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Introduction

Environmental contamination with heavy metals has increased throughout the world due to the disposal of hazardous effluent into receiving waters [START_REF] Mehta | Use of algae for removing heavy metals ions from wastewater: progress and prospects[END_REF][START_REF] Apiratikul | Bach and column studies of biosorption of heavy metals by Caulerpa lentillifera[END_REF]. Humans and animals are placed highly in the food chain and in particular the marine food chain. Non biodegradable, heavy metals accumulate in photosynthetic organ isms and transfer pollutants to consumers, including humans [START_REF] Kumar | Equilibrium and kinetic studies for the biosorption system of copper(II) ion from aqueous solution using Tectona grandis L.f. leaves powder[END_REF][START_REF] Cojocaru | Biosorption of copper(II) ions from aqua solutions using dried yeast biomass[END_REF]. Indeed, substances such as cadmium or mercury have been classified as ''priority hazardous substances'' in Decision No. 2455/ 2001/EC [5] and Directive 2008/32/CE [6] for which industries should implement the necessary measures in order to reduce human anthropic activity. This is to preserve ecosystems. The U.S.

Environmental Protection Agency's Roadmap for Mercury (July 5, 2006) promotes the reduction of mercury in processes and products. The overall goal of the Global Mercury Partnership of the United Nations Environment Program (Governing Council Decision 25/5, Nairobi, Kenya, February 16 20, 2009) is to reduce and eventually eliminate mercury use in products and processes and raising awareness of mercury free alternatives. Quality control of aquatic ecosystems requires tools of in situ continuous detection of contaminated environments, such as electrochemical [START_REF] Sbartai | Electrochemical boron-doped diamond film microcells micromachined with femtosecond laser: application to the determination of water framework directive metals[END_REF] and electromechanical [START_REF] Gammoudi | Love wave bacterial biosensors and microfluidic network for detection of heavy metal toxicity[END_REF] platform detection.

Biosensors that are emergent micro technologies and charac terized by their small size, rapid response would allow continuous in situ toxicity monitoring. Recently, the development of whole cell biosensors has raised an increase interest. Microalgae such as Chlorella vulgaris, were used in various studies to develop whole cell biosensors for the control of toxic pollutants in aquatic environments [9 12]. Acoustic biodetection platform based on the bacteria Escherichia coli, has been developed for heavy metals detection in liquid medium [START_REF] Gammoudi | Love wave bacterial biosensors and microfluidic network for detection of heavy metal toxicity[END_REF]. For the same purpose, a dried This study examines a biofilm of Arthrospira platensis and its interactions with cadmium and mercury, using electrochemical admittance spectroscopy technique combined with highly sensitive Love wave platform for the real time detection in liquid medium. Spirulina cells were immobilized via multilayers of polyelectrolyte (PEM) on Si/SiO 2 surface of both transducers and characterized using atomic force microscopy (AFM). Scanning electron microscopy (SEM) cell images revealed a first defense mechanism against cadmium at 10 12 M and it immediately takes place after 4 s from injection. The cyanobacteria biofilm becomes more conductive, due to an increase of polyphosphate bodies. An increase of density induces a decrease of frequency. Response time t 90% of the biofilm toward Cd 2+ was between 6 and 8 min, while it did not exceed a few seconds toward Hg 2+ at 10 12 M. However, the initial rapid stage of mercury adsorption took 40 s to reach the saturated stage. Once external sorption reached the saturated stage, internal mercury uptake began; cations were transported across the cell membrane into the cytoplasm and a beta HgS precipitation took place, inducing conductivity biofilm decrease, and generating an increase of density, and thus a frequency decrease. SEM images revealed the beginning cell damage at 10 06 M of cadmium and mercury. biomass of cyanobacteria, Arthrospira platensis, called Spirulina, was used, in the present study.

The choice of Spirulina was based on two principal reasons: the first is that its biomass is environmental friendly, easier and harmless when manipulated. The second is that Spirulina has never been used as a bioreceptor for biosensors destined to directly detect pollutants. Most previous work employed algal and bacteria biomass to extract heavy metals from effluent solutions and for bioremediation. In fact, some microalgae and cyanobacteria species (such as Spirulina) can bind a wide range of heavy metals in contaminated ecosystems [ 13 16]. Spirulina is a Gram negative bacterium, also considered as blue green microalgae. Components found in the cell wall of Spirulina, such as peptydoglycan, teichuronic acid, teichoic acid, polysaccharides and proteins [START_REF] Schiewer | Ionic strength effects in biosorption of metals by marine algae[END_REF] which display mainly carboxylic, hydroxyl and phosphate groups [START_REF] Aksu | Determination of the equilibrium, kinetic and thermodynamic parameters of the batch biosorption of nickel(II) ions onto Chlorella vulgaris[END_REF][START_REF] Markai | Study of the interaction between europium(III) and Bacillus subtilis: fixation sites, biosorption modelling and reversibility[END_REF] may give algal wall binding properties. The cell wall of A. platensis has lots of negative carboxyl and phosphate groups, which are the dominant binding sites of toxic and metallic cations [START_REF] Vonshak | Spirulina platensis (Arthrospira) Physiology, Cell-biology and Biotechnology[END_REF][START_REF] Ari | The kinetics and mechanism of lead(II) biosorption by powderized Rhizopus oligosporus[END_REF]. Furthermore, it has been found that microalgae possess a large surface area and high binding affinity [START_REF] Roy | Adsorption of heavy metals by green algae and ground rice hulls[END_REF], hence, they are a very effective biosorbents.

The results in this study help to provide an insight into the different interactions of dried biomass of A. platensis toward metallic cations using a combination of electrochemical, acoustic and microscopic tools. These three techniques have been chosen for specific reasons: first, admittance spectroscopy is a powerful tool for the study of dynamic electrical properties of dielectric materials [START_REF] Macdonald | Impedance Spectroscopy Emphasizing Solid Materials and Systems[END_REF]. Second, we applied acoustic wave platform in order to perform real time monitoring of the interaction of a heavy metal solution in contact with Spirulina biofilm. This will induce changes of its viscoelastic parameters. Due to their high sensitivity to surface perturbations and their transverse wave type (Shear horizontally polarized surface guided waves), sensors based on Love waves are ideally suited for (bio)chemical applications in gases and liquids [START_REF] Newton | Experimental study of Love wave devices with thick guiding layers[END_REF]. The acoustic wave delay line was inserted in an oscillation loop and associated with a Polydimethylsiloxane (PDMS) chip, resulting in a small platform convenient for fast detection. Therefore, admittance and acoustic characterization was carried after each injection of heavy metals. Third, microscopic tools (AFM and SEM) were used as complementary techniques in order to provide information of the observed Spirulina cells (shape, size, biovolume, etc.). AFM is a powerful imaging tool that mechanically probes a surface with a high resolution to give morphological (or topographical) details of sample surface. It can also provide information about the mechanical surface properties at the local scale such as viscoelasticity, chemical composition and morphology evolution [ 25 30]. The AFM can also be used to capture dynamic aspects of individual biological molecules [31 36] and their interactions with the environment [START_REF] Radmacher | Mapping interaction forces with the atomic force microscope[END_REF][START_REF] Radmacher | Direct observation of enzyme activity with the atomic force microscope[END_REF] providing new insights into how macromolecules may work on the nanometer scale. AFM images were achieved to detect a change in Spirulina cells by measuring the elastic modulus via force curves at high concentrations of metallic cations. SEM was performed on Spirulina cells in order to characterize heavy metals effect at low concentrations (10 12 M). This technology allows the observation of microstructural changes of biological samples in their natural state, under controlled conditions of temperature and pressure.

Spirulina cells were immobilized on the electrode surface (Si/ SiO 2 ) and on Love wave sensors with a silicon oxide surface, via a polyelectolyte multilayers (PEM) using a layer by layer (LBL) method. The LBL assembly technique consists in the alternate deposition of polyanions and polycations from aqueous solutions to build ultrathin multilayered films on flat substrates [START_REF] Schonhoff | Self-assembled polyelectrolyte multilayers[END_REF]. Currently these films are intensely studied because of their many potential applications [START_REF] Decher | Multilayer Thin Films-Sequential Assembly of Nanocomposite Materials[END_REF][START_REF] Zhu | Biomacromolecules electrostatic self-assembly on 3-dimensional tissue engineering scaffold[END_REF] and recently, PEM were used to immobilize E. coli on Si/SiO 2 substrate [START_REF] Gammoudi | Love wave bacterial biosensors and microfluidic network for detection of heavy metal toxicity[END_REF].

Materials and methods

Chemical and biological

Two types of polyelectrolytes (PE) were used: polyallyla mine hydrochloride (PAH), a cationic type, and polysodium 4 styrenesulfonate (PSS), an anionic type. PAH and PSS have the molecular weight of about 56,000 and 70,000 respectively, and they were purchased from Sigma Aldrich. Solutions of PE (5 mg/mL) were prepared in TBS (Tris Buffered Saline) solution (pH = 7.2 at 0.15 M).

The stock solutions (1 g/L) of cadmium (Cd 2+ ) and mercury (Hg 2+ ) as heavy metals, were prepared from Cd(NO 3 ) 2 (H 2 O) [START_REF] Cojocaru | Biosorption of copper(II) ions from aqua solutions using dried yeast biomass[END_REF] After, the biomass was recovered by filtration, washed with physiological water for the removal of nutrient salts, and then dried at 40 8C for 48 h. Then, it was lyophilized and the resulting powder was protected from moisture by storage in a closed vessel at 4 8C. The Spirulina was dissolved in HEPES and it was filtered (0.8 mm) before analysis. As Spirulina is made of transparent cells stacked end to end and entrapped with a sheath forming a spiral filament, the sheath was broken through filtration in order to separate individual cells. This step was very crucial for our studies.

Love wave delay lines

The Love wave sensor, resulting from previous studies [START_REF] Moll | A Love wave immunosensor for whole E. coli bacteria detection using an innovative two-step immobilisation approach[END_REF], is an electromechanical sensor based on a SAW (surface acoustic wave) delay line with metalized interdigital transducers (IDT) to generate and receive an acoustic wave on a piezoelectric substrate (Fig. 1a). It consisted of a dual delay line deposited on AT cut quartz substrate (Euler angles: 08, 121.58, and 908) used as the piezoelectric material. IDTs were made by sputtering 70 nm of gold on top of a 30 nm titanium adhesion layer to achieve a good surface adhesion (Fig. 1a). Each IDT was composed of 44 split pairs of electrodes with a 40 mm periodicity which defined the wavelength l. Each electrode was 5 mm wide with an aperture w of 40l, while the center to center path length between electroacoustic transducers (L cc ) was equal to 209l. A 4 mm plasma enhanced chemical vapor deposited (PECVD) SiO 2 layer was used as the guiding layer. It generated a guided shear horizontal surface acoustic wave (guided SH SAW), also called Love wave. This confinement of the wave energy near the surface maximized the sensor sensitivity. It also ensured mechanical isolation of electrodes from biological samples. These character istics led to a 117 MHz synchronous frequency f 0 .

The obtained Love wave delay lines were inserted into an oscillation loop. Physicochemical perturbation onto the sensor surface will alter the wave velocity, which can be measured with high accuracy through the frequency shifts of the oscillation loop of a radio frequency amplifier. This leads to the achievement of an oscillator with ultra high stability, which had a considerable impact on the detection threshold of the Love wave sensor. This oscillator reached a short term stability lower than 1 Hz/s at working frequencies higher than 100 MHz. The resonant frequency of the oscillator was measured with a 12 bit frequency counter (Agilent 53131A).

The microfluidic chips with integrated micro channels (Fig. 1c andd) were fabricated by standard soft photolithography methods, together with micromachining for external 3D shapes [START_REF] Tarbague | PDMS (polydimethylsiloxane) microfluidic chip molding for Love wave biosensor[END_REF]. This process implies a two steps process: (1) a classic SU 8 resin negative mold on a silicon substrate for the microchannels; (2) this negative mold was inserted in a micromachined aluminum mold that defines the outside shape of the final microfluidic chips. This feature was of great interest, as the microfluidic chips were not irreversibly bonded on the sensor surface, but held in place by mechanical pressure, hence the need for precisely calibrated PDMS chips.

The SU 8 negative mold was obtained by spin coating SU 8 2100 on a silicon substrate using adequate process parameters to obtain a 200 mm thick layer. This SU 8 negative mold was then inserted in our micromachined aluminum injection mold, where the mixture of PDMS was injected using a syringe pump after degassing. The PDMS was then cured for 20 min at 95 8C and the resulting chip with the microfluidic network pattern was peeled off from the mold.

For detection measurements, the sensor was inserted into a custom test cell, maintaining the PDMS chip with proper alignment and pressure on the Love wave device. The test cell provides connections and it was mounted in the retroaction path of a radio frequency amplifier. Fluid samples were flowed through the microchannels above the microsensor with a programmable syringe pump with 40 mL/min flow rate. Liquid samples were confined near the sensor surface and flowed along the acoustic path, on the main sensitive part of the microsensor and the analysis chambers were 2.6 mL in volume.

Frequency variation was recorded after each deposit fluid. Mean values and error bars were calculated from 3 to 4 experiments with different delay lines.

Electrochemical admittance spectroscopy

Electrical measurements were performed in a conventional three electrode glass cell consisting of a working electrode of Si/SiO 2 , a platinum counter electrode, and Ag/AgCl reference electrode. The working electrode was a heterostructure of Si/ SiO 2 divided into squares of 1 cm 2 ; with silica obtained form thermal oxidation of a silicon wafer. The p type silicon has a (1 0 0) crystal orientation. The layer thickness of thermal silica was approximately 100 nm. The ohmic contact was obtained with a layer of aluminum deposited on the back side. Si/SiO 2 electrodes were chosen for several reasons: the first one was due to its negative charge which promoted interactions with the first layer of polycations, in order to compare with Love wave results achieved on a sensor where its final layer was silica. The second reason is that the silica is a biocompatible material and Si/SiO 2 structures are compatible with microelec tronic technologies.

The electrochemical cell was designed to maintain a fixed distance between the electrodes. It was manufactured with two inlets: one for the positioning of the reference electrode and the other for heavy metal injections. This prevented further manipulation or movement of the electrodes. Fixing the geometry of the cell also ensured the reproducibility of measurements. The sensitive surface area of the working electrode was measured at 0.3 cm 2 . The electrochemical cell was placed in a Faraday cage and in measured in darkness while the solution was homogenized under magnetic stirring. Elec trochemical measurements were performed in TBS at 0.15 M. Impedance analysis was performed at 25 8C by varying the frequency from 10 mHz to 100 kHz using a Metrohm Autolab 83139 impedance analyser controlled with FRA (frequency response analyser) software. An excitation voltage of 10 mV was surimposed to a potential of 2300 mV versus SCE. This potential attributes to the silicon accumulation range where the substrate behaved like a metal.

Impedance data was obtained for the bare and modified Si/SiO 2 electrodes and they were successfully modeled using the classical circuit (R and CPE (constant phase element in parallel)) [START_REF] Macdonald | Physical and electrochemical models[END_REF] presented in Fig. 2c Electrical parameters were deduced from modeling by minimizing x 2 value. The impedance of the SiO 2 /electrolyte interface CPE can be expressed as:

Z CPE 1 ðQ jvÞ Àn
where v is a circular frequency, Q is a constant and n is the parameter varies from 0 to 1.

AFM device

AFM experiments were performed on the NSI platform of LOMA (Bordeaux 1) using a Bioscope II mounted on an Olympus inverted optical microscope and operated with a NanosCope V controller (Veeco Brucker, Santa Barbara, CA). This AFM was equipped with a G scanner (maximum XYZ scan range of 150 mm  150 mm  12 mm) [START_REF]Digital Instruments[END_REF]. In this work, samples were scanned in air and in the tapping mode using PPP NCL 50 silicon probes (NANOSENSORS TM ) with a spring constant of about 32 N/ m and a corresponding measured resonance frequency of about 165 kHz. In contact mode, triangular SNL 10 silicon nitride probes (Veeco) with a nominal spring constant of 0.58 N/m were used to probe Spirulina in liquid. All scans were measured with scan rates between 0.3 and 1 Hz (according to the scan size and the scanning mode). AFM data were processed using the Nanoscope version 7.30 (Veeco). For each experiment, six images were recorded at the same time: height images (trace and retrace), deflection images or signal error (trace and retrace) and friction images in contact (trace and retrace) or phase images in tapping (trace and retrace). For more clarity, images were flattened and only the trace height image was shown in this paper. Force curves were obtained with the same cantilever in the force calibration mode and collected by measuring the cantilever deflection as the sample was moved toward the tip [START_REF] Aime | Comments on the use of the force mode in atomic force microscopy for polymer films[END_REF][START_REF] Simon | Characterization of dynamic cellular adhesion of osteoblasts using atomic force microscopy[END_REF]. In general, in the case of an AFM study of a given physico chemical treatment of surface, we performed a comparative study of samples corresponding to different phases of the treatment. In this study and for each treatment a series of three samples: the bare sensor was characterized, the sensor functionalized with PEM and finally the whole biosensor (the functionalized sensor on which Spirulina cells were attached). These experimental force curves were obtained with the same cantilever (stiffness of about 0.58 N/m) and with a Z scan velocity of 1.6 mm/s.

Scanning electronic microscopy (SEM)

The SEM images were captured using a Quanta TM 250 microscope (FEI). A pretreatment of cells was needed before imaging. Cells were fixed, with covalent links using glutaraldehyde solution (3%) purchased from Sigma, specially purified for use as an electron microscopy fixative. Spirulina based biosensors were immersed in this solution for 45 min. After that, dehydration series in successive absolute ethanol solutions were applied for 10 min using increased concentrations (20%, 40%, 60%, 80%, 100% ethanol).

Immobilization of cyanobacteria on transducer surfaces

PEM formation was carried out by the alternative deposition of previous two polyelectrolytes. This LBL assembly technique was based on the electrostatic adsorption of oppositely charged polymer chains. Each polyelectrolyte deposit step was followed by a rinsing step with TBS (0.15 M). This adsorption procedure was repeated up to three complete bilayers and a half (PAH PSS) 3 PAH (Fig. 1b). A homogeneous positively charged layer on the latter was then obtained since the Spirulina is overall negatively charged [ 48 50]. The number of bilayers was optimized to obtain the maximum shift of frequency when Spirulina cells were deposited on the sensor surface. After each polyelectrolyte coating step, the unfixed polyelectrolyte was removed by rinsing. Cyanobacteria cells were, then, immobilized by physical adsorp tion (Fig. 1b).

Acoustic characterization

It is commonly acknowledged that the principle of acoustic wave sensor detection mainly caused by mechanical effects and in particular mass loading due to the transducer surface perturbation induced by material deposition. In Fig. 2a, it can be seen that the signal stabilized within only 2 min after each polyelectrolyte coating step. It was noted that the mass and the thickness of these films grow linearly with the number of deposited bilayers [ 51 54]. Consequently, as the polymers thickness increased, inducing a mass loading effect, a frequency decrease was recorded after each polyelectrolyte coating step (Fig. 2a).

Concerning Spirulina cells immobilization, in our previous study [START_REF] Tekaya | Optimization of Spirulina biofilm for in-situ heavy metals detection with microfluidic-acoustic sensor and AFM[END_REF], an optimization of the same cyanobacteria biofunctio nalization on the sensor surface has been achieved, using three generations of PDMS chips already manufactured (employed for a static, millifluidic and microfluidic setups, respectively). The bioreceptor immobilization response time was greatly reduced to half using the microfluidic set up. The same microfluidic configuration was employed in this present work. Further to the Spirulina immobilization, a frequency variation of 16 AE 3 kHz was recorded (Fig. 2a andb).

Electrochemical admittance spectroscopy characterization

Complex admittance spectra were recorded after each deposi tion of bilayers of polyelectrolyte (PAH PSS) followed by immobi lization of Spirulina. An increase of the diameter of the semi circle of the Nyquist plot was recorded as the thickness of the biofilm increased (Fig. 2d). Resistance evolution for three bilayers is presented in Fig. 2e where mean values and error bars have been calculated from 3 experiments, determined by modeling. The decrease of the resistance value is certainly due the important increase of the film conductivity during PEM formation. This parameter may be expressed as: R e gS where g is the conductivity, S is the electrode surface, and e is the biofilm thickness.

The absence of several semicircles in Fig. 2d can be explained by the pseudo stratified polyelectrolyte multilayers structure. Each layer of polyelectrolyte interpenetrates an underlayer [START_REF] Losche | Detailed of structure of molecularly thin polyelectrolyte multilayer films on solid substrates as revealed by neutron reflectometry[END_REF]. Conse quently, there will be no interface formation during successive layers of polyelectrolyte deposition. A higher resistance decrease was observed from the deposition of the first bilayer (Fig. 2e). 

Microscopic characterization

AFM experiments performed on different areas of the electrode in liquid and contact mode revealed the coexistence of several populations: single cells whose average size was between 0.4 and 0.9 mm; while other cells were clustered in groups of two or three (Fig. 3a andb). Here, it was difficult to estimate individual cell dimensions. We can, however, give an order of magnitude of smaller cluster sizes which were of the order of 1.5 3.5 mm in length, 0.6 1.5 mm in width and 300 400 nm in the height and the corresponding biovolume was about 0.4 2.2 mm 3 . Other manip ulations were performed on the same sample in air and in tapping mode; different dimensions were observed giving slightly lower cells volumes at about 0.1 1 mm 3 . Once back in the liquid, Spirulina cells regained their shapes and their volumes and they remained stable after several scans of the surface.

SEM images in Fig. 3c andd presented also several populations of cells whose average size was between 0.4 and 0.9 mm.

Heavy metal injection

The following Love wave measurement protocol was applied: each Love wave platform comprised of two delay lines, one being used as the detection line with immobilized cells via PEM, while the other was used as a control line (based on PEM in the absence of Spirulina cells). This technique allowed differential measurement and limited external perturbations for e.g. temperature variations. Moreover, different kinetics (response time and initial response) could lead to further observations related to the Spirulina biofilm interactions for various heavy metals. After a complete stabiliza tion in TBS buffer following Spirulina immobilization, increasing concentrations of Cd 2+ and Hg 2+ in solution were injected in the range from 10 12 M to 10 02 M.

Admittance variation was plotted for different concentrations of mercury and cadmium in solution, in contact with the Spirulina cells modified electrode. Increasing concentrations of heavy metals in solution, were injected in the range from 10 14 M to 10 06 M. As a control, PEM response was studied toward metallic cation applying admittance spectroscopy.

Results and discussion: interaction with heavy metal ions

Cadmium/biofilm interactions

The typical real time response obtained through acoustic measurements with Cd 2+ injection is presented in Fig. 4a and steady state frequency shifts are summarized in Fig. 5a. No frequency variation was observed on PEM based control line (in the absence of Spirulina cells). It can be seen, in Fig. 4b, that the real time frequency response decreases at the first injection of Cd 2+ (10 12 M) and the induction time (time before detection of the initial response) was instantaneous and about 4 s. The response time t 90% of the biofilm toward Cd 2+ was 8 min. A saturation phenomenon from 10 09 M was observed (Fig. 4a). Admittance value evolution was observed in medium and high frequencies, with Spirulina based biofilm at the first injection of cadmium where the final concentration in the solution was about 10 14 M (Fig. 4c). In fact, the increase of imaginary admittance (Y im ) and the shift of the real admittance position (Y real ) were recorded. After modeling Nyquist plots using the equivalent circuit, a decrease of the resistance of the film was observed as well as an increase of the CPE (equivalent to capacitance). The relative variation of resistance R versus concentration of cadmium concentration in contact is presented in Fig. 5b. A rapid saturation phenomenon was obtained at the second injection 10 12 M (Cd 2+ ) (Fig. 4c). This is in agreement with the real time response recorded with Love wave platform where the frequency decreases at the first injection of cadmium (10 12 M) followed by a rapid saturation phenomena (Figs. 4a and5a). SEM image presented in Fig. 6a reveals the effect of cadmium cations at 10 14 M on Spirulina cells. Indeed, there are significant changes on the external surface and remarkable irregularities appeared on the outer cell wall such as on the second wall. It was found that the external surface of some bacteria develop a protective layer of excreted polymer, as a defense against cadmium by restricting the ion permeability into the cell [57 59]. This phenomenon can also explain that the response time for the substrate of alkaline phosphatase in Spirulina has been increased after exposure to cadmium and mercury [START_REF] Tekaya | Ultra-sensitive conductometric detection of heavy metals based on inhibition of alkaline phosphatase activity from Arthrospira platensis[END_REF].

According to Rangsayatorn et al., transmission electron micro graphs of Spirulina sections revealed the effects induced by cadmium: disintegration and disorganization of thylakoid mem branes, presence of large intrathylakoidal space, reduction of gas vacuoles and an increase of polyphosphate bodies (PPBs). [START_REF] Rangsayatorn | Phytoremediation potential of Spirulina (Arthropira) platensis: biosorption and toxicity studies of cadmium[END_REF]. Ruiz et al. demonstrated using X ray microanalysis of the electron dense vacuoles or polyphosphate bodies of Chlamydomonas reinhardtii [START_REF] Ruiz | The polyphosphate bodies of Chlamydomonas reinhardtii possess a proton-pumping pyrophosphatase and are similar to acidocalcisomes[END_REF] that there were large amounts of phosphorus, magnesium, calcium and zinc. The increase of PPBs, in presence of cadmium could explain the observed decrease of resistance; the subsequent reduction of gas vacuoles could lead to an increase of density and of the dielectric constant, and thus connected to an increase of capacitance of the Spirulina film from1.34 Â 10 8 F without cadmium to 1.37 Â 10 8 F for [Cd 2+ ] equal to 10 6 M. The observed decrease of the frequency, 4 s after injection (3100 Hz as a mean value (Fig. 5a)) could be attributed to the increase of density. SEM experiments performed on Spirulina exposed to a concentration of 10 09 M of cadmium, shows the beginning of cell lysis and a decrease of their diameter (Fig. 7b). 

Mercury/biofilm interactions

A control measurement was performed with the PEM without Spirulina to show that no variation of admittance could be observed when adding Hg 2+ . In presence of cyanobacteria cells and following successive injections of mercury, a decrease of the imaginary admittance was recorded (Fig. 7c andd). After modeling the Nyquist plots using the equivalent circuit, an increase of the resistance of the film was observed as well as a decrease of the CPE (equivalent to a capacitance). The relative increase of the resistance (DR/R) is presented in Fig. 8b. It varies between 15 and 18, in comparison with the control measurement recorded with PEM, where the relative variation of resistance (DR/R) did not exceed 0.17, calculated from the modeled spectra for 10 06 M of Hg 2+ .

At the second injection of mercury (10 12 M), a small variation of the resistance value was recorded (Fig. 8b) and a saturation phenomenon was observed just after. These observations were, also, in agreement with the frequency shifts recorded in real time at 10 12 M and 10 09 M of mercury using the Love wave platform (Fig. 7a andb): detection of mercury at the first (10 12 M) and at the second (10 09 M) injections, followed by a saturation phenomena. Induction time of mercury was about 40 s after the first injection (10 12 M) and the response time t 90% of the biofilm did not exceed few second (Fig. 7b).

Cogne et al. [START_REF] Cogne | Uptake of macrominerals and trace elements by the cyanobacterium Spirulina platensis (Arthrospira platensis PCC 8005) under photoautotrophic conditions: culture medium optimization[END_REF] studied Zn, Mg, Fe, Mn, Cu, K, uptake by Spirulina in general, and they reported that microorganism metal interaction consisted in physical adsorption and chemical absorption. The partial reversibility of the admittance noticed after a rinsing step can then eliminate cations physically fixed on the cell wall (Fig. 7c).

SEM images were achieved in the same conditions and performed on Spirulina cells exposed to the same concentration (10 14 M) of mercury. There was a clear modification of the total cell morphology expressed by depressions and holes (Fig. 9a).

Generally, the uptake of metal ions by microorganisms has been reported in two stages [START_REF] Ting | Uptake of cadmium and zinc by the alga Chlorella vulgaris: Part 1. Individual ion species[END_REF][START_REF] Imani | Cd, Pb heavy metal bioremediation by Dunaliella alga[END_REF]: an initial, rapid stage and a later, slower stage. In the first stage, which is called the rapid phase, the metal ions are fixed onto the surface of microorganisms. This very fast uptake in the cell envelope was confirmed in [START_REF] Swift | Accumulation of lead by Anabaena cylindrica: mathematical modeling and an energy dispersive X-ray study[END_REF]. According to Wang and Chen [START_REF] Wang | Biosorption of heavy metals by Saccharomyces cerevisiae: a review[END_REF], there is stoichiometric interaction between functional groups of cell wall composition, including phosphate, carboxyl, amine as well as phosphodiester. In the second stage, a longer uptake period inside the cell takes place [START_REF] Swift | Accumulation of lead by Anabaena cylindrica: mathematical modeling and an energy dispersive X-ray study[END_REF]. The metal ions are transported across the cell membrane into the cytoplasm [START_REF] Ting | Uptake of cadmium and zinc by the alga Chlorella vulgaris: Part 1. Individual ion species[END_REF]. Also, according to Wang and Chen [START_REF] Wang | Biosorption of heavy metals by Saccharomyces cerevisiae: a review[END_REF], there is a physicochemical inorganic deposition via adsorption or inorganic precipitation in this second stage.

In addition, Lefebvre et al. [START_REF] Lefebvre | Biotransformation of Hg(II) by cyanobacteria[END_REF] studied the biotransformation of Hg(II) by cyanobacteria. They revealed that meta cinnabar (beta HgS) constituted the major biotransformed and cellularly associ ated mercury pool. In the presence of mercury, there was a rapid synthesis of beta HgS and Hg(0), however, the production rate for the latter decreased quickly. Consequently, cyanobacteria could act to convert substantial amounts of Hg(II) into beta HgS. Kaoud et al. [START_REF] Kaoud | bioremediation the toxic effect of mercury on liver histopathology, some hematological parameters and enzymatic activity in Nile tilapia, Oreochromis niloticus[END_REF] suggest that Spirulina platensis could chelate Hg ions producing a stable complex.

Based on these studies, we can conclude that mercury cations can penetrate directly into Spirulina cell. The initial rapid phase of mercury uptake took 40 s to reach the saturation stage (induction time). Once external sorption reached the saturation stage, internal uptake began [START_REF] Scott | Site of cadmium uptake in bacteria used for biosorption[END_REF], cations were transported across the cell membrane into the cytoplasm and a beta HgS synthesis took place [START_REF] Wang | Biosorption of heavy metals by Saccharomyces cerevisiae: a review[END_REF]. This chemical compound, precipitated as a black powder, is insoluble in water, stable and had a crystal structure. Therefore, mercury sulfide precipitation may decrease the biofilm conductivity, which is in agreement with the strong increase of the resistance value observed in presence of mercury cations (Fig. 8b). The observed decrease of capacitance of the Spirulina film (from 1.41 Â 10 8 F without mercury to 1.25 Â 10 8 F for [Hg 2+ ] equal to 10 6 M) could also be in agreement with the formation of mercury sulphide whose dielectric constant is about 25, and is lower than that of the Spirulina cell equal to 40 [START_REF] Gupta | Lab on chip for detection of E. coli using capacitance modulation[END_REF]. The formation of mercury sulfide precipitation generates an increase of density, and so a decrease of frequency in real time (Fig. 7a) with a mean value of about 2700 Hz accumulated after two successive injections of mercury (10 12 M and 10 09 M) (Fig. 8a).

Biofilm exposed to high concentrations of Cd 2+ and Hg 2+

Above 10 03 M of cadmium and mercury, complete lysis of the Spirulina cells was observed by the AFM characterization in liquid medium (contact mode). Indeed, it can be seen from the comparison between Fig. 10a andb, a disappearance of Spirulina cells, resulting in tracks, surrounded by the cell material, was also in agreement with the force curves presented in Fig. 10c. Similarly, comparing the force curves performed on cells (before injection of Cd 2+ ) and those performed on the prints of Spirulina cells, confirmed those results. In fact, following the injection of a very high concentration of Cd 2+ (>10 3 M), the modulus identified on the prints was the same as those identified on the initial substrate (PEM) accrediting Spirulina cells degradation. This observed bursting of the cells is in agreement with transmission electron micrographs observations of a Spirulina section reported in Rangsayatorn et al. [START_REF] Rangsayatorn | Phytoremediation potential of Spirulina (Arthropira) platensis: biosorption and toxicity studies of cadmium[END_REF], revealing Spirulina cell lysis induced by cadmium exposure.

Conclusion

Immobilization of Spirulina cells was carried out successfully via multilayers of polyelectrolytes. Analysis of the acoustic response, associated to admittance spectroscopy and characteri zation of surface using AFM and SEM, allowed to propose and to verify some physico chemical mechanisms involved in the interaction between lyophilized biomass of Spirulina cells and heavy metals. Biofilm interaction mechanisms, analyzed toward cadmium and mercury were totally different and a detection limit was determined to be 10 14 M for each metal. That bioreceptor response is sensitive enough to provide preliminary in situ environmental analysis. This biosensor is not specific for a single metal, but it provides a global response of the presence of heavy metals in trace. Such rapid and non destructive measurements could be applied with other micro organisms for achieving toxicity tests.

Fig. 1 .

 1 Fig. 1. (a) Scheme of a dual Love wave delay-line, (b) Spirulina immobilization on a polyelectrolyte multilayer (PEM) coated with a layer by layer (LBL) method and (c and d) hydrodynamic chip with microfluidic network, aligned on a dual Love wave delay-line.

Fig. 2 .

 2 Fig. 2. (a) Frequency variation due to the PE coating and Sp deposition, (b) reproducibility ( : PAH, : PSS); mean values and error bars have been calculated from 4 experiments with different delay-line systems, (c) equivalent circuit (R CPE in parallel), (d) overlapping of admittance plots of bare electrode and modified one by PEM deposition and Spirulina cells immobilization obtained in 0.15 M TBS buffer, frequency range: 10 mHz-100 kHz, and (e) relative resistance evolution for three bilayers; mean values and error bars have been calculated from 3 experiments.

Fig. 3 .

 3 Fig. 3. (a and b) Three dimensional AFM height images obtained in contact mode and in liquid (0.15 M TBS solution) showing immobilized Spirulina cells; (c and d) SEM images (WD, working distance; HFW: high field view (distance x, y scanned); det LFD, type of used detector is ETD Everhart Thornley (called secondary electron detectortopographic contrast); mag: magnification value relatively to a polaroid format; HV: accelerating voltage).

Fig. 4 .Fig. 5 .

 45 Fig. 4. Response of acoustic and electrochemical biosensor for successive increasing concentrations of cadmium obtained in 0.15 M TBS buffer: (a) typical real-time response of the Spirulina-based acoustic biosensor (flow 40 mL min 1 ), (b) zoom of the response further the injection of 10 12 M (Cd 2+ ), and (c) evolution of complex admittance spectra of the Si/SiO 2 /biofilm structure, frequency range: 10 mHz-100 kHz.

Fig. 6 .

 6 Fig. 6. SEM experiments on Spirulina cells after cadmium exposure: (a) Cd 2+ (10 14 M) and (b) Cd 2+ (10 09 M).

Fig. 7 .

 7 Fig. 7. Response of acoustic and electrochemical biosensor for successive increasing concentrations of mercury obtained in 0.15 M TBS buffer: (a) typical real-time response of the Spirulina-based acoustic biosensor (flow 40 mL min 1 ), (b) zoom of the response further the injection of 10 12 M (Hg 2+ ), (c) evolution of complex admittance spectra of the Si/SiO 2 /biofilm structure, frequency range: 10 mHz-100 kHz and (d) enlarged curves.

Fig. 8 .Fig. 9 .

 89 Fig. 8. Parameters evolution for different concentrations of mercury: (a) steady-state frequency shifts and (b) relative resistance evolution; mean values and error bars have been calculated from 3 experiments with different electrodes.

Fig. 10 .

 10 Fig. 10. AFM observation (contact mode in liquid medium) of the Spirulina immobilized on the sensor surface: (a) before heavy metals injection, (b) after injection of high concentration of Cd 2+ (10 3 M) and (c) comparison of forces curves (approach) observed on PEL and Spirulina cell before and after injection of a high concentration of cadmium.
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