requires NADP + as cofactor and was accompanied by the formation of NADPH giving a spectrophotometric signal measurable at 340 nm (ε = 6220 M -1 .cm -1 ). Measurement of NADPH absorbance gave access to PGI-catalyzed reaction initial velocity. Activity measurements were made using the multicuvette mode with the temperature held at 25 °C. Specific activities were measured using a substrate concentration of at least 5 times the corresponding K M value. The assay mixture contained, in a volume of 1 mL, 50 mM HEPES buffer pH 7.1, previously sterilized and filtered (0.22 µM), 5 mM MgCl 2 (500 mM in HEPES buffer), 0.5 -2 mM F6P sodium salt (100 mM in HEPES buffer), 0.4 mM NADP + sodium salt (40 mM in HEPES buffer, used up to 2 weeks after preparation), 0.6 U of G6PDH. The 5PAED inhibitor was included at final concentrations of 0 -2 µM (10 mM in HEPES buffer appropriately diluted 10 or 100 times). To ensure valid assay conditions, several precautions were taken. G6PDH was added in excess (0.6 U) so that the ratelimiting reaction was the PGI-catalyzed isomerization of F6P to G6P. The reaction mixture was allowed to pre-incubate before adding PGI for 6-8 min until no further increase in absorbance due to G6P oxidation occurred. The reaction was then initiated by the addition of PGI (0.006 U).

Absorbance rate due to NADPH formation coupled to F6P isomerization was then measured in presence (Vo I ) and in absence (Vo) of inhibitor. Reporting the ratio Vo I /Vo as a function of inhibitor concentration gives the half maximal inhibitory concentration (IC50) value for Vo I /Vo = 50%.

Biosensor construction

The strategy used for the construction of the biosensor comprises 5 steps as shown in scheme 1. Before proceeding to the development of the biosensor, electrochemical cleaning of the gold electrodes was carried out. The cleaning step serves to remove any contaminants that may persist after the polishing step of electrodes and that could subsequently affect reproducibility of the results as well as subsequent grafting steps. Each electrode was thus activated in a degassed solution of sulfuric acid (0.5 M) by sweeping potential from 0 to 1.8 V for 10 cycles at 100 mV.s -1 .

Biosensor construction proceeded by electrodeposition of pyrrole on the gold surface. A solution of 20 mM pyrrole was used. Electrodeposition was conducted by scanning the potential from -0.4 to 0.9 V for 2 cycles at 50 mV.s -1 (see Supp. 

Protein detection

Detection in HEPES buffer. Human autocrine motility factor-AMFwas detected and quantified in a wide range of concentrations from 1 pM to 1 μM. All protein solutions were prepared in 50 mM HEPES buffer (pH 7.1). This pH was chosen in a way to be as close as possible to physiological pH. A solution of G6PDH prepared at 100 pM in the same buffer was used to test the specificity of the biosensor.

Detection in human plasma. Human plasma provided as a freeze-dried powder form was dissolved in 1 mL of HEPES buffer (50 mM, pH 7.1). All desired concentrations of AMF (1 pM to 1 μM) were prepared by adding the target protein to the solution of human plasma. A volume of 100 μL of protein solution at the desired concentration was added on the biosensor surface and incubated for only 10 min at rt. After incubation, the working electrode was washed with double distilled water and dried under argon. Interaction between the protein and the biosensor was followed by square wave voltammetry (SWV) in PBS buffer (10 mM, pH 7.4) using a conditioning time of 60 s, a frequency of 2 Hz, and a modulation amplitude of 25 mV.

Results and discussion

3.1. Design of 5PAED-biosensor for AMF-PGI detection 5PAED was designed as a bioreceptor of choice because it is a strong inhibitor of human AMFPGI. 5PAED, derived from the linear form of the enzyme substrate F6P (Fig. 1A), gave us a half maximal inhibitory concentration (IC50) value of 0.95 µM (Fig. 1B) at a -F6P concentration equals to K M (50 µM), which leads to an estimated competitive inhibition constant (K i ) value of about 0.5 µM. PGI are known to have much more affinity for linear F6P than cyclic -F6P, which explains strong binding affinity of 5PAED at the active site of the enzyme. 5PAED differs from linear F6P only in its head part bearing an ethylene diamine group (Fig. 1A). Its terminal amino group allows the grafting to the transducers surface by simple coupling reaction.

Grafting of 5PAED via this terminal amine function could lead to the loss of some active site interactions with the enzyme. However, it was demonstrated from the literature that the case of PGI-substrate/inhibitor complexes, the essential part for carbohydrate is polyhydroxy backbone and the phosphate to maintain the affinity to the protein the [START_REF] Jeffery | Crystal Structure of Rabbit Phosphoglucose Isomerase Complexed with 5-Phospho-d-Arabinonate Identifies the Role of Glu357 in Catalysis[END_REF][START_REF] Arsenieva | The crystal structure of rabbit phosphoglucose isomerase complexed with 5-phospho-D-arabinonohydroxamic acid[END_REF][START_REF] Davies | The structure of human phosphoglucose isomerase complexed with a transition-state analogue[END_REF]. Therefore, grafting of the selected monosaccharide to the surface of the electrode via the terminal amine function should not prevent AMF detection. In addition, the amine function is spaced from the amide function by two carbons,, which makes the remainder of the backbone more accessible for interaction with the active site residues. To validate the feasibility of the biosensor design based on immobilized 5PAED, the active site structure of human AMF-PGI in complex with 5PAED was studied using PyMol software [START_REF]The PyMOl Molecular Graphics System[END_REF] through building and docking of 5PAED from the reported structure of human PGI in complex with 5-phospho-D-arabinonate (PDB ID code 1NUH) reported by Davies et al [START_REF] Davies | The structure of human phosphoglucose isomerase complexed with a transition-state analogue[END_REF]. Figure 1C shows that the amino group is potentially accessible for covalent grafting at the surface of the biosensor, while the remainder of the backbone and in particular the phosphate group is well buried into the protein active site. AMF-PGI in complex with 5PAED using PyMol software [START_REF]The PyMOl Molecular Graphics System[END_REF] and the 3D structure of human PGI in complex with 5-phosphate-D-arabinonate (PDB 1NUJ) [START_REF] Davies | The structure of human phosphoglucose isomerase complexed with a transition-state analogue[END_REF].

In order to carry out the construction of the biosensor, a gold electrode modified with a polypyrrole layer and then functionalized with PAMAM redox dendrimers was chosen as the transducer. In this way, the transducer can be formed in a simple manner and is very sensitive for monitoring the bioreceptor/target interaction without the need for an external redox marker [START_REF] Miodek | Electrochemical functionalization of polypyrrole through amine oxidation of poly(amidoamine) dendrimers: Application to DNA biosensor[END_REF].

These remarkable characteristics come from the properties of polypyrrole (Ppy) which is an electroactive polymer with high conductivity and stability. In addition, Ppy can be easily functionalized, chemically [START_REF] Markova | Selective synthesis and radical polymerization of N-vinyl-2-(1naphthyl)-and N-vinyl-2-(2-naphthyl)pyrroles[END_REF][START_REF] Zotti | Poly(N-hexylcyclopenta[c]pyrrole) -A Novel 1,3,4-Alkyl-substituted Polypyrrole Soluble in Organic Solvents and Redox Conducting[END_REF] and electrochemically through electrochemical deposition [START_REF] Ramanavičius | Electrochemical sensors based on conducting polymer-polypyrrole[END_REF][START_REF] Richard | The Electrochemistry of Antibody-Modified Conducting Polymer Electrodes[END_REF], which allows introduction of various functional groups for further modification. Thus, the biolayer was formed by electrodeposition of Ppy followed by electrodeposition of PAMAM G2.. The choice of PAMAM G2 instead of the larger PAMAM G4 was optimized before. We demonstrated here that the dense layer obtained with PAMAM G4 induces a lower sensitivity because of the steric hindrance provided by the large size of the AMF protein.

The ferrocene group (Fc) modified with two carboxylic functions activated with phthalimide was then chemically bound to amines of PAMAM G2 forming the PPy-PAMAM-Fc layer. The grafting of 5PAED on the second Fc ester function was carried out, followed by the reaction of the unmodified ester groups of ferrocene with ethanolamine. This last step also aims stabilizing the redox signal of Fc because its ester function can hydrolyze in aqueous solution and prevent non-specific interactions. Details of biolayer formation and characterization are reported in Supp.

Info. SI. 1.

Characterization of the biosensor construction

Molecular structure of the biosensor was characterized by photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FT-IR). Morphology of the biosensor was determined using scanning electron microscopy (SEM) and atomic force microscopy (AFM).

XPS provides important information about surface modifications and chemical composition.

XPS spectra confirm modification of the gold surface by Ppy and modification of the latter by PAMAM G2 as demonstrated previously (see Supp. Info. SI. 2). XPS data obtained after grafting of ferrocene and 5PAED showed the appearance of two peaks at 708.18 and 720.98 eV (Figure 2A) corresponding to Fc iron and a peak at 133.58 eV (Figure 2B) corresponding to the phosphate group of 5PAED. The latter is characteristic of a pentavalent phosphorus atom and refers to P-O bonds of phosphate. These results confirm the grafting of both Fc and 5PAED on the surface of the biosensor.

FT-IR data demonstrates efficient attachment of PAMAM G2 to polypyrrole layers (see Supp. Info. SI. 2). Few changes are observed following grafting of both ferrocene and 5PAED where a larger peak between 3000 and 3700 cm -1 was observed due to the hydroxyl groups of the sugar moiety (Figure 2C). AFM (Figure 3A) and SEMs images (Figure 3B) were recorded to analyze the modifications in surface morphologies after the different steps of biosensor formation. AFM images showed that polypyrrole deposition led to a layer with a nodular appearance typical of polypyrrole, which clearly demonstrated its deposit on the gold surface (Figure 3A, image b). Modification of the surface appearance was accompanied by an increase of the surface roughness (RMS roughness).

A less rough surface was however observed after grafting of PAMAM where the value of roughness decreases from 7 to 5.5 nm (Figure 3A,image c). Surface roughness further decreased after grafting of both ferrocene and 5PAED to reach 4 nm (Figure 3A,image d). Once the enzyme was attached to the surface of the biosensor and the formation of the complex occurred, the surface roughness reaches a value of 6 nm and the surface becomes homogeneous. Protein aggregates are observed (figure 3A, image e) in agreement with the homodimeric quaternary structure of AMF-PGI. The SEM analysis showed the same behavior of the surface topology after formation of the biosensor and interaction of the protein (Figure 3B). A cauliflower structure highlights grafting of PPy [START_REF] Paschen | Morphology of a conducting polymer and its relation to the electronic properties[END_REF] (Figure 3B, image a). Structured surface is obtained after biolayer formation and sugar attachment, where appearance of a smoother surface is observed (Figure 3B, image b).

However, a remarkable change in surface topography is obtained after protein interaction with small nanoparticles associated to protein attachment (Figure 3B,image c). This behavior confirms the results of AFM images and demonstrates the efficient formation of a biological layer that occurs by the formation of a complex between the immobilized monosaccharide and the AMF protein.

Electrochemical characterization was performed after ferrocene and bioreceptor grafting. A well reversible redox signal is observed which confirms ferrocene attachment (See Supp. Info. SI 1, Figure S3). Square wave voltammetry (SWV) analysis shows electrochemical behavior of the biolayer after bioreceptor and ethanolamine attachment (Figure 4). A small drop in current variation with a small potential shift to a lower value is obtained after covalent attachment of monosaccharide. This result related to the chemical structure of the carbohydrate moiety providing various hydroxyl functions and the negative charges of the phosphate group blocking the electron transfer capacity. Covalent attachment of ethanolamine leads to small increase of current. This could be related to the change in the chemical and electronic environment of ferrocene from hydroxyphtalimido to ethanol group which is more hydrophilic molecule improving the ionic diffusion and then the electroactivity.
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Analytical performances of the biosensor

The human AMF protein was detected in a concentration range varying from 1 pM to 1 µM in 50 mM HEPES buffer (pH 7.1) at rt during 10 min. The time of association was optimized and shows that the maximum association is reached after 10 min. This short time demonstrates an effective accessibility of the protein active site, since a longer time is generally required [START_REF] Liu | Amplified electrochemical detection of protein kinase activity based on gold nanoparticles/multi-walled carbon nanotubes nanohybrids[END_REF][START_REF] Sun | Gold nanoparticles-based electrochemical method for the detection of protein kinase with a peptide-like inhibitor as the bioreceptor[END_REF][START_REF] Shen | A single electrochemical biosensor for detecting the activity and inhibition of both protein kinase and alkaline phosphatase based on phosphate ions induced deposition of redox precipitates[END_REF][START_REF] Akter | Amplified Electrochemical Detection of a Cancer Biomarker by Enhanced Precipitation Using Horseradish Peroxidase Attached on Carbon Nanotubes[END_REF]. To monitor sugar-protein interaction, SWV analyses were performed in PBS buffer. Figure 5A shows a decrease in the peak current of the redox signal of attached ferrocene upon increasing enzyme concentration. This behavior is related to the decrease in charge transfer caused by protein binding and confirms the formation of the complex (5PAED/AMF).

In order to estimate the biosensor sensitivity, the average value of peak current variations for each detected concentration was calculated. The calibration curve depicted in Figure 5B represents the average variation of the current ΔI / I 0 as a function of the logarithmic value of protein concentration with standard deviation obtained for three measurements. The curve shows a good linear relation with a coefficient regression R 2 = 0.997 and the equation of ΔI / I 0 = 0.044488 log [AMF-hPGI] + 0.63807. A limit of detection of AMF in HEPES buffer of 43 fM was calculated according to a signal to noise ratio of 3 and considering the mean value of standard deviations of the measurements (SD = 0.0128) and the slope of the calibration curve.

Although 5PAED has much more affinity for the protein than its F6P cyclic substrate, the detection limit is slightly higher than that obtained with the F6P-biosensor described previously for the detection of RmPGI (6.6 fM) [START_REF] Devillers | Carbohydrate-based electrochemical biosensor for detection of a cancer biomarker in human plasma[END_REF]. This could be explained by the loss of some interactions at the terminal nitrogen level of 5PAED and/or by the size of AMF greater than that of RmPGI.

The biosensor selectivity was investigated using another glycolytic enzyme, namely glucose-6-phosphate dehydrogenase (G6PDH) from Saccharomyces cerevisiae which catalyzes the oxidation of G6P to 6-phospho-gluconolactone. The G6PDH solution was prepared in HEPES buffer (pH 7.1). After incubation for 10 min, the electrode was then analyzed by SWV.

Figure 5C shows that the ferrocene signal is not modified after incubation of the electrode with 100 pM G6PDH. On the contrary, a decrease in signal intensity is observed after interaction with 100 pM AMF-PGI. This result demonstrates high selectivity of the biosensor described to AMF compared to other glycolytic protein and underlines the role of the selected carbohydrates.

Biosensor reproducibility for the detection of AMF was studied through the evaluation of three independent biosensors and using various concentrations of AMF. Each sensing layer was freshly prepared. A value of the relative standard deviation (RSD) of 8% was calculated, which demonstrated a good reproducibility of the biosensors.

Detection in plasma sample

Detection of AMF-PGI in human plasma was also carried out. A solution of 100 pM of AMF was spiked in human plasma and incubated using the same conditions as reported in HEPES buffer. Figure 5D shows a SWV analysis of the biosensor response obtained in free human plasma and with spiked protein. A decrease in peak current is observed after incubation of the electrode in the plasma solution with the protein. An average value of the current variation of 13% was found compared to the value of 19% obtained for the same protein concentration detected in HEPES buffer. The recovery between measurement in HERPES and Plasma is about 68% which could be related to the effects of the plasma sample [START_REF] Hossain | Fabrication of sensitive enzymatic biosensor based on multi-layered reduced graphene oxide added PtAu nanoparticles-modified hybrid electrode[END_REF][START_REF] Gifford | Protein interactions with subcutaneously implanted biosensors[END_REF]. These results further support the ability of the biosensor to selectively detect human AMF-PGI not only in HEPES buffer but also in a complex media such as human plasma. Further improvement in recovery could be optimized by adding others blocking agent such as polyethylene glycol chains that has antifouling properties and should prevent the plasma effect. Our approach in the design of carbohydrate-based biosensors could be applied for various applications provided that the targeted protein is secreted in plasma or urine and avoids all the steps necessary for samples preparation. Depending on the targeted biomarker protein, the location of its binding site, and its tolerance to accept a bioreceptor, virtually any type of inhibitor could be considered as potential bioreceptor notably in the area of glycomics and glycoproteomics [START_REF] Kailemia | Glycans and glycoproteins as specific biomarkers for cancer[END_REF]. Using monosaccharides for the detection of sugar binding proteins in human fluids could be achieved through the designed electrochemical biosensor.

For example, serum and urine neuraminidase activity is higher in patients with diabetic nephropathy when compared to control groups [START_REF] Roozbeh | Significance of serum and urine neuraminidase activity and serum and urine level of sialic acid in diabetic nephropathy[END_REF]. Grafting sialic acid onto an electrode could lead to the development of a new biosensor for the electrochemical detection of this inflammatory biomarker in diabetes. Carbohydrate-based biosensors might also be useful for the effective detection of pathogenic bacteria [START_REF] Ahmed | Biosensors for Whole-Cell Bacterial Detection[END_REF]. In the area of cancer, glycans and glycoproteins are known as cancer biomarkers detectable in human fluids, some of them being clinically used.

Detection of glycosidases and glycosyltransferases in human fluids or at the surface of cancer cells might also be diagnosized by carbohydrate-based electrochemical biosensors. [START_REF] Zhang | Carbohydrate derivative-functionalized biosensing toward highly sensitive electrochemical detection of cell surface glycan expression as cancer biomarker[END_REF] Indeed, increased sialidase activity were demonstrated in serum of cancer patients [START_REF] Hata | Increased sialidase activity in serum of cancer patients: Identification of sialidase and inhibitor activities in human serum[END_REF], and sialic acid metabolism has been shown to be upregulated in incurable metastatic breast cancer [START_REF] Teoh | Sialic Acid Metabolism: A Key Player in Breast Cancer Metastasis Revealed by Metabolomics[END_REF]. To conclude, the simple, rapid and efficient diagnosis of many pathological processes, including cancer, microbial infections, inflammatory and cardiovascular diseases, is currently the subject of intense research with high added value throughout the world. This highly promising and sensitive work on sugar proteins of interest is currently underway in our laboratory.

Conclusion

We report in this study the construction, characterization and evaluation of a new electrochemical biosensor designed for the detection of the human autocrine motility factor/ phosphosglucose isomerase (AMF or PGI) protein, a known cancer metastatic biomarker, in human plasma. The biosensor was developed using a strong inhibitor of human PGI as the recognition element, N-(5-phosphate-D-arabinoyl)-2-aminoethanamine (5PAED). The internal redox probe ferrocene was attached to the sensitive layer formed with PPy-PAMAM G2.

Covalent immobilization of the bioreceptor 5PAED chemically grafted was achieved without significantly altering its interaction properties and led to efficient direct amperometric detection of the cancer biomarker in a complex sample. Biosensor performances were evaluated in HEPES buffer with a dynamic detection range extending from 1 pM to 1 μM and displays high sensitivity to AMF-PGI with a detection limit of 43 fM. It also has a high specificity to AMF-PGI compared to the other glycolytic protein, glucose-6-phosphate dehydrogenase (G6PDH).

The 5PAED-biosensor is also able to detect AMF-PGI in a complex medium such as human plasma and requires only a 10 min period of time to achieve protein detection. Such a device would most likely allow easy, rapid and efficient detection of the AMF cancer biomarker in human serum. It could further be a valuable analytical tool for cancer screening and cancer patient's follow-up. Such approach using an enzyme inhibitor for the design of a direct biosensor could likely be applied for the detection of other pathological biomarkers.

Scheme 1 .

 1 Scheme 1. The different steps of biosensor construction. (1) : electropolymerization of pyrrole on gold electrode. (2) : electrodeposition of PAMAM G2 leading to an aminated surface. (3): chemical grafting of the redox marker by simple coupling between ester functions of modified ferrocene and amino groups of PAMAM G2. (4): grafting of bioreceptor 5PAED by coupling to the second ester function of the redox marker. (5): replacement of N-hydroxyphthalimido groups of free ferrocene molecules by ethanolamine.

Figure 1 .

 1 Figure 1. (A) Structures of the linear form of AMF-PGI substrate (F6P) and inhibitor N-(5phosphate-D-arabinoyl)-2-aminoethanamine (5PAED). (B) Determination of half maximal inhibitory concentration (IC50) value for 5PAED on AMF-PGI (50 mM HEPES buffer, 25 °C, pH 7.1) depicting ratio of initial velocity in presence (Vo I ) and absence (Vo) of inhibitor as a function of inhibitor concentration. (C) Docking surface representation of the active site of

Figure 2 .

 2 Figure 2. XPS results showing the peaks corresponding to (A) ferrocene and (B) phosphorus atom of 5PAED. (C) Comparison of FT-IR spectra (top) before and (bottom) after grafting of 5PAED.

Figure 3 .

 3 Figure 3. (A) AFM images (a) naked gold plate (RMS = 4 nm), (b) Ppy (RMS = 7 nm), (c) Ppy-PAMAM (RMS = 5.5 nm), (d) Ppy-PANAM-Fc-5PAED (biosensor, RMS = 4 nm), and (e) after protein interaction (RMS = 6 nm). (B) SEM images of various surfaces: (a) gold modified Ppy, (b) gold modified with PPy/biolayer, (c) after protein interaction.
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Figure 4 .

 4 Figure 4. Characterization by SWV of the modified surface before and after grafting of 5PAED and ethanolamine (EtOA) in 10 mM PBS buffer, pH 7.4, frequency = 2 Hz.

Figure 5 .

 5 Figure 5. (A) SWV measurements obtained with a modulation amplitude of 20 mV and a 2 Hz frequency with the biosensor alone and after incubation in HEPES buffer with AMF concentrations varying from 1 pM to 1 µM, respectively from top to bottom. (B) Calibration curve obtained from SWV data of the 5PAED-biosensor as a function of AMF concentration (logarithmic scale). Error bars represents the standard deviation (SD) across three independent measurements. (C) SWV measurements obtained for the biosensor alone and after incubation with 100 pM G6PDH and 100 pM AMF in HEPES buffer (respectively from top to bottom). (D) SWV measurements obtained for the biosensor alone (top) and after incubation with 100 pM AMF (bottom) in human plasma.