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The biolm formation on food-contact-surfaces is a serious threat for public health and often results in huge human and economic losses. Thus, it is of importance to develop new strategies that allow the monitoring of the biolm formation on food-contact-surfaces. Such strategies permit eective and timely countermeasures and, therefore, to avoid the microbiological risk and associated environmental impact due to cleaning processes. Therefore, this work investigated a non-invasive method for monitoring and detection of the biolm formation using Coda Wave Interferometry (CWI) method. The principle of this method and the calculation of decorrelation coecient based on the ultrasonic measurements were explained. The results underlined that our developed method is able to detect the early stage of the biolm formation of Staphylococcus aureus on the stainless steel. Namely, it is shown that the bacterial cell kinetic is well captured by the evolution of the decorrelation coecient as a function of incubation times. Overall, this work showed that this cost eective CWI method is a promising tool for the detection of early stage biolm formation on food-contact-surfaces.

Introduction

The biolms represent a great issue and have substantial implications in several process industries, such as food, drinking water, paper production, petroleum, nuclear power and marine industries [START_REF] Freeman | Inhibitory eects of high molecular weight dissolved organic matter upon metabolic processes in biolms from contrasting rivers and streams[END_REF]; [START_REF] Van Houdt | Biolm formation and the food industry, a focus on the bacterial outer surface[END_REF]; [START_REF] Frank | Surface-adherent growth of Listeria monocytogenes is associated with increased resistance to surfactant sanitizers and heat[END_REF]; [START_REF] Lens | Biolms in Medicine, Industry and Environmental Biotechnology[END_REF]. In food sectors, the biolm formation on food-contact surfaces is a major problem in terms of public health threats and economic losses Abdallah, Benoliel, Drider, Dhulster and Chihib (2014a). Such biolms act as reservoirs of microorganisms which often lead to the dissemination of pathogens and, therefore, to foodborne infections. This fact was highlighted in several studies underlining that foodborne diseases are caused to a large extent by the biolms formed on equipment surfaces Abdallah et al. (2014a). For example, it has been reported that more than 65% of all microbial infections in food area Biolm detection using CWI are caused by biolms. According to the French institute of public health surveillance (InVS) report of 2016 InVs (2016), 1455 collective food poisoning have been reported in France, aecting 13997 persons, resulting in 634 hospitalizations and 3 deaths. In Europe, the report of the Global Burden of Foodborne Diseases underlined that more than 23 million Europeans become ill each year after consuming contaminated food leading to up to 5000 deaths [START_REF] Abdallah | Impact of growth temperature and surface type on the resistance of Pseudomonas aeruginosa and Staphylococcus aureus biolms to disinfectants[END_REF].

Every year, up to 600 million people, or nearly 1 in 10 people in the world, become sick from eating contaminated food. These infections cause more than 420000 deaths. In addition to human losses, foodborne and health-related infections cause signicant morbidity and economic losses. For example, it has been reported that the annual cost of nosocomial and foodborne infections in the United States is around $ 16.6 and $ 77.7 billion, respectively [START_REF] Abdallah | Impact of growth temperature and surface type on the resistance of Pseudomonas aeruginosa and Staphylococcus aureus biolms to disinfectants[END_REF].

In this regard, excessive cleaning and sanitization processes are constantly used in food industries in order to combat biolms and to consistently meet hygienic manufacturing requirements [START_REF] Mussalli | Targeted chlorination, in: Condenser Biofouling Control Symposium: The State of the Art[END_REF]. Such cleaning process often results in frequent process interruptions and related economic and environmental impacts. The environmental impact of cleaning and disinfection processes is mainly linked to the signicant use of natural resources (ie water and energy), the use of chemicals (chloride, detergents, disinfectants) and the generation of CO 2 emissions and waste water Van Asselt, Vissers, Smit and De Jong (2005); MARTY (2001). Furthermore, such traditional sanitizing processes often fail in the eradication of biolm and require additional enzymatic treatment in order to remove mature biolms from food contact surfaces. In fact, the mature biolms are known to be highly resistant to disinfecting/sanitizing agents and this is due to the interference of the self-produced exopolymeric matrix that hinders the diusion of antimicrobials inside the biolm. Thus, the biolm early stage detection is of a vital importance to increase the likelihood of the biolm eradication and to prevent the economic and environmental costs of cleaning processes. An ecient biolm online detection/monitoring would allow the detection of the early stage of biolm formation and to enable timely initiation of cleaning processes.

Along with issues caused by the biolm formation or fouling on food-contact-surfaces, several works focused on the development of novel detection methods. These methods are usually based on agar plating or on metagenomic and metatranscriptomic studies Abdallah et al. (2014a). However, such methods are not eective at industrial level, which is due to the presence of viable but non-culturable (VBNC) cells in some biolms and to the high cost of reagents and equipment. In addition, such methods do not provide online monitoring and may take hours or days in order to detect the biolm formation of food-contactsurfaces. More recently, new methods, based on thermal pulse analysis, have been developed in attempt to detect the biolm formation [START_REF] Fratamico | Biolms in the Food and Beverage Industries[END_REF]. The principle of such methods is B. Chen et al.: Preprint submitted to Elsevier based on implementation of sensors that measure the local thermal conductivity and heat variations due to the biolm formation. However, these methods are somewhat limited because they are only able to detect thick deposits higher than few micrometers and, thus, cannot detect the early stage of biolm formation [START_REF] Galiè | Biolms in the food industry: Health aspects and control methods[END_REF]. Other alternative technologies, such as the commercial quartz crystal microbalance (QCM) device analyzes, have been proposed [START_REF] Sprung | Detection and monitoring of biolm formation in water treatment systems by quartz crystal microbalance sensors[END_REF]; [START_REF] Olsson | QCM-D for non-destructive real-time assessment of Pseudomonas aeruginosa biolm attachment to the substratum during biolm growth[END_REF]. The adhesion of biolms or other deposits to a quartz crystal changes the vibration frequency of such a surface. However, these sensors suer from many complications regarding the temperature, the ow velocity and the nutrient presence in the bulk, which aect the frequency values. In addition, these sensors are disadvantageous in terms of their high cost (tens of thousands of dollars), limiting their use to lab-based studies. In addition, such detection techniques are usually invasive and based on the introduction of an external perturbation in the system, which are often not suitable for the hygienic requirements in food industries [START_REF] Withers | Ultrasonic, acoustic and optical techniques for the non-invasive detection of fouling in food processing equipment[END_REF]. Finally, even though other techniques such as electrochemical impedance spectroscopy [START_REF] Dheilly | Monitoring of microbial adhesion and biolm growth using electrochemical impedancemetry[END_REF] or electric resistance measurement Chen, Li, Lin and Ozkan (2004) have demonstrated their eciency for biolm and fouling monitoring, the measurements necessitate a particular setup and cannot be easily implemented online. Acoustic detection techniques have been widely used to detect defects [START_REF] Tandon | A review of vibration and acoustic measurement methods for the detection of defects in rolling element bearings[END_REF]; [START_REF] Donskoy | Nonlinear acoustic interaction on contact interfaces and its use for nondestructive testing[END_REF]. In the eld of fouling detection on food-contact-surfaces, some classic acoustic monitoring techniques have been proposed using dierent kinds of direct acoustic ultrasonic waves (longitude wave, transverse wave, surface wave,...) [START_REF] Lohr | Ultrasonic guided wave and acoustic impact methods for pipe fouling detection[END_REF]; [START_REF] Merheb | Design and performance of a low-frequency nonintrusive acoustic technique for monitoring fouling in plate heat exchangers[END_REF]; da [START_REF] Da Silva | Development of Circuits for Excitation and Reception in Ultrasonic Transducers for Generation of Guided Waves in Hollow Cylinders for Fouling Detection[END_REF]; [START_REF] Withers | Ultrasonic sensor for the detection of fouling in UHT processing plants[END_REF]; [START_REF] Collier | Développement d'un Outil Ultrasonore de Caractérisation Des Propriétés d'adhésion de Milieux Modèles Avec Application Aux Dépôts Laitiers[END_REF].

These techniques are mainly based on the measurement of reection coecient of transverse waves, the time of ight and attenuation of echoes. In the classic acoustic detection techniques, the sensitivity is generally limited by the wavelength of the direct acoustic wave. For thin layer detection, high frequency waves are required to achieve acceptable results. However, the increase of the frequency leads to the increase of attenuation of acoustic wave energy. The high attenuation reduces the signal-to-noise ratio (SNR) and leads to an inaccurate detection. In order to overcome such sensitivity limit without modifying the signal wavelength, the Coda Wave Interferometry (CWI), which is known to provide good performances, can be used. Coda waves have already been applied in seismic [START_REF] Snieder | Coda wave interferometry and the equilibration of energy in elastic media[END_REF]; [START_REF] Zhou | Coda-wave interferometry analysis of timelapse VSP data for monitoring geological carbon sequestration[END_REF]Majer (2010), volcano monitoring Matsumoto, Obara, Yoshimoto, Saito, Ito and[START_REF] Matsumoto | Temporal change in P-wave scatterer distribution associated with the M6.1 earthquake near Iwate volcano, northeastern Japan[END_REF]; [START_REF] Ratdomopurbo | Monitoring a temporal change of seismic velocity in a volcano: Application to the 1992 eruption of Mt. Merapi (Indonesia)[END_REF], concrete detection [START_REF] Hilloulin | Small crack detection in cementitious materials using nonlinear coda wave modulation[END_REF]; [START_REF] Planès | A review of ultrasonic Coda Wave Interferometry in concrete[END_REF] [START_REF] Chen | Monitoring cleaning cycles of fouled ducts using ultrasonic Coda Wave Interferometry[END_REF]. However, the application of such technique in the detection of biofouling materials, such as biolms, has never been achieved.

In this paper, the non-destructive ultrasonic monitoring technique using coda waves is explored in order to monitor a biolm formation on a stainless steel substrate. For this study, Staphylococcus aureus, a Grampositive bacterium, is used for the biolm formation. This bacterium is known to cause serious health issues in food sectors. The principle of this ultrasonic method and signal processing is described. In particular, the computation of the decorrelation coecient, which is used as an indicator of the biolm detection, is plotted as a function of incubation time. Then, the evolution of decorrelation coecient is compared to the kinetic of the biolm formation, which is followed by the bacterial cell enumeration using the conventional plate-counting technique.

Principle of ultrasound coda processing

In classical ultrasound techniques, echographic measurements use only direct ultrasound waves to detect and characterize changes in medium properties. These waves are the ones that propagate directly from the source to the sensor via a unique reection at a given interface, and they consequently appear in the rst part of the signal recording (basic illustration for our biolm application is shown in Figure 1-left). In applications where these changes will only introduce very low property contrast, these direct echos will be very slightly aected, which will make the detection hazardous.

On the contrary, multiply-reected and multiply-scattered wavepaquets will cumulate the eects introduced by the medium changes over several wave paths (Figure 1-right). These so-called coda waves will naturally appear later signal plot. Briey, the medium is crossed one time by direct waves and several times by coda waves. This will result in a much higher sensitivity of the coda waves to small property changes (such as caused here by the biolm formation and evolution) than the direct wavepackets.

Since coda corresponds to a superposition of waves propagating along various paths, it is dicult to analyze it using classical acoustic parameters such as time-of-ight, reection and transmission coecients.

Instead, useful information will be extracted by quantifying coda signal changes or dissimilarities between two states of the medium. Ti that end, the decorrelation coecient is used as an indicator of the dissimilarity between two recorded coda signals s 1 and s 2 , respectively. It is computed in a given time-window [t 0 , t 1 ] B. Chen et al.: Preprint submitted to Elsevier 

D 1,2 = 1 - t1 t0 s 1 s 2 dt t1 t0 s 2 1 dt t1 t0 s 2 2 dt (1)
The second term in Eq. ( 1) corresponds to the normalized cross-correlation of s 1 and s 2 at zero lapse-time.

Mathematically, the value of D 1,2 is between 0 and 2. Identical s 1 and s 2 signals lead to zero decorrelation coecient and nonzero values are an indicator of waveform shapes and phases dierences between signals.

Hence, the value of D 1,2 will be directly related to the degrees of state changes in the medium. Therefore, in our application, its evolution during the monitoring procedure is expected to be linked to the biolm formation on the substrate. Typical behaviors of early (direct) wave signals and coda signals will be shown in section 3.2, after presenting the experimental setup.

Materials and methods

Biolm formation assay

The biolm formation was performed on the upper side of circular stainless steel slides (3) Figure 2 (diameter : 4.1 cm; thickness: 1 mm). The CWI sensor is attached to the lower side of the stainless steel slides in order to detect the biolm formation (Figure 2). In order to obtain the formation of the biolm, the circular slide of stainless steel is placed in a static reactor (Figure 2 Prior to their use, the reactors were cleaned and disinfected using ethanol 95% (v/v) to ensure sterility.

The formation of biolm was performed as described by Abdallah et al [START_REF] Abdallah | Impact of growth temperature and surface type on the resistance of Pseudomonas aeruginosa and Staphylococcus aureus biolms to disinfectants[END_REF]. The rst step of the biolm formation was the bacterial adhesion to the surface. Then the formation of biolm layers was triggered by adding the culture medium in the wells and placing reactors in an incubator with a controlled temperature. Biolm formation was performed under the same conditions using separated reactors. Part of reactors was used to perform bacterial counting using the reference method (plate counting) and the other part was used to perform CWI monitoring. In details, step 1 was performed by the deposition of 5 mL of bacterial suspension (10 7 CFU/mL) in the well of reactor 1 and, then, incubated at 20°C for 1 h to allow the bacterial adhesion to the substrate. For the negative control (or witness), 5 ml of sterile physiological B. Chen et al.: Preprint submitted to Elsevier saline water were used. After 1h of bacterial adhesion, step 2 was started. For that, the 5 mL of bacterial suspension were removed and the slides were washed twice using physiological saline water (8.5% of Nacl) in order to remove loosely attached cells. These 5 ml were removed in order to reduce the number of oating cells. Then 25 mL of Tryptone Soy Broth (TSB; Biokar Diagnostics, Pantin, France)) were deposited in each well. Thereafter, reactors are sealed by lids and incubated at controlled temperature of 30°C to allow the biolm formation (Figure 3). The average thickness of biolm layer, after 30 h, has been checked visually and is around 50 µm as measured by Abdallah et al. [START_REF] Abdallah | Impact of growth temperature and surface type on the resistance of Pseudomonas aeruginosa and Staphylococcus aureus biolms to disinfectants[END_REF]. All experiments were done under sterile environment to avoid undesired contamination and to control as much as possible the biolm growth.

The biolm formation kinetics were investigated both with the plate count method and CWI monitoring, for comparison. For the classic plate count method, which will serve as the reference method, stainless steel slides were removed from the rst part of reactors and placed in separated sterile containers Abdallah, Chataigne, Ferreira-Theret, Benoliel, Drider, Dhulster and Chihib (2014b). The bacterial cells were detached in 20 ml of phosphate buer (100 mM) by vortexing for 30 s followed by a sonication at 37 kHz for 5 min.

Then tenfold serial dilutions of each bacterial suspension were made in tryptone salt broth (TS; Biokar Diagnostics, Pantin, France). 100 µl of each dilution were spread onto tryptic soy agar plates (TSA; Biokar Diagnostics, Pantin, France). Agar plates were incubated at 37°C and the number of viable and culturable cells was counted after 0, 6, 12, 18, 24 and 30 h of incubation. The results are expressed in log CFU/cm 2 and represent the means of three independent experiments. The bacterial counts of bacterial cells after step 1 showed that the number of attached cells in reactor 1 was around 10 5 CFU/cm2. As expected, no adhered bacterial cells were found in reactor 2 (witness or control condition).

B. Chen et al.: Preprint submitted to Elsevier Biolm biomasses as a function of incubation time Time (h) Biolm biomass (Log CF U/cm 2 ) 0 5.1 ± 0.2 6 5.7 ± 0.1 12 6.2 ± 0.2 18 7.0 ± 0.1 24 7.9 ± 0.4 30 8.1 ± 0.3 

Ultrasound acquisition

For the biolm formation monitoring, biolms were formed on stainless steel according the protocol described above. A continuous ultrasound monitoring is applied in order to detect the dierent steps of the biolm formation in the reactors 1 and 2. The signal acquisition system consists of 5 components: a laptop PC with acquisition software (Matlab, instruments drivers), a waveform generator (Keysight 33600A Series), an acquisition board (PicoScope 5000 Series), an amplier with internal high-pass lters (Eurosonics-Mistras Group, 1 kHz-50 MHz frequency range, 40 dB gain) and two transducers. The transducers used in this experiment are low-cost piezoelectric patches (Figure 4), consisting of two separate electroded parts for emission and reception. Their thickness resonance frequency is around 10 MHz. As mentioned above, they are glued on the lower side of the circular stainless steel substrate as described in Figure 2. This device was used to monitor the biolm formation occurring on the upper side of the circular slides.

The excitation signal is one period of sinus at 10 MHz. The transducers convert the electrical signals to The changes related to the biolm evolution are monitored using the coda processing explained in section 2. To improve the signal-to-noise ratio, the signals are band-pass ltered with a certain frequency band [f 1 f 2 ] around the excitation frequency f 0 , prior to decorrelation estimation computed from Eq. ( 1).

For correct account of the frequency content, the width of time window ∆t = t 1 -t 0 should satisfy the condition ∆f ∆t 1 (where ∆f = f 2 -f 1 ). In the following, as in other literature studies [START_REF] Payan | Determination of third order elastic constants in a complex solid applying coda wave interferometry[END_REF]; [START_REF] Snieder | Extracting the Green's function from the correlation of coda waves: A derivation based on stationary phase[END_REF]; Chen et al. ( 2018), ∆t will be chosen to be at least 10 periods of excitation signal. This will require the relative bandwidth to be larger than 10%.

To illustrate the eect of biolm formation on the ultrasound signals, two recorded experimental signals are plotted on Figure 5. The blue one is the reference signal, measured at initial state (before biollm formation). Time t = 0 s correponds to the instant of emission of the incident ultrasound signal and this timebase reference is the same for all recordings. The red signal is recorded after 4 hours of biolm formation.

It can be seen that the signal parts corresponding to direct waves (the rst part in the signals with strong amplitude) did not change with the variation of the surface state. However, in the coda part (next to the direct waves around 8 µs with weaker amplitude), there is a remarkable dierence between the perturbated signal and the reference signal. Obviously, coda waves are more suitable for detection of the state change of medium than direct waves (Figure 5).

Environmental temperature

Acoustic waves are sensitive and inuenced by temperature changes, in particular when using codas.

Therefore, a monitoring of temperature in the incubator is carried on using a thermometer at the same time as the ultrasound acquisition. Since the signal recording time is very short and the biolm formation is very slow, the temperature change of sample and the growth of biolm during one single acquisition can be B. Chen et al.: Preprint submitted to Elsevier neglected.

Temperature evolution measured during the biolm formation in the reactor is shown in Figure 6-A. The curve shows that temperature inside the reactor stabilizes approximately after two hours of the beginning of incubation period. Therefore, the initial (or reference) state for the decorrelation coecient estimation is dened at two hours of incubation time, in order to avoid the inuence of temperature changes.

Results and discussion

Two series of signals are obtained from reactors 1 and 2 and are recorded from 2 hours of incubation time reference signal and every subsequent signal is computed using Eq. ( 1) for sliding time-windows of duration ∆t = 5 µs. This satises the conditions mentioned above on frequency bandwidth and time-window duration. In the negative control reactor (Figure 7-A), the decorrelation coecients are close to 0 for any incubation time and selected time window. This indicates the absence of any signicant change from the initial surface property state. This is coherent with the absence of biolm formation, checked with naked eyes, on the negative control substrate. In addition, these results conrm that no apparent variable factor, especially the temperature, other than the biolm formation on substrate inuence the propagation of acoustic waves.

On the contrary, the results in In order to verify the correlation between the evolution curves in Fig. 7-B and the biolm formation on substrate, the kinetic of S. aureus biolm formation on the stainless steel was investigated by enumeration of biolm cells on agar plates, as explained in Sec. 3.1. The results are presented in Fig. 7-C, as mean values and the standard error to the mean (SEM). Data analysis was performed using Sigma Plot 11.0 (Systat Software, USA), using one-way ANOVA (Tukey's method) to determine the signicance of dierences. These results

showed that the counts of the initial adhered bacteria were in the range of 5 log CFU/cm 2 (Table 1). They also showed that the biolm biomasses increased with the increase of the incubation time and reached the steady state around 24 h of incubation time. In fact, the biolm biomasses were stable and in the range of 8 log CFU/cm 2 (Figure 7-C). The biomass evolution could be compared with the decorrelation coecient (Figure 7-B). Indeed, the data of the bacterial cell enumeration are well described by the decorrelation coecient evolution.

Changes in the liquid nutrient medium during the bacterial growth could be another factor aecting the decorrelation coecient. However, as soon as a biolm is forming at the substrate-medium interface, the reection coecient will be essentially aected by the cell deposit on the substrate surface and its interfacial adhesion properties. Therefore, we are condent that the decorrelation coecient is directly and essentially associated to the biolm evolution, which the good matching between curves of Figure 7-B and Figure 7-C tends to conrm. These data proved that this method has the potential to detect and monitor the early stage of the biolm formation on a substrate in a non-invasive way, and apparently with an accuracy comparable with more classical and more invasive methods, though this point will have to be investigated in more details in future works.

Finally, we will conclude this discussion by a short focus on temperature inuence. As explained, the coda decorrelation results shown above correspond to constant temperature conditions (stabilization after two hours of incubation time). We present now in Figure 8 evolution. This validates the choice of waiting after two hours of incubation to avoid any temperatureinduced decorrelation during biolm monitorig. However we can also see that these variations are relatively moderate compared to those induced by the biolm (Fig. 7-B). Quantitatively, for a temperature change of approximately 3 °C, the relative variation of the decorrelation coecient is of the order of 2%, relatively to the full-scale of biolm-induced variation. This means that even a variation of a few °C would only introduce a small error in the biolm monitoring decorrelation curves. This is clearly encouraging for realistic application cases, though this point will obviously necessitate further studies.

Conclusion

The detection of biolm formation on surfaces is of critical importance to sectors that directly aect human health. In fact, biolm represents a reservoir of pathogens which results in serious human infections.

Thus, an ecient biolm monitoring on surfaces, commonly used in food and medical sectors, is needed in order to reduce the microbiological risks and associated human and economic losses. In this context, our work described a monitoring method which is based on Coda Wave Interferometry to detect the biolm formation on stainless steel.

The principle of this monitoring technique is to compare the acoustic signals received at dierent instants. Decorrelation coecient of multiply-reected or scattered (coda) waves is used as an indicator of state changes in the samples. The method described herein presents several advantages over conventional methods based on optical, heat transfer, pressure drop, uid dynamic gauging, direct weighing and thickness measurements. Indeed, conventional methods are usually invasive. On the contrary, the method described in this paper is non-invasive, cheap and easy to apply in food and medical environments. In addition, this method is highly sensitive in the detection of the early stage of the biolm growth. A bacterial biomass of 5 log CFU/cm 2 appears to be enough to trigger a signicant evolution of decorrelation coecient (Fig-

ure 7). Indeed, a 0.1 unit has been recorded and represents at least 5 % of signal variation of the value of decorrelation coecient which theoretically varies between 0 and 2 units.

Our results show that this technique has the potential for performing continuous real-time biolm detection and monitoring in sealed opaque equipment. In addition, this method interestingly succeeded to detect the early stage of biolm formation. In fact, the decorrelation coecient started increasing from a bacterial concentration of 10 5 CFU/cm 2 .

This technique has some limitations which can be easily addressed. First, it allows only a local monitoring of biolm formation (i.e. a small monitoring area of food contact surface). The use of multiple, judiciously distributed sensors could overcome this issue. Second, the technique is sensitive to temperature changes since this will aect the ultrasound coda properties. Though this is not a problem in applications where thermostatic control is ensured, this aspect could limit the extension of application range in cases where signicant temperature changes cannot be avoided. A possible way to mitigate the impact of temperature changes and to improve the accuracy of detection, could be the use of multiple reference signals, recorded at dierent temperatures. Thus, by measuring the temperature simultaneously with the ultrasound codas, decorrelation coecients related recorded temperature could be computed. This work is currently under progress. Finally, further studies will have to be conducted in order to quantify precisely the inuence of the liquid medium properties.

Figure 1 :

 1 Figure 1: Schematic illustration of ultrasound wave propagation in the medium: direct waves (left) correspond to rst reected and backward propagated echoes, whereas coda waves (right) are multiply reected and scattered inside the medium.

  -A and B). The reactor consists of several assembled pieces of stainless steel and a rubber O-ring (Figure2-(C)), as previously described by Abdallah et al.[START_REF] Abdallah | Impact of growth temperature and surface type on the resistance of Pseudomonas aeruginosa and Staphylococcus aureus biolms to disinfectants[END_REF]. The circular base of this reactor (5) is made of stainless steel and can receive an O-ring (4) which is used to t perfectly one circular test slide (3) (Figure2-A). Then a stainless steel cylinder (2) was placed in order to form the well of the biolm formation. A collar clamp (6) was used to provide tightness and a metal cover (1) was used to ensure the sterility of the closed system (Figure2-C and B. Chen et al.: Preprint submitted to Elsevier

Figure 2 :

 2 Figure 2: Description of the installation. A and B present schematics of the system assemblage; C and D present the assembled system: (1) metal cover; (2) stainless steel cylinder; (3) circular stainless steel slide; (4) rubber O-ring; (5) circular stainless steel base; (6) collar clamp.

Figure 3 :

 3 Figure 3: Photo of biolm formed on the substrate of reactor 1

Figure 4 :

 4 Figure 4: Piezoelectric transducer used for the acquisition. A and B present the upper and the lower faces, respectively.

  ultrasound waves through piezoelectric eect. After propagation and multiple reections and scattering in the sample (see more detailed explanation below), parts of these waves are returned towards the transducer and converted back into electrical signals at the reception electrode. After high-pass ltering above 1 kHz (aimed at ltering out low frequency vibrations coming from the environment) and amplication, the received B. Chen et al.: Preprint submitted to Elsevier signals are fed into the acquisition board with sampling frequency 125 MHz and recorded in the PC after averaging over 100 signal acquisitions. This acquisition process is then repeated every ve minutes, from the beginning of biolm formation and for a total monitoring duration of thirty hours. The biolm formation on the surface will modify the substrate/biolm interface properties and therefore lead to subsequent changes of reected and back-scattered ultrasound signals. It is important to highlight here that even though bacterial arrangement in the biolm constitutes a disordered medium, which results in complex ultrasound coda signals with intricated multi-path propagation, these signals are fully reproducible for a given biolm state (i. e. a given incubation time). Indeed, since the ultrasound sensor is xed relatively to the medium, and acquisition time of the signals is very small compared to the time scale of biolm evolution, two signals recorded at the same state of the medium are identical.

Figure 5 :Figure 6 :

 56 Figure 5: Two signals obtained in the experiment of monitoring the biolm formation, representing two dierent sample states: Reference state (blue) and after 4 hours incubation (red)

(

  taken as reference) with an interval time of 5 minutes. First, all these signals are numerically band-pass ltered between 9 and 11 MHz (relative bandwidth 20%) and then decorrelation coecients between the B. Chen et al.: Preprint submitted to Elsevier

Figure 7 :

 7 Figure 7: Decorrelation coecient evolution as a function of incubation time for: A presents the control sample, B presents the biolm formation sample, with dierent time windows: 0 µs -5 µs, 3 µs -8 µs, 5 µs -10 µs, 16 µs -21 µs (frequency band 9 MHz-11 MHz); C presents the kinetic of S. aureus biolm formation on stainless steel substrate.

Figure 7 -

 7 Figure 7-A and B show the evolution of the decorrelation coecient as a function of incubation time for the control and the biolm formation samples, respectively. In both cases, decorrelation values which are computed in four time-windows, are shown: 0 µs -5 µs, 3 µs -8 µs, 5 µs -10 µs, 16 µs -21 µs.

  Figure 7-B show that the decorrelation coecients of biolm monitoring B. Chen et al.: Preprint submitted to Elseviersample increased signicantly as the incubation time increased . It also shows that the sensitivity of the state change detection depends on the time windows. The rst window (0 µs -5 µs) is not sensitive at all since the decorrelation coecients are close to 0. On the contrary and for the other time windows, corresponding to later parts of the coda, signicant increases of the decorrelation coecient can be observed. Finally, the decorrelation coecients become stable after about 22 hours, which is probably due to the reaching of quasi-steady state of the biolm formation.

  -A the evolution of the decorrelation coecient for the control sample during the rst ve hours of incubation time. For convenience temperature recorded at the same times is plotted again on Figure 8-B. As expected, the decorrelation coecient varies when temperature changes, even in the absence of biolm B. Chen et al.: Preprint submitted to Elsevier

Figure 8 :

 8 Figure 8: Inuence of temperature on coda decorrelation. A: evolution of the decorrelation coecient for the control sample. B: evolution of the temperature in the incubator during the measurement.

  and other domain BALAA, Le Du, Plantier and El Guerjouma (2009), B. Chen et al.: Preprint submitted to Elsevier but never used with the aim of fouling contamination detection. Furthermore, our previous work underlined that this technique is able to detect manually deposited wax on stainless steel
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